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�μ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ®„¥²ÓÉ -¸¨£³ ¯ ¶μ ¨§³¥·¥´¨Õ μÉ´μÏ¥´¨Ö Rdp ¶μ§¢μ²¨²¨ ¸
¶μ³μÐÓÕ Ëμ·³Ê²Ò „¨´  · §¤¥²¨ÉÓ Flip- ¨ Non-Flip-Î ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨
¶¥·¥§ ·Ö¤±¨ np → pn ¶μ¤ ´Ê²¥¢Ò³ Ê£²μ³. �¥Ï¥´¨Ö Ë §μ¢μ£μ  ´ ²¨§  ¤²Ö np → np Ê¶·Ê£μ£μ · ¸-
¸¥Ö´¨Ö ¶¥·¥¢¥¤¥´Ò ¢ ¶·¥¤¸É ¢²¥´¨¥ ¶¥·¥§ ·Ö¤±¨ np → pn ¸ ¶μ³μÐÓÕ Ê´¨É ·´ÒÌ ¶·¥μ¡· §μ¢ ´¨°,
ÎÉμ ¶μ± §Ò¢ ¥É Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

The new ®Delta-Sigma¯ experimental data on the ratio Rdp allowed separating the Flip and Non-
Flip parts of the differential cross section of np → pn charge exchange process at the zero angle by the
Dean formula. The PSA solutions for the np → np elastic scattering are transformed to the np → pn
charge exchange representation using unitary transition, and good agreement is obtained.

PACS: 25.40.-h; 25.40.Kv

‚‚…„…�ˆ…

�¸´μ¢´μ° § ¤ Î¥° Ô±¸¶¥·¨³¥´É  ®„¥²ÓÉ -¸¨£³ ¯ [1] Ö¢²Ö¥É¸Ö ¶μ²ÊÎ¥´¨¥ ¶μ²´μ£μ ´ -
¡μ·  np-¤ ´´ÒÌ ¶μ¤ ´Ê²¥¢Ò³ Ê£²μ³: ¸¶¨´μ¢μ° · §´μ¸É¨ ¶μ²´ÒÌ ¸¥Î¥´¨° ΔσL(np) ¨
ΔσT (np) ¤²Ö ¶·μ¤μ²Ó´μ° L- ¨ ¶μ¶¥·¥Î´μ° T -¶μ²Ö·¨§ Í¨° ´Ê±²μ´μ¢ ¶ÊÎ±  ¨ ³¨Ï¥´¨,
¸¶¨´-±μ··¥²ÖÍ¨μ´´ÒÌ ¶ · ³¥É·μ¢ A00kk(np) ¨ A00nn(np) [2], ´¥¶μ²Ö·¨§ Í¨μ´´ÒÌ ¸¥-
Î¥´¨° σ0 tot(np), dσ/dt(np → pn) ¨ μÉ´μÏ¥´¨Ö Rdp. �¥·¥³¥´´ Ö t Ö¢²Ö¥É¸Ö ±¢ ¤· -
Éμ³ ¶¥·¥¤ ´´μ£μ 4-¨³¶Ê²Ó¸  μÉ ´¥°É·μ´  ¶ÊÎ±  ´¥°É·μ´Ê μÉ¤ Î¨ ¢ ¶·μÍ¥¸¸¥ ¶¥·¥§ -
·Ö¤±¨ np → pn. ƒ² ¢´ Ö Í¥²Ó ÔÉ¨Ì ¨¸¸²¥¤μ¢ ´¨° Å μ¶·¥¤¥²¥´¨¥ ·¥ ²Ó´ÒÌ ¨ ³´¨-
³ÒÌ Î ¸É¥°  ³¶²¨ÉÊ¤ np-· ¸¸¥Ö´¨Ö ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° μÉ 1,2 ¤μ 3,7 ƒÔ‚. —Éμ¡Ò
¸´ÖÉÓ §´ ±μ¢ÊÕ ´¥μ¤´μ§´ Î´μ¸ÉÓ ¢ ¶·μÍ¥¤Ê·¥ (DRSA) ¶·Ö³μ£μ ¢μ¸¸É ´μ¢²¥´¨Ö ·¥ ²Ó-
´ÒÌ Î ¸É¥°  ³¶²¨ÉÊ¤, ±μ²² ¡μ· Í¨Ö ®„¥²ÓÉ -¸¨£³ ¯ ¶·μ¢¥²  ¨§³¥·¥´¨Ö ´ ¡²Õ¤ ¥³μ°
Rdp = dσ/dt(nd)

/
dσ/dt(np) Å μÉ´μÏ¥´¨Ö ¢ÒÌμ¤μ¢ ±¢ §¨Ê¶·Ê£μ£μ ¨ Ê¶·Ê£μ£μ ¶·μÍ¥¸-

¸μ¢ ¶¥·¥§ ·Ö¤±¨ ¶μ¤ ´Ê²¥³, ¨¸¶μ²Ó§ÊÖ D2- ¨ H2-³¨Ï¥´¨.
‚¥²¨Î¨´  Rdp ¶μ§¢μ²Ö¥É ´ °É¨ μÉ´μÏ¥´¨¥ rnfl/fl ³¥¦¤Ê Non-Flip- ¨ Flip-¢±² ¤ -

³¨ (13, 14) ¢ ¶·μÍ¥¸¸¥ np → pn-¶¥·¥§ ·Ö¤±¨. „ ´´ÊÕ ¢μ§³μ¦´μ¸ÉÓ μ¡¥¸¶¥Î¨¢ ¥É ¸¢μ°¸É¢μ
Ö¤·  ¤¥°É¥·¨Ö. �·¨ ³ ²ÒÌ ¶¥·¥¤ ´´ÒÌ ¨³¶Ê²Ó¸ Ì μ´μ · ¡μÉ ¥É ± ±  ³¶²¨ÉÊ¤´Ò° Ë¨²ÓÉ·
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¢ ·¥ ±Í¨¨ nd → p(nn), ¨ Non-Flip-Î ¸ÉÓ ¨¸Î¥§ ¥É ¡² £μ¤ ·Ö ¶·¨´Í¨¶Ê � Ê²¨ ¤²Ö ¤¢ÊÌ
³¥¤²¥´´ÒÌ ´¥°É·μ´μ¢. ’μÎ´ Ö ¸¢Ö§Ó ³¥¦¤Ê §´ Î¥´¨Ö³¨ rnfl/fl ¨ Rdp μ¶·¥¤¥²¥´  Ëμ·³Ê²μ°
„¨´  [3Ä5]. „²Ö ¶μ²´μÉÒ · ¸¸³μÉ·¥´¨Ö ¢ · §¤. 2 ³Ò ¸²¥¤Ê¥³ ¶·μÍ¥¤Ê·¥, ¶·¥¤²μ¦¥´´μ° ¢
· ¡μÉ¥ [5].

“¶·Ê£ Ö np-·¥ ±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ± ± np → pn-¶¥·¥§ ·Ö¤±  ¶μ¤ Ê£²μ³
θ ≡ θCM, ±μ£¤  · ¸¸¥Ö´´μ° Î ¸É¨Í¥° ¸Î¨É ¥É¸Ö ¶·μÉμ´, ²¨¡μ ± ± · ¸¸¥Ö´¨¥ ´¥°É·μ´ 
¢ μ¡· É´μ³ ´ ¶· ¢²¥´¨¨ ´  Ê£μ² (π − θ) ¢ ·¥ ±Í¨¨ np → np, ¨ ¶·μÉμ´ ¢ ¤ ´´μ³ ¸²Ê-
Î ¥ ¢Ò¶μ²´Ö¥É ·μ²Ó Î ¸É¨ÍÒ μÉ¤ Î¨. •μÉÖ μ¡  ¶·¥¤¸É ¢²¥´¨Ö ¤ ÕÉ μ¤¨´ ±μ¢Ò¥ ¤¨Ë-
Ë¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö, · §¤¥²¥´¨¥ ´  Flip- ¨ Non-Flip-Î ¸É¨ Ê ´¨Ì · §²¨Î´μ [6, 7], ¨
μ¸´μ¢´ Ö ¶·¨Î¨´  ÔÉμ£μ ¡Ê¤¥É ¶μ± § ´  ¢ · §¤. 3. —Éμ¡Ò ¸· ¢´¨¢ ÉÓ Ô´¥·£¥É¨Î¥¸±¨¥ § -
¢¨¸¨³μ¸É¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Rdp ¨²¨ rnfl/fl ¸ ·¥Ï¥´¨Ö³¨ Ë §μ¢μ£μ  ´ ²¨§ 
(PSA), ´¥μ¡Ìμ¤¨³Ò  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨. �μ¸±μ²Ó±Ê μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö
¤·Ê£μ¥ ¶·¥¤¸É ¢²¥´¨¥, É·¥¡Ê¥É¸Ö ¶·μ¢¥¸É¨ Ê´¨É ·´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö
np → np (π − θ) ¢ ³ É·¨ÍÊ ¶·μÍ¥¸¸  np → pn (θ).

1. ”��Œ�‹ˆ‡Œ NN -‚‡�ˆŒ�„…‰‘’‚ˆŸ

‚ · ³± Ì ¨§μÉμ¶¨Î¥¸±μ° ¨´¢ ·¨ ´É´μ¸É¨ ³ É·¨Í  Ê¶·Ê£μ£μ ´Ê±²μ´-´Ê±²μ´´μ£μ · ¸-
¸¥Ö´¨Ö § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

M(p′,p) = M0(p′,p)
1 − τ̂ (1)τ̂ (2)

4
+ M1(p′,p)

3 + τ̂ (1)τ̂ (2)

4
, (1)

£¤¥ τ̂ (1) ¨ τ̂ (2) Ö¢²ÖÕÉ¸Ö μ¶¥· Éμ· ³¨ � Ê²¨ ¤¢ÊÌ ´Ê±²μ´μ¢, p ¨ p′ Å ¨³¶Ê²Ó¸Ò ´ ²¥-
É ÕÐ¥° ¨ · ¸¸¥Ö´´μ° Î ¸É¨Í,   ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ M0 ¨ M1 μ¶¨¸Ò¢ ÕÉ NN -· ¸¸¥Ö´¨¥
¢ Î¨¸ÉÒÌ ¨§μÉμ¶¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨ÖÌ T = 0 ¨ T = 1 ¸μμÉ¢¥É¸É¢¥´´μ. ˆ¸¶μ²Ó§ÊÖ μ¡ÒÎ-
´Ò¥ μ¶¥· Éμ·Ò ¸¶¨´  σ̂(1) ¨ σ̂(2), ³ É·¨ÍÒ M0 ¨ M1 ³μ¦´μ § ¶¨¸ ÉÓ ¢  ³¶²¨ÉÊ¤´μ³
¶·¥¤¸É ¢²¥´¨¨ ƒμ²Ó¤¡¥·£¥· Ä‚ É¸μ´  [8,9]:

MT (p′,p) = aT + bT (σ̂(1)n)(σ̂(2)n) + cT (σ̂(1)n + σ̂(2)n)+

+ eT (σ̂(1)m)(σ̂(2)m) + fT (σ̂(1)l)(σ̂(2)l). (2)

‡¤¥¸Ó  ³¶²¨ÉÊ¤Ò (a, b, c, e, f) Ö¢²ÖÕÉ¸Ö ±μ³¶²¥±¸´Ò³¨ ËÊ´±Í¨Ö³¨ Ô´¥·£¨¨ ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¨ ¶¥·¥³¥´´μ° cos θ = (p · p′)/(|p| · |p′|), ¨´¤¥±¸ T · ¢¥´ §´ Î¥´¨Õ
¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´ ,   ¡ §¨¸´Ò¥ ¢¥±Éμ·Ò μ¶·¥¤¥²¥´Ò Ëμ·³Ê² ³¨

n =
p× p′

|p× p′| , m =
p − p′

|p − p′| , l =
p + p′

|p + p′| . (3)

…¸²¨ ´ ¶· ¢²¥´¨¥ · ¸¸¥Ö´¨Ö ¨§³¥´¨ÉÓ ´  μ¡· É´μ¥ p′ → −p′, ¶μ²ÊÎ¨³ ¨´¢¥·É¨·μ¢ ´´Ò°
¡ §¨¸ (ñ, m̃, l̃), ±μÉμ·Ò° ¸¢Ö§ ´ ¸ ¢¥±Éμ· ³¨ (n,m, l) ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

ñ = −n, m̃ = l, l̃ = m. (4)

�¥·¥Ìμ¤Ö μÉ ´Ê±²μ´μ¢ ± ·¥ ²Ó´Ò³ ´¥°É·μ´Ê ¨ ¶·μÉμ´Ê, ¶μ²ÊÎ ¥³ Î¥ÉÒ·¥ ´¥§ ¢¨¸¨³ÒÌ
¢ ·¨ ´É  NN -¢§ ¨³μ¤¥°¸É¢¨Ö (pp, nn, np ¨ pn). �μ¸²¥ ´¥¸²μ¦´ÒÌ ¶·¥μ¡· §μ¢ ´¨°
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Ëμ·³Ê²Ò (1) ´ Ìμ¤¨³ ¸μ¡¸É¢¥´´Ò¥ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¤²Ö ÔÉ¨Ì ¢ ·¨ ´Éμ¢:

Mpp = M1 ×
1
4

(
1 − τ

(1)
3 − τ

(2)
3 + τ

(1)
3 τ

(2)
3

)
, (5)

Mnn = M1 ×
1
4

(
1 + τ

(1)
3 + τ

(2)
3 + τ

(1)
3 τ

(2)
3

)
, (6)

Mnp→np = Mpn→pn =
1
2

(M1 + M0) ×
1
2

(
1 − τ

(1)
3 τ

(2)
3

)
, (7)

Mnp→pn = Mpn→np =
1
2

(M1 − M0) ×
(
τ

(1)
+ τ

(2)
− + τ

(1)
− τ

(2)
+

)
. (8)

‡¤¥¸Ó ¢¸¥ μ¶¥· Éμ·Ò, ¸ÉμÖÐ¨¥ ¸¶· ¢  §  ¸¨³¢μ²μ³ Ê³´μ¦¥´¨Ö ®×¯, Ö¢²ÖÕÉ¸Ö Ô·³¨Éμ¢Ò³¨,
  ¨§μ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ τ3, τ+ ¨ τ− μ¶·¥¤¥²¥´Ò É ± ¦¥, ± ± ¢ ³ É·¨Î´μ° ³¥Ì ´¨±¥
� Ê²¨ [10]:

τ3 =
(

1 0
0 −1

)
, τ+ =

(
0 1
0 0

)
, τ− =

(
0 0
1 0

)
. (9)

‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¢ ·¨ ´É np, · ¢´μ ± ± ¨ ¸¨³³¥É·¨Î´Ò° ¥³Ê ¢ ·¨ ´É pn, · ¸¶ ¤ ¥É¸Ö ´ 
¶·μ¸Éμ¥ Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ (7) ¨ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ¶¥·¥§ ·Ö¤±μ° (8), ³¥´ÖÕÐ¥¥ ³¥¸É ³¨
´¥°É·μ´ ¨ ¶·μÉμ´. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ²Õ¡μ° ¨§ ¶¥·¥Î¨¸²¥´´ÒÌ Ê¶·Ê£¨Ì ·¥ ±Í¨°
¡¥§ ¶μ²Ö·¨§ Í¨¨ ´Ê±²μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

dσ

dt
=

1
4

tr
{
MM+

}
= |a|2 + |b|2 + 2|c|2 + |e|2 + |f |2, (10)

¢ ±μÉμ·μ° ¶·¨ Î¨¸ÉÒÌ ¨§μÉμ¶¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨ÖÌ (5) ¨ (6) ¡¥·ÊÉ¸Ö  ³¶²¨ÉÊ¤Ò ¸ ¨´¤¥±¸μ³
T = 1,   ¢ ¸³¥Ï ´´ÒÌ ¸²ÊÎ ÖÌ (7) ¨²¨ (8) ¶μ¤¸É ¢²ÖÕÉ¸Ö ¶μ²Ê¸Ê³³Ò A = (1/2) (A1 +A0)
¨²¨ ¶μ²Ê· §´μ¸É¨ A = (1/2) (A1 − A0) ¸μμÉ¢¥É¸É¢¥´´μ, £¤¥ A Å ¸¨³¢μ² ²Õ¡μ° ¨§ ¶ÖÉ¨
 ³¶²¨ÉÊ¤.

2. FLIP- ˆ NON-FLIP-—�‘’ˆ ��‘‘…Ÿ�ˆŸ

ˆ¸¶μ²Ó§ÊÖ  ³¶²¨ÉÊ¤´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ƒμ²Ó¤¡¥·£¥· Ä‚ É¸μ´  (2), § ¶¨Ï¥³ ³ É·¨ÍÊ
Mσ, ¤¥°¸É¢ÊÕÐÊÕ Éμ²Ó±μ ´  ¸¶¨´μ¢Ò¥ ¶¥·¥³¥´´Ò¥ ¤¢ÊÌ ´Ê±²μ´μ¢:

Mσ = λ̂ + σ̂(2) μ̂, (11)

£¤¥
λ̂ = a + c (σ̂(1)n) ¨ μ̂ = b (σ̂(1)n)n + cn + e (σ̂(1)m)m + f (σ̂(1)l) l. (12)

�¶¥· Éμ· λ̂ ´¥ ¨§³¥´Ö¥É ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö Î ¸É¨ÍÒ 2 ¨ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´ ± ±
Non-Flip. � μ¡μ·μÉ, σ̂(2) μ̂ ¶·¥μ¡· §Ê¥É ¶·μ¥±Í¨¨ ¸¶¨´  ¢Éμ·μ£μ ´Ê±²μ´ , ÎÉμ ¶μ§¢μ²Ö¥É
¶·¨¸¢μ¨ÉÓ ¥³Ê ´ §¢ ´¨¥ Flip-μ¶¥· Éμ· . Š ¦¤Ò° ¨§ ÔÉ¨Ì μ¶¥· Éμ·μ¢ ¤ ¥É ¸¢μÕ ¸μ¡¸É¢¥´-
´ÊÕ Î ¸ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö:

dσ

dt

Non−Flip

=
1
4

tr
{

λ̂λ̂+
}

= |a|2 + |c|2, (13)
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dσ

dt

Flip

=
1
4

tr
{

σ̂μ̂μ̂+σ̂
}

=
1
4

tr
{

μ̂μ̂+
}

= |b|2 + |c|2 + |e|2 + |f |2. (14)

�μ³¥·  Î ¸É¨Í ¢ Ëμ·³Ê² Ì (11) ¨ (12) ³μ¦´μ ¶μ³¥´ÖÉÓ ³¥¸É ³¨, ´μ ¢ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ¨³
É¥ ¦¥ μ¶·¥¤¥²¥´¨Ö (13) ¨ (14), ÎÉμ £μ¢μ·¨É μ¡ Ô±¢¨¢ ²¥´É´μ¸É¨1 ¶μ´ÖÉ¨° Flip ¨ Non-Flip
¢ μÉ´μÏ¥´¨¨ · ¸¸¥Ö´´μ£μ ´Ê±²μ´  ¨ ´Ê±²μ´  μÉ¤ Î¨.

3. np-�…�…‡��Ÿ„Š� �� Š‚�‡ˆ‘‚���„��Œ ���’��…

‚¥·μÖÉ´μ¸ÉÓ S-¢μ²´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ´Ê±²μ´μ¢ ¢ ¤¥°É·μ´¥ � 96 %. ˆÌ Ì · ±É¥·´Ò°
Ë¥·³¨-¨³¶Ê²Ó¸ kF = 45,78 ŒÔ‚/¸. „²Ö  ´ ²¨§  nd-·¥ ±Í¨¨ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¨³-
¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥, ÎÉμ ²¥£±μ ¶μ´ÖÉÓ ´  ¶·¨³¥·¥ ¶·μ¸ÉÒÌ ¢ÒÎ¨¸²¥´¨°. …¸²¨ ±¨´¥-
É¨Î¥¸± Ö Ô´¥·£¨Ö ´ ²¥É ÕÐ¥£μ ´¥°É·μ´  · ¢´  200 ŒÔ‚, Éμ ¶·μ¤μ²¦¨É¥²Ó´μ¸ÉÓ τnd ¥£μ
¸Éμ²±´μ¢¥´¨Ö ¸ ¤¥°É·μ´μ³ μ± §Ò¢ ¥É¸Ö ¶μÎÉ¨ ¢ 12 · § ³¥´ÓÏ¥ Ì · ±É¥·´μ£μ ¶¥·¨μ¤  Td

¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ³¨Ì ´Ê±²μ´μ¢ ¢ ¤¥°É·μ´¥ Td/τnd ≈ vn/vF ≈ 12, £¤¥ vn ¨ vF Å ¸±μ·μ-
¸É¨ ´¥°É·μ´  ¶ÊÎ±  ¨ ´Ê±²μ´  ¤¥°É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ, μ¶·¥¤¥²¥´´Ò¥ ¢ ¸¨¸É¥³¥ Í¥´É· 
³ ¸¸ ¤¥°É·μ´ . ‘ ·μ¸Éμ³ Ô´¥·£¨¨ ÔÉμ μÉ´μÏ¥´¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¤μ 20, É ± ÎÉμ ´Ê±²μ´Ò
¤¥°É·μ´  ¢ ·¥ ±Í¨¨ nd → p(nn) ³μ¦´μ ¸Î¨É ÉÓ ¶μÎÉ¨ ¸¢μ¡μ¤´Ò³¨ Î ¸É¨Í ³¨ ¨ · ¸¸³μ-
É·¥ÉÓ ¤ ´´Ò° ¶·μÍ¥¸¸, ¨¸¶μ²Ó§ÊÖ Ëμ·³ ²¨§³ Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn. �¡μ§´ Î¨³
´ ²¥É ÕÐ¨° ´¥°É·μ´ Î ¸É¨Í¥° 1, ±¢ §¨¸¢μ¡μ¤´Ò° ¶·μÉμ´ Å Î ¸É¨Í¥° 2,   ´¥°É·μ´-
¸¶¥±É Éμ· ´ §μ¢¥³ Î ¸É¨Í¥° 3. ‘¶¨´ ¤¥°É·μ´  · ¢¥´ S = 1, ¨ ¶·μ¥±Í¨¨ Sz = +1, 0,−1
´  ¢Ò¡· ´´ÊÕ μ¸Ó ±¢ ´Éμ¢ ´¨Ö ¢ μ¶ÒÉ¥ ¸ ´¥¶μ²Ö·¨§μ¢ ´´Ò³ ¤¥°É·μ´μ³ ¨³¥ÕÉ μ¤¨´ ±μ-
¢ÊÕ ¢¥·μÖÉ´μ¸ÉÓ 1/3. …¸²¨ ´ ²¥É ÕÐ¨° ´¥°É·μ´ É ±¦¥ ´¥¶μ²Ö·¨§μ¢ ´, Éμ Î¨¸²μ · ¢´μ¢¥-
·μÖÉ´ÒÌ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò nd · ¢´μ 6: Snd

z = ±3/2,±1/2,∓1/2. �¥·¥Ìμ¤Ö
± · ¸Î¥ÉÊ ·¥ ±Í¨¨ nd → p(nn), ´¥μ¡Ìμ¤¨³μ ¢¢¥¸É¨ ±μÔËË¨Í¨¥´É 2/3, É ± ± ± ¤¨ËË¥-
·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ np → pn ´μ·³¨·μ¢ ´μ ´  Î¥ÉÒ·¥ ±μ³¡¨´ Í¨¨ ¸¶¨-
´μ¢ ´¥°É·μ´  ¨ ¶·μÉμ´ . ‚ ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ c¶¨´μ¢Ò¥ ËÊ´±Í¨¨ ´Ê±²μ´μ¢ ¤¥°É·μ´ 
¨³¥ÕÉ ¢¨¤

χ1, +1 = (↑(2)↑(3)), χ1, 0 =
1√
2
(↑(2)↓(3) + ↓(2)↑(3)), χ1,−1 = (↓(2)↓(3)). (15)

Œ É·¨ÍÊ · ¸¸¥Ö´¨Ö Mσ ¢μ§Ó³¥³ ¢ Ëμ·³¥ (11). �¶¥· Éμ· λ̂ ´¥ ¤¥°¸É¢Ê¥É ´  ¸¶¨´ ¶·μÉμ´ 
2, ¶μÔÉμ³Ê λ̂ ¶¥·¥¢μ¤¨É ÔÉ¨ ËÊ´±Í¨¨ (15) ¸ ³¨ ¢ ¸¥¡Ö ¨ ¤ ¥É Éμ²Ó±μ É·¨¶²¥É´Ò¥ ¸μ¸ÉμÖ´¨Ö
¸¨¸É¥³Ò ¤¢ÊÌ ´¥°É·μ´μ¢ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. � ¶·μÉ¨¢, Flip-μ¶¥· Éμ· σ̂(2)μ̂ ³μ¦¥É
¨§³¥´ÖÉÓ ¶·μ¥±Í¨¨ ¸¶¨´  Î ¸É¨ÍÒ 2 ¨ ¶·¨¢¥¸É¨ ´¥ Éμ²Ó±μ ± É·¨¶²¥É´Ò³ ¸μ¸ÉμÖ´¨Ö³ (15),
´μ ¨ ± ¸¨´£²¥É´μ³Ê S = 0:

χ0 =
1√
2
(↑(2)↓(3) − ↓(2)↑(3)). (16)

1„ ´´ÊÕ Ô±¢¨¢ ²¥´É´μ¸ÉÓ ´Ê¦´μ ¶μ´¨³ ÉÓ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥, μ¶·¥¤¥²Ö¥³μ¥ Flip-μ¶¥· Éμ·μ³
· ¸¸¥Ö´´μ° Î ¸É¨ÍÒ, ¶·μ¨¸Ìμ¤¨É ¸ Éμ° ¦¥ ¢¥·μÖÉ´μ¸ÉÓÕ, ÎÉμ ¨ Flip-¢§ ¨³μ¤¥°¸É¢¨¥ ´Ê±²μ´  μÉ¤ Î¨. ’μ ¦¥ ¸ -
³μ¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö μ¶¥· Éμ·  Non-Flip. �¤´ ±μ ¢ ± ±μ³-²¨¡μ ¥¤¨´¨Î´μ³ · ¸¸¥Ö´¨¨ ¶¥·¥¢μ·μÉ ¸¶¨´  μ¤´μ°
Î ¸É¨ÍÒ ´¥ μ¡Ö§ É¥²Ó´μ ¶·¨¢μ¤¨É ± ¶¥·¥¢μ·μÉÊ ¸¶¨´  ¢Éμ·μ°. �·μ¸²¥¤¨ÉÓ ÔÉμ ³μ¦´μ ¸ ¶μ³μÐÓÕ Î¥ÉÒ·¥Ì ¶·μ-
¥Í¨·ÊÕÐ¨Ì μ¶¥· Éμ·μ¢,  ´ ²μ£¨Î´ÒÌ É¥³, ±μÉμ·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ Ëμ·³Ê² Ì (5)Ä(8), ¸ § ³¥´μ° ¨§μÉμ¶¨Î¥¸±¨Ì
³ É·¨Í τ ´  ¸¶¨´μ¢Ò¥ σ-³ É·¨ÍÒ.
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„²Ö Ê¶·μÐ¥´¨Ö · ¸Î¥Éμ¢ § ¶¨Ï¥³ Flip-μ¶¥· Éμ· ¢ ¡μ²¥¥ Ê¤μ¡´μ³ ¢¨¤¥:

σ̂(2) μ̂ = 2
[
σ

(2)
+ μ− + σ

(2)
− μ+

]
+ σ(2)

z μz, (17)

£¤¥

σ± =
1
2

(σx ± iσy) , μ± =
1
2

(μx ± iμy) .

�μ²ÊÎ ¥³ Ëμ·³Ê²Ò

σ̂(2) μ̂ χ0 = −
√

2 μ−χ1, 1 +
√

2μ+χ1,−1 + μzχ1, 0, (18)

σ̂(2) μ̂ χ1, 0 =
√

2μ−χ1, 1 +
√

2 μ+χ1,−1 + μzχ0, (19)

σ̂(2) μ̂ χ1, 1 =
√

2μ+(χ1, 0 − χ0) + μzχ1, 1, (20)

σ̂(2) μ̂ χ1,−1 =
√

2μ−(χ1, 0 + χ0) − μz χ1,−1. (21)

‘¥Î¥´¨Ö ¶¥·¥Ìμ¤μ¢ Sd = 1 → S(nn) = 1 ¨ Sd = 1 → S(nn) = 0, ¤ ²¥¥ μ¡μ§´ Î¥´´Ò¥
± ± ρ λ

1→1, ρ σμ
1→1 ¨ ρ σμ

1→0, ´ Ìμ¤¨³, ¸Ê³³¨·ÊÖ ¶μ ¢¸¥³ ¸¶¨´μ¢Ò³ ¸μ¸ÉμÖ´¨Ö³ ¤¥°É·μ´  ¨
(nn)-¸¨¸É¥³Ò:

ρ σμ
1→0 =

2
3

(
2 |μ+|2 + 2 |μ−|2 + |μz |2

)
=

1
6
tr

{
μ̂μ̂+

}
=

2
3
· dσ

dt

Flip

np→pn
, (22)

ρ σμ
1→1 =

2
6
tr

{
μ̂μ̂+

}
=

4
3

dσ

dt

Flip

np→pn
, (23)

ρ λ
1→1 =

3
6
tr

{
λ̂λ̂+

}
= 2

dσ

dt

Non−Flip

np→pn
. (24)

„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ nd → p(nn) μ¶·¥¤¥²Ö¥É¸Ö Ê³´μ¦¥´¨¥³ ¸¥Î¥´¨°
ρ λ

1→1, ρ σμ
1→1 ¨ ρ σμ

1→0 ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¢¥·μÖÉ´μ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¤¢ÊÌ ´¥°-
É·μ´μ¢. �μ¸±μ²Ó±Ê ¨§μ¸¶¨´ (nn)-¸¨¸É¥³Ò · ¢¥´ T = 1, Éμ ¢ ¸μ¸ÉμÖ´¨ÖÌ χ1, 1, χ1, 0 ¨
χ1,−1, ±μ£¤  S = 1, ÔÉ  ¸¨¸É¥³  ¤μ²¦´  ¡ÒÉÓ ´¥Î¥É´μ° ¶μ μ·¡¨É ²Ó´μ³Ê ³μ³¥´ÉÊ L,   ¢
¸μ¸ÉμÖ´¨¨ χ0 c ¶μ²´Ò³ ¸¶¨´μ³ S = 0 μ´  ¡Ê¤¥É Î¥É´μ°. �Ê¸ÉÓ r Å · ¤¨Ê¸-¢¥±Éμ· ´¥°-
É·μ´  ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (nn)-¶ ·Ò, ¨ Ψ(r) Ö¢²Ö¥É¸Ö ¢μ²´μ¢μ° ËÊ´±Í¨¥° ´¥°É·μ´ 
¸· §Ê ¶μ¸²¥ nd-¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ Î¥É´ Ö a+(k)- ¨ ´¥Î¥É´ Ö
a−(k)-¢μ²´Ò § ¶¨ÏÊÉ¸Ö ¢ ¢¨¤¥

a±(k) =
1
2

∞∫
−∞

Ψ(r)(ϕ∗
k(r ) ± ϕ∗

k(−r)) dV, £¤¥ dV = dx dy dz. (25)

‚μ²´μ¢ Ö ËÊ´±Í¨Ö ϕ∗
k(r) Ö¢²Ö¥É¸Ö ¸Ê¶¥·¶μ§¨Í¨¥° ¶²μ¸±μ° ¨ · ¸Ìμ¤ÖÐ¨Ì¸Ö ¸Ë¥·¨Î¥¸±¨Ì

¢μ²´ [12], ¨ §¤¥¸Ó ³Ò ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐÊÕ ´μ·³¨·μ¢±Ê:

∞∫
−∞

ϕk(r)ϕ∗
k(r′) d3k = δ3(r − r′). (26)
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�μ¸²¥ ´¥¸²μ¦´ÒÌ ¢ÒÎ¨¸²¥´¨° ´ Ìμ¤¨³ ¢¥·μÖÉ´μ¸É¨ Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ ¢μ²´:

ε± =

∞∫
−∞

|a±(k )|2 d3k =
1
2
± 1

2

∞∫
−∞

Ψ(r)Ψ∗(−r) dV, ε+ + ε− = 1. (27)

‚ ¶·μÍ¥¸¸¥ nd → p(nn)-¶¥·¥§ ·Ö¤±¨ ´¥°É·μ´ μÉ¤ Î¨ (¨ ¢¸Ö nn-¸¨¸É¥³  ¢ Í¥²μ³) ¶μ-
²ÊÎ ¥É ¨³¶Ê²Ó¸ q = p − p′, £¤¥ p ¨ p′ Å ¨³¶Ê²Ó¸Ò ´ ²¥É ÕÐ¥° ¨ · ¸¸¥Ö´´μ° Î ¸É¨Í.
�μÔÉμ³Ê ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ (nn)-¶ ·Ò ´¥°É·μ´ ³ ¤μ¡ ¢²ÖÕÉ¸Ö ¨³¶Ê²Ó¸Ò q/2 ¨ −q/2.
‚μ§³ÊÐ¥´´ÊÕ ¢μ²´Ê Ψ(r) ³μ¦´μ § ¶¨¸ ÉÓ ¢ Ëμ·³¥ Ψ(r) = Ψd(r) ei qr/2, £¤¥ Ψd(r) Å
¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¤¥°É·μ´ , ÎÉμ ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ¢¥·μÖÉ´μ¸É¨ ε+ ¨ ε− ¸ ¶μ³μÐÓÕ
Ëμ·³Ë ±Éμ·  F (t) =

∫
|Ψd(r)|2 eiqr dV :

ε± =
1
2

(1 ± F (t)), £¤¥ t ≡ t(q, ΔE) ≈ −q2. (28)

‚ ¨Éμ£¥ ¨³¥¥³:

dσ

dt nd→p(nn)
=

[
ρ λ

1→1 + ρ σμ
1→1

] 1
2

(1 − F (t)) + [ρ σμ
1→0]

1
2

(1 + F (t)). (29)

�¡Ñ¥¤¨´¨¢ ρ σμ
1→1 ¨ ρ σμ

1→0, ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ê „¨´  [3Ä5]:

dσ

dt nd→p(nn)
=

dσ

dt

Non−Flip

np→pn
(1 − F (t)) +

dσ

dt

Flip

np→pn

(
1 − 1

3
F (t)

)
. (30)

Šμ£¤  Ê£μ² · ¸¸¥Ö´¨Ö ¡²¨§μ± ± ´Ê²Õ, Éμ t 	 0, ¨ Ëμ·³Ë ±Éμ· ¸É·¥³¨É¸Ö ± ¥¤¨´¨Í¥
F (t) 	 1, ¶μÔÉμ³Ê Non-Flip-Î ¸ÉÓ ¸¥Î¥´¨Ö ¨¸Î¥§ ¥É ¨ Ëμ·³Ê²  (30) Ê¶·μÐ ¥É¸Ö:

dσ

dt nd→p (nn) (0)
=

2
3

dσ

dt

Flip

np→pn (0)
. (31)

�Éμ ¸¢Ö§Ò¢ ¥É ¢¥²¨Î¨´Ò Rdp(0) ¨ r
nfl/fl
np→pn (0) μÎ¥´Ó ¶·μ¸Éμ° § ¢¨¸¨³μ¸ÉÓÕ:

Rdp(0) =
2
3

dσ

dt

Flip

np→pn (0)

dσ

dt np→pn (0)

=
2
3

1

1 + r
nfl/fl
np→pn (0)

, r
nfl/fl
np→pn (0) =

2
3

1
Rdp(0)

− 1. (32)

’ ±¨³ μ¡· §μ³, ¤¥°É·μ´ ¢ ± Î¥¸É¢¥  ³¶²¨ÉÊ¤´μ£μ Ë¨²ÓÉ·  ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´ ¢ Rdp-
¨§³¥·¥´¨ÖÌ ¤²Ö μ¶·¥¤¥²¥´¨Ö Flip- ¨ Non-Flip-Î ¸É¥° ¶·μÍ¥¸¸  ¶¥·¥§ ·Ö¤±¨ np → pn, É. ¥.
¤²Ö ´ ¡²Õ¤¥´¨Ö ¸¶¨´μ¢ÒÌ ÔËË¥±Éμ¢ np-¢§ ¨³μ¤¥°¸É¢¨Ö ¤ ¦¥ ¡¥§ ¶μ²Ö·¨§ Í¨¨ ´Ê±²μ´μ¢
¶ÊÎ±  ¨ ³¨Ï¥´¨. �·¨ ¨§²μ¦¥´¨¨ ÔÉμ£μ · §¤¥²  ³Ò ¸²¥¤μ¢ ²¨ · ¡μÉ¥ [5] ¨ É ±¦¥ ¶·¨¢¥²¨
´¥±μÉμ·Ò¥ ÊÉμÎ´¥´¨Ö, ±μÉμ·Ò¥ ¶μ± § ²¨¸Ó ´ ³ ¸ÊÐ¥¸É¢¥´´Ò³¨. �  ¶·μÉÖ¦¥´¨¨ ·Ö¤ 
²¥É Ê±·¥¶¨²μ¸Ó ³´¥´¨¥ [13, 14], ÎÉμ ¢ Ëμ·³Ê²¥ (30) Non-Flip- ¨ Flip-Î ¸É¨ np → pn-
¶¥·¥§ ·Ö¤±¨ ¢¶¥·¥¤ ³μ¦´μ § ³¥Ð ÉÓ μ¤´μ¨³¥´´Ò³¨ Î ¸ÉÖ³¨ Ê¶·Ê£μ£μ np → np-· ¸¸¥Ö´¨Ö
´ § ¤. �Éμ ¸μ¢¥·Ï¥´´μ ´¥¢¥·´μ ¨ ¡Ê¤¥É · ¸¸³μÉ·¥´μ ´¨¦¥ (¸³. É ±¦¥ [6, 7]). ŒÒ ´¥
μÉ¢¥·£ ¥³ ¸ ³μ° ¢μ§³μ¦´μ¸É¨ ¸¢Ö§ ÉÓ ³¥¦¤Ê ¸μ¡μ° ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨°
nd → p(nn) ¨ np → np, ´μ Ëμ·³Ê²  (30) ´¥ ¶μ§¢μ²Ö¥É ÔÉμ£μ ¸¤¥² ÉÓ, ¶μ¸±μ²Ó±Ê ¶μ²ÊÎ¥´ 
¢ ¶·¥¤¶μ²μ¦¥´¨¨ § ·Ö¤μ¢μ-μ¡³¥´´μ£μ ¶·μÍ¥¸¸  np → pn. �μ¤É¢¥·¦¤ ¥É ÔÉμ ¨ ¸ ³ 
· ¡μÉ  „¨´  [4], £¤¥ ¸± § ´μ: ®For the non-charge-exchange reaction, however, no such
simple result follows¯.
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4. “�ˆ’���›‰ �…�…•�„ Œ…†„“ ��…„‘’�‚‹…�ˆŸŒˆ
np → np (π − θ) ˆ np → pn (θ)

‚μ²´μ¢ Ö ËÊ´±Í¨Ö ¤¢ÊÌ Éμ¦¤¥¸É¢¥´´ÒÌ Ë¥·³¨μ´μ¢ ¤μ²¦´  ¡ÒÉÓ  ´É¨¸¨³³¥É·¨Î´ 
μÉ´μ¸¨É¥²Ó´μ ¶μ²´μ° ¶¥·¥¸É ´μ¢±¨ ¢¸¥Ì ¶¥·¥³¥´´ÒÌ. „²Ö ´Ê±²μ´μ¢ ÔÉμ ¶¥·¥³¥´´Ò¥
¶·μ¸É· ´¸É¢  (r), ¸¶¨´  (ζ) ¨ ¨§μ¸¶¨´  (η). Œ É¥³ É¨Î¥¸± Ö § ¶¨¸Ó ¤ ´´μ£μ ¶· ¢¨² 
¨³¥¥É ¢¨¤

P̂M × Ψ(r1, r2; ζ1, ζ2; η1, η2) = Ψ(r2, r1; ζ2, ζ1; η2, η1), (33)

£¤¥ P̂M Å μ¡³¥´´Ò° μ¶¥· Éμ· Œ °μ· ´Ò [10]:

P̂M = −1 + σ̂(1)σ̂(2)

2
1 + τ̂ (1)τ̂ (2)

2
, |P̂M |2 = 1. (34)

“´¨É ·´μ¸ÉÓ P̂M ¸μÌ· ´Ö¥É ±¢ ¤· É ¢μ²´μ¢μ° ËÊ´±Í¨¨,   §´ Î¨É ¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥
¸¥Î¥´¨¥. ‚ ¸³Ò¸²¥ Ô±¸¶¥·¨³¥´É  ¶μ²´ Ö ¶¥·¥¸É ´μ¢±  · ¢´μ¸¨²Ó´  Éμ³Ê, ÎÉμ ¢³¥¸Éμ
Î ¸É¨ÍÒ 1, · ¸¸¥Ö´´μ° ¶μ¤ Ê£²μ³ θ, ´ ¡²Õ¤ ¥É¸Ö Î ¸É¨Í  2, · ¸¸¥Ö´´ Ö ¢ Ê£μ² (π − θ), ¨
¶¥·¢ Ö É¥¶¥·Ó ¨³¥´Ê¥É¸Ö Î ¸É¨Í¥° μÉ¤ Î¨. �Ê¸ÉÓ · ¸¸¥Ö´´ Ö ¢μ²´  ¤¢ÊÌ ´Ê±²μ´μ¢ ¨³¥¥É
¢¨¤ Ψ = MχχT , £¤¥ χ ¨ χT Å ¸¶¨´μ¢ Ö ¨ ¨§μÉμ¶¨Î¥¸± Ö ËÊ´±Í¨¨. �·¨ μ¤¨´ ±μ¢ÒÌ
´ Î ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ ¶¥·¥Ìμ¤ μÉ μ¤´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ± ¤·Ê£μ³Ê · ¢´μ¸¨²¥´ ¤¥°¸É¢¨Õ
μ¶¥· Éμ·  Œ °μ· ´Ò ´  ³ É·¨ÍÊ · ¸¸¥Ö´¨Ö M . �³¶²¨ÉÊ¤Ò Ê¶·Ê£μ° ·¥ ±Í¨¨ np →
np (π − θ) μ¡μ§´ Î¨³ ¸¨³¢μ²μ³ ®∼¯. „²Ö ¶¥·¥§ ·Ö¤±¨ np → pn (θ) ´ Ìμ¤¨³

Mnp→pn = P̂M × M̃np→np =

= −1 + σ̂(1)σ̂(2)

2
1 + τ̂ (1)τ̂ (2)

2
× 1

2
(M̃1 + M̃0)

1 − τ
(1)
3 τ

(2)
3

2
=

= −1 + σ̂(1)σ̂(2)

2
× 1

2
(M̃1 + M̃0) (τ (1)

+ τ
(2)
− + τ

(1)
− τ

(2)
+ ). (35)

�·¨ ¢Ò¢μ¤¥ (35) ¨¸¶μ²Ó§μ¢ ²¨¸Ó Ëμ·³Ê²Ò (1 + τ
(1)
3 τ

(2)
3 )(1 − τ

(1)
3 τ

(2)
3 ) = 0, τ+τ3 = −τ+

¨ τ−τ3 = τ−. � ²¨Î¨¥ μ¶¥· Éμ·  (τ (1)
+ τ

(2)
− + τ

(1)
− τ

(2)
+ ) £μ¢μ·¨É, ÎÉμ ¢´μ¢Ó μ¶·¥¤¥²¥´´ Ö

³ É·¨Í  Mnp→pn ³¥´Ö¥É ³¥¸É ³¨ n ¨ p, ± ± ¨ ¤μ²¦´μ ¡ÒÉÓ ¸μ£² ¸´μ (8). „ ²Ó´¥°Ï¥¥
¶·¥μ¡· §μ¢ ´¨¥ ¸¢Ö§ ´μ Éμ²Ó±μ ¸μ ¸¶¨´μ¢μ° ³ É·¨Í¥° M̃np→np

σ = (1/2) (M̃1 + M̃0):

Mnp→pn
σ = −1 + σ̂(1)σ̂(2)

2
× M̃np→np

σ . (36)

‚§Ö¢ M̃np→np
σ ¢ Ëμ·³¥ (2), ¨¸¶μ²Ó§ÊÖ Ëμ·³Ê²Ò

σ̂(1)σ̂(2)×σ
(1)
i σ

(2)
i = 1 − σ̂(1)σ̂(2) + σ

(1)
i σ

(2)
i , £¤¥ i = n, m, l, (37)

σ̂(1)σ̂(2) × (σ(1)
n + σ(2)

n ) = σ(1)
n + σ(2)

n , (38)
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ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¶μ¸²¥ ¶¥·¥Ìμ¤  ¡ §¨¸ ¢¥±Éμ·μ¢ ¨§³¥´¨²¸Ö (4), ´ Ìμ¤¨³ · ¢¥´¸É¢μ c(θ) =
c̃(π − θ) ¨ ¢Ò· ¦¥´¨¥ ¤²Ö ¤·Ê£¨Ì Î¥ÉÒ·¥Ì  ³¶²¨ÉÊ¤:

⎛
⎜⎜⎜⎜⎜⎜⎝

a(θ)

b(θ)

e(θ)

f(θ)

⎞
⎟⎟⎟⎟⎟⎟⎠

= A ·

⎛
⎜⎜⎜⎜⎜⎜⎝

ã(π − θ)

b̃(π − θ)

ẽ(π − θ)

f̃(π − θ)

⎞
⎟⎟⎟⎟⎟⎟⎠

, £¤¥ A =

⎛
⎜⎜⎜⎜⎜⎜⎝

−1/2 −1/2 −1/2 −1/2

−1/2 −1/2 +1/2 +1/2

−1/2 +1/2 +1/2 −1/2

−1/2 +1/2 −1/2 +1/2

⎞
⎟⎟⎟⎟⎟⎟⎠

. (39)

Œ É·¨Í  A Ö¢²Ö¥É¸Ö ¸¨³³¥É·¨Î´μ° ¨ Ê´¨É ·´μ°: A = A−1 = A+, |A| = 1. �Éμ ¥¸É¥-
¸É¢¥´´μ, É ± ± ± μ¡· É´Ò° ¶¥·¥Ìμ¤ § ¤ ¥É¸Ö É¥³ ¦¥ μ¡³¥´´Ò³ μ¶¥· Éμ·μ³ Œ °μ· ´Ò.
�³¶²¨ÉÊ¤Ò a(θ) ¨ ã(π−θ) ´¥ Éμ¦¤¥¸É¢¥´´Ò, ÎÉμ £μ¢μ·¨É μ · §²¨Î¨¨ Non-Flip-Î ¸É¥° (13)
¢ ¤¢ÊÌ ¶·¥¤¸É ¢²¥´¨ÖÌ. �´ ²μ£¨Î´μ¥ ¨§³¥´¥´¨¥ ¶·μ¨¸Ìμ¤¨É ¸ Flip- ³¶²¨ÉÊ¤ ³¨ ¨ ¨Ì
¢±² ¤μ³. Šμ£¤  θ = 0, ¸¨³³¥É·¨Ö ¶·μ¸É· ´¸É¢  ¤ ¥É Ê¶·μÐ¥´¨Ö: b̃(π) = f̃(π), b(0) = e(0)
¨ c̃(π) = c(0) = 0. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ò, ¨§¢¥¸É´Ò¥ ¶μ · ¡μÉ ³ [6, 7], £¤¥
¢¶¥·¢Ò¥ ¡Ò²  ·¥Ï¥´  ¤ ´´ Ö ¶·μ¡²¥³  ¤²Ö ±μ²²¨´¥ ·´μ° ±¨´¥³ É¨±¨:

a(0) = −1
2
(ã(π) + 2b̃(π) + ẽ(π)),

b(0) = −1
2
(ã(π) − ẽ(π)), (40)

f(0) = −1
2
(ã(π) − 2b̃(π) + ẽ(π)).

‚ Ô²¥£ ´É´μ³ ³¥Éμ¤¥ [6,7] ¨¸¶μ²Ó§Ê¥É¸Ö μ¶¥· Éμ· 	 ·É²¥ÉÉ  [10]: P̂B =
1
2
(1 + σ̂(1)σ̂(2)),

³¥´ÖÕÐ¨° ¸¶¨´Ò ¤¢ÊÌ Ë¥·³¨μ´μ¢, ÎÉμ ¸¢Ö§Ò¢ ¥É ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ, ± ± ¶μ± § ´μ ¢
Ëμ·³Ê²¥ (36). � §²¨Î¨¥ ¶·¥¤¸É ¢²¥´¨° ¸É ´μ¢¨É¸Ö ¥Ð¥ μÎ¥¢¨¤´¥°, ¥¸²¨ · §¡¨ÉÓ ³ É·¨ÍÊ
M̃np→np

σ ´  ¸¶¨´-¸¨´£²¥É´ÊÕ SS ¨ ¸¶¨´-É·¨¶²¥É´ÊÕ ST Î ¸É¨. ‹¥£±μ ´ Ìμ¤¨³: P̂B ×
SS = −SS ¨ P̂B × ST = ST , ¶μÔÉμ³Ê

M̃np→np
σ = SS + ST, Mnp→pn

σ = −P̂B × M̃np→np
σ = SS − ST, (41)

É. ¥. ¸³¥´  ¶·¥¤¸É ¢²¥´¨Ö · ¢´μ¸¨²Ó´  ¨§³¥´¥´¨Õ §´ ±  ¸¶¨´-É·¨¶²¥É´μ° Î ¸É¨ ¸¶¨´μ¢μ°
³ É·¨ÍÒ. Œμ¦¥É ¢μ§´¨±´ÊÉÓ ¨²²Õ§¨Ö, ÎÉμ Ê´¨É ·´Ò° ¶¥·¥Ìμ¤ ¤¥°¸É¢Ê¥É ²¨ÏÓ ¢ μÉ´μ-
Ï¥´¨¨ ´¥°É·μ´  ¨ ¶·μÉμ´ , μ¤´ ±μ ¤²Ö pp- ¨²¨ nn-³ É·¨Í · ¸¸¥Ö´¨Ö ¶·¥μ¡· §μ¢ ´¨Ö
¡Ê¤ÊÉ É¥ ¦¥ ¸ ³Ò¥, ¨ ¶· ¢¨²μ (39) μ¸É ´¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¤²Ö ´¨Ì. ‡ ³¥É¨³ É ±¦¥,
ÎÉμ  ³¶²¨ÉÊ¤  a, ¶·¨´ ¤²¥¦ Ð Ö Non-Flip-Î ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö (13), Î -
¸Éμ μ¡μ§´ Î ¥É¸Ö ± ± Spin-Independent. �ÉμÉ É¥·³¨´ ´ ³ ± ¦¥É¸Ö ´¥ ¸μ¢¸¥³ Ê¤ Î´Ò³,
¶μ¸±μ²Ó±Ê ´¥· ¢¥´¸É¢μ³ a(θ) �= ã(π − θ) μ¶·¥¤¥²¥´  ¥¥ § ¢¨¸¨³μ¸ÉÓ μÉ ¶¥·¥¸É ´μ¢±¨
¸¶¨´μ¢ ¤¢ÊÌ Î ¸É¨Í. �  ¸ ³μ³ ¤¥²¥  ³¶²¨ÉÊ¤  a ¢Ò· ¦ ¥É ¸μ¡μ° ÉÊ Î ¸ÉÓ ³ É·¨ÍÒ,
±μÉμ· Ö ´¥ § ¢¨¸¨É μÉ μ·¨¥´É Í¨¨ ¸¶¨´μ¢ Éμ²Ó±μ ¢´ÊÉ·¨ ¢Ò¡· ´´μ£μ ¶·¥¤¸É ¢²¥´¨Ö.
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Šμ²² ¡μ· Í¨Ö ®„¥²ÓÉ -¸¨£³ ¯ Ê¸¶¥Ï´μ ¶·μ¢¥²  ¨§³¥·¥´¨Ö Rdp(0) μÉ´μÏ¥´¨Ö ¢ Î¥ÉÒ-
·¥Ì ¸¥ ´¸ Ì ¢ 2002Ä2007 ££. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¦¨¤±¨Ì D2/H2-³¨Ï¥´¥°,   É ±¦¥ É¢¥·¤ÒÌ
CD2/CH2/C-³¨Ï¥´¥° ¡Ò²μ ¶μ²ÊÎ¥´μ ¸¥³Ó ÉμÎ¥± ¶·¨ Ô´¥·£¨ÖÌ Tn = 0,5−2,0 ƒÔ‚ (É -
¡²¨Í , ·¨¸. 1). �·¥¤¢ ·¨É¥²Ó´Ò¥ ¤ ´´Ò¥ ¶μ Rdp(0) μ¶Ê¡²¨±μ¢ ´Ò ¢ · ¡μÉ Ì [15Ä17], ¨
μ±μ´Î É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ¢ ¸É ÉÓÖÌ [18Ä21], £¤¥ É ±¦¥ ¶·¨¢¥¤¥´μ μ¶¨¸ ´¨¥
Ê¸É ´μ¢±¨ ¨ ³¥Éμ¤¨±¨ ¨§³¥·¥´¨°. �± § ²μ¸Ó, ÎÉμ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° Tn = 0,5−2,0 ƒÔ‚
¢¥²¨Î¨´  Rdp(0) ¢¥¤¥É ¸¥¡Ö ¶μ¤μ¡´μ ±μ´¸É ´É¥ ´  Ê·μ¢´¥ 0,56 ¢ ¶·¥¤¥² Ì μÏ¨¡μ±. ‘

¶μ³μÐÓÕ Ëμ·³Ê²Ò (32) ³Ò · ¸¸Î¨É ²¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ μÉ´μÏ¥´¨Ö r
nfl/fl
np→pn (0) (¸³. É -

¡²¨ÍÊ, ·¨¸. 2). Š ± Ìμ·μÏμ ¢¨¤´μ, Non-Flip-Î ¸ÉÓ ¢¸Õ¤Ê μÉ²¨Î´  μÉ ´Ê²Ö, ¨ ¥¥ ¢±² ¤ ¢
¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ¸μ¸É ¢²Ö¥É ≈ 17 %. ’ ±¦¥ ³Ò ´ ¡²Õ¤ ¥³ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥
¸ ·¥§Ê²ÓÉ É ³¨ LAMPF [22, 23] ¨ LRL [24] (¸³. É·¨ ÉμÎ±¨ ´¨¦¥ 1 ƒÔ‚),   ¶·¨ Ô´¥·-

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Rdp(0) ¨ r
nfl/fl

np→pn (0) ¨ ¨Ì ¶μ²´Ò¥ μÏ¨¡±¨ εtot

� · ³¥É·Ò
Tn, ƒÔ‚

0,55 0,8 1,0 1,2 1,4 1,8 2,0
Rdp 0,589 0,554 0,553 0,551 0,576 0,568 0,564
εtot 0,046 0,023 0,026 0,022 0,038 0,033 0,045

rnfl/fl 0,133 0,204 0,206 0,209 0,158 0,174 0,183
εtot 0,088 0,051 0,057 0,048 0,077 0,068 0,094

�¨¸. 1. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ Rdp (0) μÉ´μÏ¥´¨Ö ¢ÒÌμ¤μ¢ nd → p (nn) ±¢ §¨Ê¶·Ê£μ£μ ¨

np → pn Ê¶·Ê£μ£μ ¶·μÍ¥¸¸μ¢ ¶¥·¥§ ·Ö¤±¨ ¶μ¤ ´Ê²¥¢Ò³ Ê£²μ³. �¥Ï¥´¨Ö Ë §μ¢μ£μ  ´ ²¨§  VZ40,
FA91 ¨ SP07, ¢§ÖÉÒ¥ ¨§ ¡ §Ò ¤ ´´ÒÌ SAID ± ±  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ np → np (θ = π), ¶¥·¥¢¥¤¥´Ò

¸ ¶μ³μÐÓÕ (39) ¢ ¶·¥¤¸É ¢²¥´¨¥ np → pn (0), ¨ §´ Î¥´¨Ö Rdp (0) · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê²¥ (32).
Š·¨¢ Ö SP07* ¶μ²ÊÎ¥´  ´ ³¨ ¶μ¤¸É ´μ¢±μ° ¢ ÉÊ ¦¥ Ëμ·³Ê²Ê Non-Flip- ¨ Flip-Î ¸É¥° ·¥ ±Í¨¨

np → np (θ = π), É. ¥. ¡¥§ ÊÎ¥É  · §´¨ÍÒ ¶·¥¤¸É ¢²¥´¨°
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�¨¸. 2. �´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ r
nfl/fl

np→pn (0)
μÉ´μÏ¥´¨Ö Non-Flip- ¨ Flip-Î ¸É¥° ¶·μÍ¥¸¸  Ê¶·Ê-

£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ¶μ¤ ´Ê²¥¢Ò³ Ê£²μ³. � Ï¨ ¨ ¤·Ê£¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ÉμÎ±¨ ¶μ²ÊÎ¥´Ò

¶·Ö³Ò³ ¢ÒÎ¨¸²¥´¨¥³ ¶μ ¤ ´´Ò³ Rdp (0) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ (32). �¥Ï¥´¨Ö Ë §μ¢μ£μ  ´ ²¨§  É· ´¸-
Ëμ·³¨·μ¢ ´Ò ¶μ Ëμ·³Ê² ³ (39). ’μÎ±¨ �. 	¨´Í  [13, 14], Ö¢²ÖÕÐ¨¥¸Ö ·¥§Ê²ÓÉ Éμ³ DRSA- ´ ²¨§ 

Ê¶·Ê£μ° ·¥ ±Í¨¨ np → np (θ = π), É ±¦¥ ¶·¨¢¥¤¥´Ò ´ ³¨ ± ¶·¥¤¸É ¢²¥´¨Õ § ·Ö¤μ¢μ-μ¡³¥´´μ£μ

¶·μÍ¥¸¸  np → pn (0)

£¨¨ 1,0 ƒÔ‚ Å ¶μ²´μ¥ ¸μ¢¶ ¤¥´¨¥ ¸ ¥Ð¥ μ¤´μ° ÉμÎ±μ° ‹‚� [25]. ‘μ£² ¸´μ ¤ ´´Ò³
DLNP [26] (¸³. ÉμÎ±Ê ¶·¨ 0,38 ƒÔ‚) ¢ ´ ¡μ·¥ ¶·¨ Ô´¥·£¨¨ Tn = 0,55 ƒÔ‚ ³Ò μ¦¨¤ ²¨,
ÎÉμ §´ Î¥´¨¥ Rdp(0) ¸ Ê¡Ò¢ ´¨¥³ Ô´¥·£¨¨ ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö, Î¥£μ ´  ¸ ³μ³ ¤¥²¥ ´¥
¶·μ¨§μÏ²μ. �¥§Ê²ÓÉ É [26] ¢Ò§Ò¢ ¥É Ê ´ ¸ ´¥±μÉμ·Ò¥ ¸μ³´¥´¨Ö ¨ ¸ ³ ¶μ ¸¥¡¥ Ö¢²Ö¥É¸Ö
±·¨É¨Î´Ò³ μÉ´μ¸¨É¥²Ó´μ ¢Éμ·μ° ÉμÎ±¨ DLNP [27]. „·Ê£¨¥ ³¨·μ¢Ò¥ ¤ ´´Ò¥ UCRL [28],
Harwell [29,30] ¨ Harvard University [31] ¶·¨´ ¤²¥¦ É ¤¨ ¶ §μ´Ê 90Ä270 ŒÔ‚.

—Éμ¡Ò ¸· ¢´¨ÉÓ ¶μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸ Ë §μ¢Ò³  ´ ²¨§μ³ (PSA), ³Ò ¢§Ö²¨ ¨§ ¡ §Ò
¤ ´´ÒÌ SAID ·¥Ï¥´¨Ö FA91 [32], VZ40 [33] ¨ SP07 [34] ¤²Ö np → np (θ = π) Ê¶·Ê£μ°
·¥ ±Í¨¨ ¨ ¸ ¶μ³μÐÓÕ (39) ¶¥·¥¢¥²¨ ¨Ì ¢ ¶·¥¤¸É ¢²¥´¨¥ ¶¥·¥§ ·Ö¤±¨ np → pn (0). �´¥·-

£¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ Rdp(0) ¨ r
nfl/fl
np→pn (0) · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê² ³ (10), (13), (14), (32) ¨

¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1, 2. ‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¡²¨§±¨ ·¥Ï¥-
´¨Ö³ PSA ¨ ¶· ±É¨Î¥¸±¨ ¶μ¢Éμ·ÖÕÉ FA91. 	¥§ ´ ¤²¥¦ Ð¥£μ Ê´¨É ·´μ£μ ¶¥·¥Ìμ¤  ÔÉμ
¸μ£² ¸¨¥ ¨¸Î¥§ ¥É (¸³. ±·¨¢ÊÕ SP07* ´  ·¨¸. 1 ¨²¨ ·¨¸. 8 ¢ [17]).

‡�Š‹
—…�ˆ…

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´μ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [21] ¨ Ëμ·³Ê²Ò „¨´  (32) · ¸-

¸Î¨É ´Ò ¸¥³Ó §´ Î¥´¨° μÉ´μÏ¥´¨Ö r
nfl/fl
np→pn (0) ³¥¦¤Ê Flip- ¨ Non-Flip-Î ¸ÉÖ³¨ ¤¨ËË¥-

·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ¶¥·¥§ ·Ö¤±¨ np → pn ¶μ¤ ´Ê²¥³ £· ¤Ê¸μ¢ ¢ ¤¨ ¶ §μ´¥
Ô´¥·£¨° Tn = 0,5−2,0 ƒÔ‚ (¸³. É ¡²¨ÍÊ, ·¨¸. 2). “¸É ´μ¢²¥´μ, ÎÉμ Non-Flip-Î ¸ÉÓ ´¥
· ¢´  ´Ê²Õ ¨ ¸μ¸É ¢²Ö¥É ¢ ´¥° ≈ 17 %.
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�μ¤·μ¡´μ · ¸¸³μÉ·¥´ Ê´¨É ·´Ò° ¶¥·¥Ìμ¤ ³¥¦¤Ê ¤¢Ê³Ö ¶·¥¤¸É ¢²¥´¨Ö³¨ np-¢§ ¨³μ-
¤¥°¸É¢¨Ö: μÉ Ê¶·Ê£μ° ·¥ ±Í¨¨ np → np (π − θ) ± ¶¥·¥§ ·Ö¤±¥ np → pn (θ) ¶·¨ ²Õ¡μ³
§´ Î¥´¨¨ Ê£²  · ¸¸¥Ö´¨Ö θ. �¥Ï¥´¨Ö Ë §μ¢μ£μ  ´ ²¨§ , ¨§³¥´¥´´Ò¥ ÔÉ¨³ ¶·¥μ¡· §μ¢ -
´¨¥³, ¶μ²´μ¸ÉÓÕ ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨³¥´É  (¸³. ·¨¸. 1 ¨ 2).

�² £μ¤ ·´μ¸É¨. ŒÒ ¡² £μ¤ ·¨³ ¶·μË. ‚.‹. ‹Õ¡μÏ¨Í  ¨ ¤μ±Éμ·  
.�. “§¨±μ¢  § 
¶μ³μÐÓ ¨ É¥μ·¥É¨Î¥¸±¨¥ ±μ´¸Ê²ÓÉ Í¨¨. � Ï Ô±¸¶¥·¨³¥´É ¡Ò² ¶μ¤¤¥·¦ ´ �μ¸¸¨°¸±¨³
Ëμ´¤μ³ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, ¶·μ¥±ÉÒ º02-02-17129 ¨ º07-02-01025.
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