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˜¨´¤¨´ �.�. ¨ ¤·. P2-2020-18
�·¥¤¸É ¢²¥´¨¥ § ·Ö¤μ¢μ-μ¡³¥´´μ£μ ¶·μÍ¥¸¸  nd → p(nn) ¶μ¤ Ê£²μ³ 0◦
¢ · ³± Ì Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö np → np ´  180◦

� ¸¸³μÉ·¥´  ¶·μ¡²¥³  ¸¶¨´μ¢μ° Ë¨§¨±¨, ¸¢Ö§ ´´ Ö ¸ · §²¨Î¨¥³ ¶·¥¤¸É ¢-
²¥´¨° Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¥°É·μ´μ³ ¨ ¶·μÉμ´μ³. ‚§ ¨³μ¤¥°¸É¢¨¥
³μ¦´μ ´ §¢ ÉÓ ¶·μÍ¥¸¸μ³ Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ²¨¡μ · ¸Í¥´¨ÉÓ ± ±
·¥ ±Í¨Õ np → np · ¸¸¥Ö´¨Ö ´¥°É·μ´ . �·¥μ¡· §μ¢ ´¨¥ μÉ μ¤´μ£μ ¶·¥¤¸É ¢²¥´¨Ö
± ¤·Ê£μ³Ê μ¡¥¸¶¥Î¨¢ ¥É Ê´¨É ·´Ò° μ¶¥· Éμ· Œ °μ· ´Ò. ‚ · ³± Ì ¨³¶Ê²Ó¸´μ£μ
¶·¨¡²¨¦¥´¨Ö ¤¢ ¦¤Ò μ¶·¥¤¥²¥´  ±¢ §¨Ê¶·Ê£ Ö ·¥ ±Í¨Ö ¶¥·¥§ ·Ö¤±¨ ´¥°É·μ´ 
´  ¤¥°É·μ´¥. ‚ ¶·¥¤¸É ¢²¥´¨¨ nd → p(nn) ¶·¨ · ¸¸¥Ö´¨¨ ¶·μÉμ´  ´  Ê£μ² θ
¶μ²ÊÎ¥´  Ëμ·³Ê²  „¨´ . C ¶μ³μÐÓÕ ¶·¥¤¸É ¢²¥´¨Ö nd → (nn)p ±¢ §¨Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö ´¥°É·μ´  (μ¡· §ÊÕÐ¥£μ ¸ ´¥°É·μ´μ³-¸¶¥±É Éμ·μ³ nn-¶ ·Ê) ¶μ¤ Ê£²μ³
π Ä θ μ¶·¥¤¥²¥´   ²ÓÉ¥·´ É¨¢´ Ö Ëμ·³Ê² .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. 	 ²¤¨´  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2020

Shindin R.A. et al. P2-2020-18
Charge-Exchange Quasi-Elastic Process nd → p(nn) at an Angle of 0◦

in the Framework of Elastic np → np Scattering through an Angle of 180◦

The problem of spin physics related to the difference of representations of the
elastic interaction between the neutron and the proton is considered. In the ˇrst case,
the charge-exchange np → pn reaction at the angle θ is supposed, in the second Å
the simple elastic scattering of np → np, when the neutron is going in the opposite
direction π Ä θ. The transition from one representation to another is provided by the
Majorana operator. In the framework of impulse approximation, the quasi-elastic
charge-exchange reaction of a neutron on a deuteron is calculated twice. In the
framework of nd → p(nn) scattering of proton through the angle θ, the well-known
Dean formula is given. Using the other representation nd → (nn)p as a neutron
elastic scattering at the angle π Ä θ (together with neutron-spectator in nn-pair), the
alternative formula is presented.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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‚‚…„…�ˆ…

”μ·³ ²¨§³ ¢§ ¨³μ¤¥°¸É¢¨Ö ´Ê±²μ´μ¢ ¶μ¢Éμ·Ö¥É ³¥Éμ¤, · §¢¨ÉÒ° ¤²Ö μ¶¨-
¸ ´¨Ö · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ´  Î ¸É¨Í Ì ¸ ¶μ²ÊÍ¥²Ò³ ¸¶¨´μ³, ´ ¶·¨³¥· ´ 
¤·Ê£μ³ Ô²¥±É·μ´¥ ¨²¨  Éμ³¥ ¸ μ¤´¨³ Ô²¥±É·μ´μ³ ¢´¥ § ³±´ÊÉμ° μ¡μ²μÎ±¨.
�μÔÉμ³Ê ¢´ Î ²¥ ¶μ¤·μ¡´μ · ¸¸³μÉ·¨³ μ¶·¥¤¥²¥´¨Ö ¸¶¨´μ¢ÒÌ ¨ ¶·μ¸É· ´-
¸É¢¥´´ÒÌ Î ¸É¥° ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¤¢ÊÌ Ë¥·³¨μ´μ¢.

‚¥±Éμ· ¸¶¨´  Ö¢²Ö¥É¸Ö  ´ ²μ£μ³ ³¥Ì ´¨Î¥¸±μ£μ ³μ³¥´É , ´μ μ¡² ¤ ¥É
±¢ ´Éμ¢Ò³¨ ¸¢μ°¸É¢ ³¨. …£μ ¶·μ¥±Í¨Ö ´  ²Õ¡μ¥ ´ ¶· ¢²¥´¨¥ ¨³¥¥É ¤¨¸±·¥É-
´Ò° ´ ¡μ· §´ Î¥´¨°. ‚ ¸²ÊÎ ¥ Î ¸É¨Í ¸μ ¸¶¨´μ³ (1/2)� ¶·μ¥±Í¨Ö μ± ¦¥É¸Ö
· ¢´μ° sz = (+1/2)� ²¨¡μ (−1/2)�. „²Ö ÊÎ¥É  ÔÉμ° ¤¢μ°¸É¢¥´´μ¸É¨ ¨¸¶μ²Ó-
§Ê¥É¸Ö ´ ¡μ· ¨§ É·¥Ì Ô·³¨Éμ¢ÒÌ 2 × 2-³ É·¨Í ¨ ¢¢μ¤¨É¸Ö ¶μ´ÖÉ¨¥ ¸¶¨´μ¢μ£μ
μ¶¥· Éμ·  σ̂:

σ̂ = iσx + jσy + kσz ,

£¤¥

σx =

(
0 1
1 0

)
, σy =

(
0 −i

i 0

)
, σz =

(
1 0
0 −1

)
.

’ ± ± ± ¤¨ £μ´ ²Ó´μ° Ëμ·³μ° μ¡² ¤ ¥É Éμ²Ó±μ σz, Éμ ¥¥ ¸μ¡¸É¢¥´´Ò¥
¢¥±Éμ·Ò ¨²¨ ¸¶¨´μ·Ò Ö¢²ÖÕÉ¸Ö Î¨¸ÉÒ³¨ ¸μ¸ÉμÖ´¨Ö³¨:

χz

(
sz = +

1
2

�

)
=

(
1
0

)
, χz

(
sz = −1

2
�

)
=

(
0
1

)
.

„²Ö ± ¦¤μ£μ Ë¥·³¨μ´  ¸ÊÐ¥¸É¢Ê¥É ¸¢μÖ μ¸Ó ¶μ²Ö·¨§ Í¨¨ s, ¢¤μ²Ó ±μÉμ·μ°

¥£μ ¸μ¸ÉμÖ´¨¥ ¢Ò· ¦ ¥É¸Ö ¸¶¨´μ·μ³

(
1
0

)
. �μ ¢¸¥³ ¤·Ê£¨³ ´ ¶· ¢²¥´¨Ö³

¸¶¨´μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö Ö¢²ÖÕÉ¸Ö ¸³¥Ï ´´Ò³¨. ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ³ É·¨ÍÒ
σr = (σ̂ · r), É. ¥. μ¶¥· Éμ·  ¶μ ´ ¶· ¢²¥´¨Õ r(θ, ϕ) (·¨¸. 1), ¨³¥ÕÉ μ¡¥

±μ³¶μ´¥´ÉÒ

(
1
0

)
¨

(
0
1

)
, ±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¤¢  ¢ ·¨ ´É  ¶μ²Ö·¨§ Í¨¨

¸¶¨´ . …¸²¨ Ë¥·³¨μ´ ¶μ²Ö·¨§μ¢ ´ ¶μ z, ¥£μ ¸μ¸ÉμÖ´¨¥ ¶μ r μ¶·¥¤¥²Ö¥É¸Ö É ±:

χr

(
sz = +

�

2

)
=

⎛⎜⎝ cos
θ

2
eiϕ sin

θ

2

⎞⎟⎠ = cos
θ

2

(
1
0

)
+ eiϕ sin

θ

2

(
0
1

)
.
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�¨¸. 1. �·μ¥±Í¨Ö μ¶¥· Éμ·  σ̂ = iσx + jσy + kσz ´  ²Õ¡μ¥ ´ ¶· ¢²¥´¨¥ r · ¢´ 
¥¤¨´¨Í¥ (|σr|2 = 1), ÎÉμ ¶μ§¢μ²Ö¥É ¶·¥¤¸É ¢¨ÉÓ ¥£μ ¢ ¢¨¤¥ Σ-¸Ë¥·Ò. Š ¦¤μ° ¥¥
ÉμÎ±¥ ¸μμÉ¢¥É¸É¢Ê¥É ¸¢μ° μ¶¥· Éμ· σr, ±μÉμ·Ò° ¨³¥¥É ¤¢  ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ· , É. ¥.
¸¶¨´μ·Ò χr(sz = +�/2) ¨ χr(sz = −�/2)

�¨¸. 2. ‘Ë¥·  	²μÌ . ‚ μÉ²¨Î¨¥ μÉ Σ-¸Ë¥·Ò (¸³. ·¨¸. 1) ´ ¶· ¢²¥´¨¥ ¶μ²Ö·¨§ -
Í¨¨ ¸¶¨´  s ´¥ ¸¢Ö§ ´μ ¸ μ¸ÓÕ z, ´μ ³μ¦¥É ³¥´ÖÉÓ¸Ö: s ≡ s(θ, ϕ), £¤¥ θ ¨
ϕ Å §¥´¨É´Ò° ¨  §¨³ÊÉ ²Ó´Ò° Ê£²Ò. Š ¦¤μ³Ê ¶μ²μ¦¥´¨Õ ¢¥±Éμ·  s ¨²¨ ÉμÎ±¥
´  ¸Ë¥·¥ 	²μÌ  ¸μμÉ¢¥É¸É¢Ê¥É μ¶·¥¤¥²¥´´μ¥ ¸¶¨´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ ¶μ z: χz(s) =

cos θ/2

(
1

0

)
− eiϕ sin θ/2

(
0

1

)
. ‡´ ± ³¨´Ê¸ ¶¥·¥¤ ¢Éμ·μ° ±μ³¶μ´¥´Éμ° ¸¶¨´μ·  ¢μ§-

´¨± ¥É ¨§-§  μ¡· É´μ£μ μÉ¸Î¥É  §¥´¨É´μ£μ Ê£²  θ ¶μ ¸· ¢´¥´¨Õ ¸μ ¸²ÊÎ ¥³, ¶·¥¤¸É ¢-
²¥´´Ò³ ´  ·¨¸. 1
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‡¤¥¸Ó cos θ/2 ¨ eiϕ sin2 θ/2 Å  ³¶²¨ÉÊ¤Ò ¢¥·μÖÉ´μ¸É¨ ´ °É¨ Î ¸É¨ÍÊ ¸ ¶·μ-
¥±Í¨Ö³¨ ¸¶¨´  sr = (+1/2)� ¨ (−1/2)�. ‚ ´ Ï¥³ ¨¸¸²¥¤μ¢ ´¨¨ Å ¤¢ 
Ë¥·³¨μ´ , ¨ ¸¶¨´ ± ¦¤μ£μ ³μ¦¥É ¨³¥ÉÓ ¸¢μ¥ ´ ¶· ¢²¥´¨¥ ¢ É·¥Ì³¥·´μ³ ¶·μ-
¸É· ´¸É¢¥, ¶μÔÉμ³Ê Ê¤μ¡´¥¥ ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ´ÖÉ¨¥ ¸Ë¥·Ò 	²μÌ , ±μ£¤  ¸μ¸Éμ-
Ö´¨Ö Î ¸É¨Í · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ μ¤´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¨ ±¢ ´ÉÊÕÉ¸Ö ¶μ
´ ¶· ¢²¥´¨Õ μ¸¨ z (·¨¸. 2).

—Éμ¡Ò · §²¨Î ÉÓ Ë¥·³¨μ´Ò, ¶·¨³¥³ É ±¨¥ μ¡μ§´ Î¥´¨Ö:

χz, n(sm) ≡ |sm〉n =
(

cos θm/2
−eiϕm sin θm/2

)
n

, n, m = {1, 2}. (1)

ˆ´¤¥±¸ m = 1, 2 μ¡μ§´ Î ¥É ´μ³¥· ¸μ¸ÉμÖ´¨Ö. �μ·Ö¤μ± Î ¸É¨Í n = 1, 2
Ö¢²Ö¥É¸Ö ¶·μ¨§¢μ²Ó´Ò³. � ¶·¨³¥·, ¢¥±Éμ·Ò |s1〉1 ¨ |s1〉2 ¶·¥¤¸É ¢²ÖÕÉ μ¤´Ê
¨ ÉÊ ¦¥ Î ¸É¨ÍÊ, Éμ²Ó±μ ´ §Ò¢ ÕÉ ¥¥ ²¨¡μ ¶¥·¢μ°, ²¨¡μ ¢Éμ·μ°. ‚ ¡μ²ÓÏ¨´-
¸É¢¥ ¸²ÊÎ ¥¢ ¸Éμ²Ó ¶μ¤·μ¡´μ¥ μ¶·¥¤¥²¥´¨¥ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° (1) Ö¢²Ö¥É¸Ö

¨§²¨Ï´¨³ ¨ ¢¶μ²´¥ ¤μ¸É ÉμÎ´μ μ¡μ§´ Î¨ÉÓ ¨Ì ¸¶¨´μ· ³¨

(
α

β

)
¨

(
γ

δ

)
, £¤¥ α,

β, γ, δ ¨³¥ÕÉ ±μ³¶²¥±¸´Ò¥ §´ Î¥´¨Ö ¨ Ê¤μ¢²¥É¢μ·ÖÕÉ Ê¸²μ¢¨Õ |α|2 + |β|2 =
|γ|2 + |δ|2 = 1. �¥§ ¢¨¸¨³μ¸ÉÓ Î ¸É¨Í Ë ±Éμ·¨§Ê¥É ¨Ì ¸¶¨´μ¢ÊÕ ËÊ´±Í¨Õ:
χ12 = χ1χ2. ‡  ¸Î¥É ¸¢μ¡μ¤Ò ´Ê³¥· Í¨¨ ¤μ¶Ê¸± ¥É¸Ö ¤¢  ¢ ·¨ ´É :

|s1, s2〉 =
(

α

β

)
1

(
γ

δ

)
2

, |s2, s1〉 =
(

γ

δ

)
1

(
α

β

)
2

. (2)

„²Ö μ¶¨¸ ´¨Ö ¢μ²´μ¢ÒÌ ¸¢μ°¸É¢ Î ¸É¨ÍÒ μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö Ô±¸¶μ´¥´É 
e i(pr−Et)/�, £¤¥ p ¨ E Å ¨³¶Ê²Ó¸ ¨ ¶μ²´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ, r ¨ t Å ¶¥-
·¥³¥´´Ò¥ ¶·μ¸É· ´¸É¢  ¨ ¢·¥³¥´¨. ’ ± Ö £ ·³μ´¨±  Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥³
¨ ¶·¥¤¸É ¢²Ö¥É ¡¥¸±μ´¥Î´ÊÕ ¶²μ¸±ÊÕ ¢μ²´Ê. „²Ö ´ Ï¨Ì Í¥²¥° ¡Ê¤¥É ¤μ¸É -
ÉμÎ´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸É Í¨μ´ ·´Ò¥ ËÊ´±Í¨¨ (t = const). —Éμ¡Ò · §²¨Î ÉÓ ¤¢¥
Î ¸É¨ÍÒ, ¢Ò¡· ´Ò  ´ ²μ£¨Î´Ò¥ (1) μ¶·¥¤¥²¥´¨Ö:

ϕpm(rn) ≡ |pm〉n = C exp
(

i

�
pmrn

)
,

n, m = {1, 2}, C = (2π�)−3/2.

(3)

ˆ³¶Ê²Ó¸ ¨³¥¥É ¸μ¡¸É¢¥´´Ò° ¨´¤¥±¸ m, ´¥ § ¢¨¸ÖÐ¨° μÉ ´μ³¥·  Î ¸É¨ÍÒ n.
’ ±, ¢¥±Éμ·Ò |p1〉1 ¨ |p2〉1 ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶¥·¢μ° Î ¸É¨Í¥° ³μ¦´μ ´ §¢ ÉÓ ¨
ÉÊ, ±μÉμ· Ö ¨³¥¥É ¨³¶Ê²Ó¸ p1, ¨ ¤·Ê£ÊÕ Å ¸ ¨³¶Ê²Ó¸μ³ p2. �·Éμ£μ´ ²Ó´μ¸ÉÓ
ËÊ´±Í¨° (3) ¢Ò· ¦ ¥É ´¥§ ¢¨¸¨³μ¸ÉÓ Î ¸É¨Í ¨ ¶μ§¢μ²Ö¥É Ë ±Éμ·¨§¨·μ¢ ÉÓ
μ¡ÐÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ:

|p1,p2〉 = |p1〉1 |p2〉2, |p2,p1〉 = |p2〉1 |p1〉2.
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�¨¸. 3. Šμ´Ë¨£Ê· Í¨Ö ¤¢ÊÌ Î ¸É¨Í ¸ μ¶·¥¤¥²¥´´Ò³¨ ¨³¶Ê²Ó¸ ³¨ ¨ ´ ¶· ¢²¥´¨Ö³¨
¸¶¨´ : a) ¸μ¸ÉμÖ´¨¥ Î ¸É¨Í 1 ¨ 2 μ¶·¥¤¥²¥´μ ËÊ´±Í¨¥° |p1, s1〉1 |p2, s2〉2; ¡) ´μ³¥· 
Î ¸É¨Í ¨§³¥´¨²¨¸Ó, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ËÊ´±Í¨¨ |p2, s2〉1 |p1, s1〉2

…¸²¨ ¶¥·¥°É¨ ¢ ¸¨¸É¥³Ê Í¥´É·  ³ ¸¸ (¸. Í. ³.), ¶¥·¥¸É ´μ¢±  ¨³¶Ê²Ó¸μ¢
Î ¸É¨Í ¡Ê¤¥É · ¢´μ¸¨²Ó´  ±μ³¶²¥±¸´μ³Ê ¸μ¶·Ö¦¥´¨Õ:

|p1,p2〉 → ϕ12 = C exp
(

i

�
pr

)
, |p2,p1〉 → ϕ∗

12 = C exp
(
− i

�
pr

)
, (4)

£¤¥ r = r1 − r2 Å μÉ´μ¸¨É¥²Ó´Ò° · ¤¨Ê¸-¢¥±Éμ·.
‘μ£² ¸´μ ¶·¨´Í¨¶Ê § ¶·¥É  � Ê²¨ ¤¢  Éμ¦¤¥¸É¢¥´´ÒÌ Ë¥·³¨μ´  ´¥ ³μ£ÊÉ

§ ´¨³ ÉÓ μ¤´μ ¨ Éμ ¦¥ ¸μ¸ÉμÖ´¨¥, ¶μÔÉμ³Ê ¨Ì ¢μ²´μ¢ Ö ËÊ´±Í¨Ö Ψ ¤μ²¦´ 
¡ÒÉÓ  ´É¨¸¨³³¥É·¨Î´  μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢±¨ ¸¶¨´μ¢ ¨ ¨³¶Ê²Ó¸μ¢:

Ψ =
1√
2

(
|p1, s1〉1 |p2, s2〉2 − |p2, s2〉1 |p1, s1〉2

)
,

£¤¥
|pm, sm〉n = |pm〉n |sm〉n.

‡¤¥¸Ó ¢ ¦´μ, ÎÉμ ¶μ²´ Ö ¶¥·¥¸É ´μ¢±  ´¥ ³¥´Ö¥É ±μ´Ë¨£Ê· Í¨¨ (·¨¸. 3). � -
¶·¨³¥·, ¨³¶Ê²Ó¸ Ë¥·³¨μ´  ¸ ¶μ²Ö·¨§ Í¨¥° ¶μ ´ ¶· ¢²¥´¨Õ s1 ¢ ²Õ¡μ³ ¸²Ê-
Î ¥ § ¤ ¥É¸Ö ¢¥±Éμ·μ³ p1.

”μ·³Ê²Ò (2) ¨ (4) ¶·¨¢μ¤ÖÉ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ Ψ ± ¢¨¤Ê

Ψ =
1√
2

[(
α

β

)
1

(
γ

δ

)
2

ϕ12 −
(

γ

δ

)
1

(
α

β

)
2

ϕ∗
12

]
¨²¨

(
α

β

)
p

(
γ

δ

)
−p

, (5)

∫ ∫
Ψ+(p′)Ψ(p) d3r d3p =

∫
δ(p − p′) d3p = 1. (6)

“Î¨ÉÒ¢ Ö ¶· ¢¨²μ ´μ·³¨·μ¢±¨ (6), ¤²Ö ¶·μ¸ÉμÉÒ · ¸¸Ê¦¤¥´¨Ö ¡Ê¤¥³ ¶μ-
² £ ÉÓ, ÎÉμ ËÊ´±Í¨Ö (5) ´μ·³¨·μ¢ ´  ± ¥¤¨´¨Í¥: |Ψ|2 = 1.

1. “��“ƒ�… ‚‡�ˆŒ�„…‰‘’‚ˆ… ”…�Œˆ���‚

�¥§Ê²ÓÉ É ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ Î ¸É¨Í ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¶·¥μ¡· §μ-
¢ ´¨¥ ´ Î ²Ó´μ° ¢μ²´Ò Ψin ¢ ¨¸Ìμ¤ÖÐÊÕ ¢μ²´Ê Ψfin (·¨¸. 4). 	Ê¤¥³ ¸Î¨É ÉÓ ¨Ì
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�¨¸. 4. �²μ¸±μ¸ÉÓ ·¥ ±Í¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
¤¢ÊÌ Î ¸É¨Í. Š·Ê£μ¢Ò¥ ¸É·¥²±¨ ¶μ± §Ò¢ ÕÉ
¸¢μ¡μ¤Ê ¢· Ð¥´¨Ö ÔÉμ° ¶²μ¸±μ¸É¨ ¢μ±·Ê£
´ ¶· ¢²¥´¨Ö p

¶²μ¸±¨³¨ ¢μ²´ ³¨ (5),   ¤²Ö ¸³¥´Ò ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  p → p′ μ¶·¥¤¥²¨³
Ê´¨É ·´Ò° μ¶¥· Éμ· ∗ P̂ (θ):

P̂ (θ) × ϕ12 = ϕ ′
12 = exp

(
i

�
p′r

)
, cos θ =

(p,p′)
|p| · |p′| ,

|P̂ (θ)|2 = 1, P̂ (θ)P̂ (ω) = P̂ (θ + ω), P̂ (θ) = P̂ (θ + 2πn),

Ψfin = P̂ (θ) × Ψin.

(7)

ˆ³¶Ê²Ó¸ p′ ²¥¦¨É ¢ ¶·¥¤¥² Ì Ê£²μ¢ θ ¨ θ + dθ ¢ ¶²μ¸±μ¸É¨ ·¥ ±Í¨¨,
¶μÔÉμ³Ê ¢ É·¥Ì³¥·´μ³ ¶·μ¸É· ´¸É¢¥ · ¸¸¥Ö´´ Ö ¢μ²´  Ψfin · ¸¶·μ¸É· ´Ö¥É¸Ö
¢ Ô²¥³¥´É É¥²¥¸´μ£μ Ê£²  dΩ = 2π sin θ dθ. —Éμ¡Ò ¶¥·¥°É¨ ± ¢¥·μÖÉ´μ¸É´μ³Ê
μ¶¨¸ ´¨Õ Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¤μ¸É ÉμÎ´μ Ê³´μ¦¨ÉÓ Ψfin ´   ³¶²¨ÉÊ¤Ê
· ¸¸¥Ö´¨Ö:

Φ = A(θ)Ψfin,
dσ(θ)
dΩ

= |Φ|2 = |A(θ)|2.

‘μ£² ¸´μ [1, 2] ¶·¥¤¸É ¢¨³ · ¸¸¥Ö´¨¥ ¢ ¢¨¤¥ ¸¶¨´μ¢μ° ³ É·¨ÍÒ M(θ) ¢
¶·¥¤¸É ¢²¥´¨¨ ƒμ²Ó¤¡¥·£¥·  ¨ ‚ É¸μ´  [3,4]:

M(θ) = a I1,2 + b σ1nσ2n + c (σ1n + σ2n) + e σ1mσ2m + f σ1lσ2l. (8)

‡¤¥¸Ó I1,2 Å ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ¥¤¨´¨Î´ÒÌ 2×2-³ É·¨Í ¶¥·¢μ° ¨ ¢Éμ·μ° Î -
¸É¨ÍÒ,  ³¶²¨ÉÊ¤Ò (a, b, c, e, f) Ö¢²ÖÕÉ¸Ö ±μ³¶²¥±¸´Ò³¨ ËÊ´±Í¨Ö³¨ Ê£²  · ¸-
¸¥Ö´¨Ö θ ¨ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨,   ´μ¢Ò¥ ¸¶¨´μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö Î ¸É¨Í μ¶·¥-

∗�¶¥· Éμ· P̂ (θ) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ, ´ ¶·¨³¥·, ± ± 3×3-³ É·¨ÍÊ A, ±μÉμ· Ö ¶μ¢μ· Î¨¢ ¥É

¢¥±Éμ· ¨³¶Ê²Ó¸ : p′ = Ap. �·¥μ¡· §μ¢ ´¨¥ P̂ (θ)ϕ → ϕ′ (7) ¶·μ¨¸Ìμ¤¨É ¢ ¸. Í. ³. …¸²¨ ¶¥·¥°É¨

¢ ² ¡μ· Éμ·´ÊÕ ¸¨¸É¥³Ê ±μμ·¤¨´ É, ¤¥°¸É¢¨¥ μ¶¥· Éμ·  P̂ (θ) ¸¢¥¤¥É¸Ö ± Ê³´μ¦¥´¨Õ ¢μ²´μ¢μ°

ËÊ´±Í¨¨ |p1,p2〉 ´  Ô±¸¶μ´¥´ÉÊ exp

[
− i

�
q (r1 − r2)

]
, £¤¥ q Å ¨³¶Ê²Ó¸, ¶¥·¥¤ ´´Ò° Î ¸É¨Í¥

μÉ¤ Î¨.
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¤¥²ÖÕÉ¸Ö ¤¥°¸É¢¨¥³ μ¶¥· Éμ·μ¢ � Ê²¨ ¶μ ´ ¶· ¢²¥´¨Õ ¢¥±Éμ·μ¢ (m, l, n):

σm = (σ̂ · m), σl = (σ̂ · l), σn = (σ̂ · n),

m =
p − p′

|p − p′| , l =
p + p′

|p + p′| , n =
p × p′

|p × p′| .
(9)

’ ± ± ± μ¶¥· Éμ· P̂ (θ) ¨§³¥´Ö¥É ¶·μ¸É· ´¸É¢¥´´ÊÕ Î ¸ÉÓ ¢μ²´Ò,   ³ -
É·¨Í  M(θ) Å ¸¶¨´μ¢ÊÕ, ¨Ì ¶μ·Ö¤μ± §´ Î¥´¨Ö ´¥ ¨³¥¥É,   ¸μ¢³¥¸É´μ¥ ¤¥°-
¸É¢¨¥ ¶μ²´μ¸ÉÓÕ ¤¥É¥·³¨´¨·Ê¥É ¶·μÍ¥¸¸ · ¸¸¥Ö´¨Ö:

P̂ (θ)M(θ) ≡ M(θ) P̂ (θ), Φ = P̂ (θ)M(θ) × Ψin.

1.1. Flip ¨ Non-Flip Î ¸É¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö. ˆ¸¶μ²Ó§Ê¥³
¶·μ¨§¢μ²Ó´μ¸ÉÓ μ¸¨ ±¢ ´Éμ¢ ´¨Ö z: ´ ¶· ¢¨³ ¥¥ ¶μ ¢¥±Éμ·Ê n,   ¤¢¥ ¤·Ê£¨¥
μ¸¨ x ¨ y ¸μ¢³¥¸É¨³ ¸ ¢¥±Éμ· ³¨ m ¨ l. �·¨ ÔÉμ³ ³ É·¨Í  · ¸¸¥Ö´¨Ö (8)
¶·¨´¨³ ¥É ¡μ²¥¥ μ¶·¥¤¥²¥´´Ò° ¢¨¤. �·¥μ¡· §μ¢ ´¨Ö ¸¶¨´  ¢Ò¶μ²´Ö¥É μ¶¥-
· Éμ· R̂+

t (ϕ) = E cos ϕ/2 + i(σ̂ · t) sin ϕ/2, £¤¥ t Å μ¸Ó ¢· Ð¥´¨Ö ¨ ϕ Å
Ê£μ² ¶μ¢μ·μÉ . ’ ± ± ± R̂+

t (π) = iσt, ¸¨£³ -³ É·¨ÍÒ σx, σy ¨ σz Ö¢²ÖÕÉ¸Ö
μ¶¥· Éμ· ³¨ ¶μ¢μ·μÉ  ´  180 ◦ ¢μ±·Ê£ ¸¢μ¨Ì μ¸¥° (·¨¸. 5).

�¶¥· Éμ·Ò � Ê²¨ (9) ¶·¥μ¡· §ÊÕÉ ¨¸Ìμ¤´ÊÕ ¢μ²´Ê (5) É ±, ÎÉμ ´  ¢Ò-
Ìμ¤¥ ¢μ§´¨± ÕÉ Ï¥¸ÉÓ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, μ·Éμ£μ´ ²Ó´ÒÌ ¤·Ê£ ¤·Ê£Ê ´  ¸Ë¥·¥
	²μÌ  ∗, É. ¥. ±μ£¤  Î ¸É¨ÍÒ ¶ÊÎ±  ¨ ³¨Ï¥´¨ ´¥¶μ²Ö·¨§μ¢ ´Ò:

Ψa =
(

α

β

)
p

(
γ

δ

)
−p

, Ψ′
c =

(
α

β

)
p

(
γ

−δ

)
−p

, Ψ′′
c =

(
α

−β

)
p

(
γ

δ

)
−p

,

(10)

Ψb =
(

α

−β

)
p

(
γ

−δ

)
−p

, Ψe =
(

β

α

)
p

(
δ

γ

)
−p

, Ψf =
(

β

−α

)
p

(
δ

−γ

)
−p

.

„¥°¸É¢¨¥ ³ É·¨ÍÒ M(θ) ³μ¦´μ · ¸¸³μÉ·¥ÉÓ ¸ ¶μ§¨Í¨¨ ¨§³¥´¥´¨Ö ¸¶¨´ 

· ¸¸¥Ö´´μ° Î ¸É¨ÍÒ. ’μ¦¤¥¸É¢¥´´μ¥ ¶·¥μ¡· §μ¢ ´¨¥

(
α

β

)
→

(
α

β

)
μ¸ÊÐ¥-

¸É¢²ÖÕÉ ¤¢  μ¶¥· Éμ· : I1,2 ¨ (σ1z + σ2z). „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ÔÉμ£μ
¶·μÍ¥¸¸  μ¶·¥¤¥²Ö¥É¸Ö É ±:

dσ(θ)
dΩ

Non-Flip

= |a|2 + |c|2. (11a)

∗�·Éμ£μ´ ²Ó´μ¸ÉÓ ¸μ¸ÉμÖ´¨° χ ¨ (σ̂ · t)χ μ¶·¥¤¥²¥´  ¶· ¢¨²μ³

∀ t ¨ χ =
( cos θm/2

−eiϕm sin θm/2

)
⇒ 1

4π

2π∫
0

π∫
0

χ+(σ̂ · t )χ dθm dϕm = 0.
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�¨¸. 5. —¥ÉÒ·¥ ´ ¶· ¢²¥´¨Ö ¶μ²Ö·¨§ Í¨¨ Ë¥·³¨μ´ , ¸¢Ö§ ´´Ò¥ ³¥¦¤Ê ¸μ¡μ° ¶μ¢μ·μ-
É ³¨ ´  180 ◦ ¢μ±·Ê£ μ¸¥° ¸¨¸É¥³Ò ±μμ·¤¨´ É (x, y, z)

�¶¥· Éμ· (σ1z + σ2z) É ±¦¥ μÉ¢¥Î ¥É §  ¶¥·¥Ìμ¤

(
α

β

)
→

(
α

−β

)
. Š Éμ³Ê

¦¥ ¶·¨¢μ¤¨É μ¶¥· Éμ· σ1zσ2z . ”¨§¨Î¥¸±¨° ¸³Ò¸² ÔÉμ£μ ¶·¥μ¡· §μ¢ ´¨Ö Å

¶μ¢μ·μÉ ¸¶¨´  ´  180◦ ¢μ±·Ê£ μ¸¨ z. �·¥μ¡· §μ¢ ´¨Ö

(
α

β

)
→

(
β

α

)
¨

(
α

β

)
→(

β

−α

)
§ ¤ ÕÉ¸Ö μ¶¥· Éμ· ³¨ σ1xσ2x ¨ σ1yσ2y , ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶μ¢μ·μÉÊ

¸¶¨´μ¢ Î ¸É¨Í ´  180◦ ¢μ±·Ê£ μ¸¥° x ¨ y. „¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ÔÉ¨Ì
¶¥·¥Ìμ¤μ¢ ¢ÒÎ¨¸²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

dσ(θ)
dΩ

Flip

= |b|2 + |c|2 + |e|2 + |f |2. (11¡)

1.2. „¢  ¶·¥¤¸É ¢²¥´¨Ö Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‡ ¤ Î  É¥μ·¨¨ Å
¶·¥¤¸± § ÉÓ, ¢ ± ±¨Ì ¸μ¸ÉμÖ´¨ÖÌ ³μ£ÊÉ μ± § ÉÓ¸Ö Î ¸É¨ÍÒ ¶μ¸²¥ ¢§ ¨³μ¤¥°-
¸É¢¨Ö (·¨¸. 6). …¸²¨ Î ¸É¨ÍÒ Éμ¦¤¥¸É¢¥´´Ò, ´¨± ±¨³ μ¡· §μ³ ´¥²Ó§Ö μ¶·¥¤¥-
²¨ÉÓ, ±μÉμ· Ö ¨§ ´¨Ì · ¸¸¥Ö² ¸Ó ¶μ¤ Ê£²μ³ θ,   ±μÉμ· Ö ¶μ²¥É¥²  ¢ μ¡· É´μ³
´ ¶· ¢²¥´¨¨: π − θ. ‘ ³μ μ¶·¥¤¥²¥´¨¥ · ¸¸¥Ö´´ Ö Î ¸É¨Í  Ê¸²μ¢´μ.

�Ê¸ÉÓ ´ Î ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¤¢ÊÌ Éμ¦¤¥¸É¢¥´´ÒÌ Ë¥·³¨μ´μ¢ ¨³¥¥É
Ëμ·³Ê (5). Œ É·¨Í  · ¸¸¥Ö´¨Ö M(θ) μ¶·¥¤¥²Ö¥É Ï¥¸ÉÓ ¢Éμ·¨Î´ÒÌ ¢μ²´ (10),
¨ ± ¦¤ Ö ¢Ìμ¤¨É ¸μ ¸¢μ¥°  ³¶²¨ÉÊ¤μ°. �´¨ μ¡· §ÊÕÉ ¸¨¸É¥³Ê ËÊ´±Í¨°, ¶μ
±μÉμ·μ° · ¸±² ¤Ò¢ ¥É¸Ö ¢¥±Éμ· ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¢ÊÌ Î ¸É¨Í:

Φ =
6∑

i=1

AiΨfin, i. (12)

‚ ¶·¨´Í¨¶¥, ³μ¦´μ ¶¥·¥°É¨ ± ¤·Ê£μ° ¸¨¸É¥³¥ ËÊ´±Í¨° {Ψ�
fin, i}, ´μ ¶·¥-

μ¡· §μ¢ ´¨¥ ¤μ²¦´μ ¡ÒÉÓ Ê´¨É ·´Ò³. ‚¥±Éμ· (12) μ¸É ´¥É¸Ö É¥³ ¦¥, ´μ ¶μ-
²ÊÎ¨É ´μ¢Ò¥ ±μμ·¤¨´ ÉÒ: Φ =

∑
A�

i Ψ
�
fin, i. …¸²¨ ÉμÉ ¦¥ ¶·μÍ¥¸¸ ¸Î¨É ÉÓ
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�¨¸. 6. “¶·Ê£μ¥ · ¸¸¥Ö´¨¥ ¤¢ÊÌ Éμ¦¤¥¸É¢¥´´ÒÌ Ë¥·³¨μ´μ¢. �¤¨´ ¨§ ´¨Ì ¢ ¸μ¸ÉμÖ´¨¨(
α

β

)
´ ²¥É ¥É ¸²¥¢  ¸ ¨³¶Ê²Ó¸μ³ p. ‘μ¸ÉμÖ´¨¥ ¤·Ê£μ£μ Ë¥·³¨μ´  ¸ ¨³¶Ê²Ó¸μ³ −p

§ ¤ ´μ ¸¶¨´μ·μ³

(
γ

δ

)
. ‚Éμ·¨Î´Ò¥ Î ¸É¨ÍÒ, ¢Ò²¥É¥¢Ï¨¥ ¨§ ÉμÎ±¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸

¨³¶Ê²Ó¸ ³¨ p′ ¨ −p′, ¨³¥ÕÉ ¸μ¸ÉμÖ´¨Ö χ(ssca) ¨ χ(srec) ¸μμÉ¢¥É¸É¢¥´´μ

· ¸¸¥Ö´¨¥³ ¶μ ´ ¶· ¢²¥´¨Õ ¨³¶Ê²Ó¸  −p′, Éμ ³¥´Ö¥É¸Ö  ·£Ê³¥´É θ → θ−π ¨
¢³¥¸Éμ M(θ) ´Ê¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³ É·¨ÍÊ M(θ − π). „²Ö ´ ¡²Õ¤ É¥²Ö ¤¢ÊÌ
Î ¸É¨Í ¢ ¸. Í. ³. ÔÉμ · ¢´μ¸¨²Ó´μ Éμ³Ê, ÎÉμ ¤¥É¥±Éμ· § ´¨³ ¥É ¤¨ ³¥É· ²Ó´μ
¶·μÉ¨¢μ¶μ²μ¦´ÊÕ ¶μ§¨Í¨Õ ¨ ·¥£¨¸É·¨·Ê¥É ¤·Ê£ÊÕ Î ¸É¨ÍÊ, ±μÉμ· Ö ¶·¥¦¤¥
´ §Ò¢ ² ¸Ó Î ¸É¨Í¥° μÉ¤ Î¨. �μ ±μ´Ë¨£Ê· Í¨Ö ¸μ¡ÒÉ¨Ö μ¸É ¥É¸Ö ¶·¥¦´¥° ¨
·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°, É. ¥. ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö Φ (12), ¤μ²¦´Ò ¸μ¢¶ ¤ ÉÓ ¸
É¥³¨, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¶¥·¢Ò³ ¸¶μ¸μ¡μ³. �μÔÉμ³Ê ¤¢  ¶·¥¤¸É ¢²¥´¨Ö
Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô±¢¨¢ ²¥´É´Ò:

Φ = P̂ (θ)M(θ) × Ψin = P̂ (θ − π)M(π − θ) × Ψin. (13)

‡¤¥¸Ó ³Ò ÊÎ²¨, ÎÉμ M(θ − π) = M(π − θ) ¢¸²¥¤¸É¢¨¥ ¨§μÉ·μ¶´μ¸É¨ ¶·μ-
¸É· ´¸É¢ . ˆ¸¶μ²Ó§ÊÖ ¸¢μ°¸É¢  μ¶¥· Éμ·  ¶μ¢μ·μÉ  (7), ´ Ìμ¤¨³ P̂ (θ − π) =
P̂ (θ)P̂ (π). ‘μ£² ¸´μ ¸¢μ¥³Ê μ¶·¥¤¥²¥´¨Õ, μ¶¥· Éμ· P̂ (π) ¶·¨¢μ¤¨É ± ¨´¢¥·-
¸¨¨ ´ ¶· ¢²¥´¨Ö, É. ¥. ³¥´Ö¥É ¨³¶Ê²Ó¸Ò Î ¸É¨Í: P̂ (π) × |p1,p2〉 = |p2,p1〉.
…£μ ¶·¨´ÖÉμ ´ §Ò¢ ÉÓ μ¶¥· Éμ·μ³ Œ °μ· ´Ò P̂M ≡ P̂ (π) [5,6]. �  μ¸´μ¢ ´¨¨
¢Ò· ¦¥´¨Ö (13) ¶μ²ÊÎ ¥³ Ëμ·³Ê²Ê

M(θ) = P̂ (π) × M(π − θ). (14)

’ ± ± ± μ¡³¥´ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° Ë¥·³¨μ´μ¢ ¶·μ¨§¢μ¤¨É μ¶¥· Éμ·
	 ·É²¥ÉÉ  P̂B = (1/2)(1 + σ̂1σ̂2), ±μ³¡¨´ Í¨Ö P̂M P̂B ¸μ¢¥·Ï ¥É ¶μ²´ÊÕ
¶¥·¥¸É ´μ¢±Ê:

P̂M P̂B × Ψ = −Ψ ⇒ P̂M = −P̂B = −1
2
(1 + σ̂1σ̂2). (15)
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‚ ¶·μ¢¥¤¥´´μ³  ´ ²¨§¥ · ¸¸³ É·¨¢ ²¨¸Ó Ë¥·³¨μ´Ò, ´μ ¸ ³μ μ¶·¥¤¥²¥´¨¥
¸¶¨´  (1/2)� ´¥ ¨£· ²μ ´¨± ±μ° ·μ²¨, ¶μÔÉμ³Ê Ëμ·³Ê²  (14) ¸¶· ¢¥¤²¨¢  ¤²Ö
²Õ¡ÒÌ ¤¢ÊÌ Éμ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í ¸ ²Õ¡Ò³ ±μ²¨Î¥¸É¢μ³ ±¢ ´Éμ¢ÒÌ Î¨¸¥².
�É ÔÉμ£μ § ¢¨¸¨É ²¨ÏÓ ¢Ò· ¦¥´¨¥ μ¶¥· Éμ·  Œ °μ· ´Ò.

2. “��“ƒ�… ‚‡�ˆŒ�„…‰‘’‚ˆ… �…‰’���� ˆ ���’���

”μ·³ ²¨§³ · ¸¸¥Ö´¨Ö ´Ê±²μ´μ¢ ±μ¶¨·Ê¥É ³¥Éμ¤Ò ¸¶¨´μ¢μ° Ë¨§¨±¨. ‚¢μ-
¤¨É¸Ö ¶μ´ÖÉ¨¥ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  T , ¨ ¤¢¥ ¥£μ ¶·μ¥±Í¨¨ T3 = +1/2 ¨

T3 = −1/2 μ¡μ§´ Î ÕÉ ¶·μÉμ´ ¨ ´¥°É·μ´. ˆ³ ¸μ¶μ¸É ¢²¥´Ò ¨§μ¸¶¨´μ·Ò

(
1
0

)
¨

(
0
1

)
, ±μÉμ·Ò¥ ¡Ê¤¥³ § ¶¨¸Ò¢ ÉÓ ¶·μ¸Éμ ± ± p ¨ n. ‹¨´¥°´Ò¥ ±μ³¡¨´ Í¨¨

χT
0 =

1√
2
(p1n2 − n1p2) ¨ χT

1, 0 =
1√
2
(p1n2 + n1p2)

¶·¥¤¸É ¢²ÖÕÉ ´Ê±²μ´Ò ¢ ¸μ¸ÉμÖ´¨¨ ¸ ¨§μ¸¶¨´μ³ T = 0 ¨ ¢ ¸μ¸ÉμÖ´¨¨ T = 1
¸ ¶·μ¥±Í¨¥° T3 = 0 ¨ Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ μ¶¥· Éμ·  τ̂1τ̂2:

τ̂1τ̂2 = τ1,3τ2,3 + 2[τ1+τ2− + τ1−τ2+],

τ3 =
(

1 0
0 − 1

)
, τ+ =

(
0 1
0 0

)
, τ− =

(
0 0
1 0

)
,

τ̂1τ̂2 × χT
0 = −3χT

0 , τ̂1τ̂2 × χT
1, 0 = +χT

1, 0.

‚μ²´μ¢ Ö ËÊ´±Í¨Ö ´¥°É·μ´  ¨ ¶·μÉμ´  É ±¦¥ ¸É·μ¨É¸Ö ¶μ ¸Ì¥³¥ (5):

Ψin =
1√
2

[
n1p2

(
α

β

)
1

(
γ

δ

)
2

ϕ12 − p1n2

(
γ

δ

)
1

(
α

β

)
2

ϕ∗
12

]
. (16)

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¢ Ö¤¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ · ¡μÉ ÕÉ § ±μ´Ò ¸μÌ· -
´¥´¨Ö ∗ ¶μ²´μ£μ ¨§μ¸¶¨´  T ¨ ¥£μ ¶·μ¥±Í¨¨ T3, ³ É·¨Í  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
´Ê±²μ´μ¢ ¶·¨´¨³ ¥É Ëμ·³Ê

M(θ) = M0(θ)
1 − τ̂1τ̂2

4
+ M1(θ)

3 + τ̂1τ̂2

4
. (17)

∗‘² ¡Ò¥ ¶·μÍ¥¸¸Ò n → p+e+ ν̃ ¨ p → n+e+ +ν ¶·¨¢μ¤ÖÉ ± ´ ·ÊÏ¥´¨Õ ¨§μÉμ¶¨Î¥¸±μ°
¨´¢ ·¨ ´É´μ¸É¨ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ ∼ 10−8, É. ¥. ³μ¦´μ ¸Î¨É ÉÓ, ÎÉμ ¢ Ö¤¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ
´¥°É·μ´ ´¥ ¶·¥¢· Ð ¥É¸Ö ¢ ¶·μÉμ´ ¨ ´ μ¡μ·μÉ, ¶μÔÉμ³Ê T = const. ’ ±¦¥ ¨§μ¸¨´£²¥É´μ¥
¸μ¸ÉμÖ´¨¥ χT

0 ´¥²Ó§Ö ¶¥·¥¢¥¸É¨ ¢ É·¨¶²¥É´μ¥ χT
1,0, ¨´ Î¥ ´ ·ÊÏ¨É¸Ö Î¥É´μ¸ÉÓ ¢μ²´μ¢μ° ËÊ´±Í¨¨,

¸²¥¤μ¢ É¥²Ó´μ T3 = const.
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‡¤¥¸Ó M0 ¨ M1 Å μ¡ÒÎ´Ò¥ ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ (8), ±μÉμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¢§ -
¨³μ¤¥°¸É¢¨¥ ´Ê±²μ´μ¢ ¢ Î¨¸ÉÒÌ ¨§μÉμ¶¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨ÖÌ T = 0 ¨ T = 1.
� ¶·¨³¥·, M1 μ¶¨¸Ò¢ ¥É · ¸¸¥Ö´¨¥ ¶·μÉμ´  ´  ¶·μÉμ´¥, ¨²¨ ´¥°É·μ´  ´ 
´¥°É·μ´¥, ¨ ¨³¥¥É ¶ÖÉÓ ¸μ¡¸É¢¥´´ÒÌ  ³¶²¨ÉÊ¤ (a1, b1, c1, e1, f1). �μ¤μ¡-
´Ò³ μ¡· §μ³ Ê¸É·μ¥´  ³ É·¨Í  M0, ¢ ±μÉμ·ÊÕ ¢Ìμ¤ÖÉ  ³¶²¨ÉÊ¤Ò (a0, b0, c0,
e0, f0).

—Éμ¡Ò ´ °É¨ ·¥§Ê²ÓÉ É Ê¶·Ê£μ£μ np-¢§ ¨³μ¤¥°¸É¢¨Ö, Ê¤μ¡´μ · §¤¥²¨ÉÓ (17)
´  ¶·Ö³ÊÕ ¨ μ¡³¥´´ÊÕ Î ¸É¨:

M(θ) =
1
2

(M1(θ) + M0(θ)) +
1
2

(M1(θ) − M0(θ)) P̂ T
B , (18)

£¤¥ P̂ T
B = 1/2(1 + τ̂1τ̂2) Å ¨§μÉμ¶¨Î¥¸±¨° μ¡³¥´´Ò° μ¶¥· Éμ· 	 ·É²¥ÉÉ .

�μ²Ê¸Ê³³  1/2(M1(θ)+M0(θ)) ¤ ¥É ¶·μ¸Éμ¥ · ¸¸¥Ö´¨¥ ´¥°É·μ´  ´  ¶·μ-
Éμ´¥ np → np ¶μ¤ Ê£²μ³ θ ²¨¡μ μ¶¨¸Ò¢ ¥É ¸¨³³¥É·¨Î´ÊÕ ·¥ ±Í¨Õ · ¸¸¥Ö´¨Ö
¶·μÉμ´  ´  ´¥°É·μ´¥ pn → pn. ‚Éμ· Ö Î ¸ÉÓ (18) ¸μ¤¥·¦¨É μ¡³¥´´Ò° μ¶¥· -
Éμ· P̂ T

B ¨ ¤μ¡ ¢²Ö¥É ± · ¸¸¥Ö´¨Õ ¶¥·¥¸É ´μ¢±Ê ¨§μ¸¶¨´μ¢ Î ¸É¨Í. �μÔÉμ³Ê
¶μ²Ê· §´μ¸ÉÓ 1/2(M1(θ) − M0(θ)) Ö¢²Ö¥É¸Ö ¸¶¨´μ¢μ° ³ É·¨Í¥° ¶·μÍ¥¸¸  ¶¥-
·¥§ ·Ö¤±¨ np → pn ¨²¨ pn → np ¶μ ´ ¶· ¢²¥´¨Õ Ê£²  θ.

2.1. ‘³¥´  ¶·¥¤¸É ¢²¥´¨° np-¢§ ¨³μ¤¥°¸É¢¨Ö. 	Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¢μ²´μ-
¢ Ö ËÊ´±Í¨Ö ¤¢ÊÌ ´Ê±²μ´μ¢ μ¶·¥¤¥²¥´  Ëμ·³Ê²μ° (16). …¸²¨ ¶·μÉμ´ ¢ ¸. Í. ³.
Ê¶·Ê£μ£μ np-¢§ ¨³μ¤¥°¸É¢¨Ö · ¸¸¥¨¢ ¥É¸Ö ¶μ¤ Ê£²μ³ θ, ´¥°É·μ´ ¤¢¨¦¥É¸Ö ¢
μ¡· É´ÊÕ ¸Éμ·μ´Ê ¶μ ´ ¶· ¢²¥´¨Õ π Ä θ. 
ÉÊ ·¥ ±Í¨Õ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
± ± ¶·μÍ¥¸¸ ¶¥·¥§ ·Ö¤±¨ np → pn, ±μ£¤  ¸μ¸ÉμÖ´¨Ö ¸¶¨´μ¢ ´¥°É·μ´  ¨ ¶·μ-
Éμ´  μ¶·¥¤¥²Ö¥É ³ É·¨Í  1/2(M1(θ) − M0(θ)), ²¨¡μ · ¸Í¥´¨ÉÓ ± ± Ê¶·Ê£μ¥
· ¸¸¥Ö´¨¥ ´¥°É·μ´  np → np ¶μ¤ Ê£²μ³ π Ä θ, ´μ ¢ ÔÉμ³ ¸²ÊÎ ¥ ´Ê¦´μ ¢§ÖÉÓ
³ É·¨ÍÊ 1/2(M1(π − θ) + M0(π − θ)). �μ¸±μ²Ó±Ê ¢¥±Éμ· Φ ±μ´¥Î´μ£μ ¸μ¸Éμ-
Ö´¨Ö ¸¨¸É¥³Ò ´¥°É·μ´  ¨ ¶·μÉμ´  ´¥ § ¢¨¸¨É μÉ Éμ£μ, ± ± Ö ¨§ Î ¸É¨Í ·¥£¨-
¸É·¨·Ê¥É¸Ö, μ¡  ¶·¥¤¸É ¢²¥´¨Ö Ô±¢¨¢ ²¥´É´Ò, ´μ ³μ£ÊÉ · §²¨Î ÉÓ¸Ö ´ ¡μ·μ³
¡ §¨¸´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, ¶μ ±μÉμ·Ò³ · ¸±² ¤Ò¢ ¥É¸Ö Φ. Cμ£² ¸´μ (15)
¤²Ö ¶¥·¥Ìμ¤  μÉ μ¤´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ± ¤·Ê£μ³Ê ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ
μ¶¥· Éμ· Œ °μ· ´Ò:

1
2
(M1(π − θ) + M0(π − θ)) = P̂M × 1

2
(M1(θ) − M0(θ)) P̂ T

B . (19)

’ ± ± ± ´Ê±²μ´Ò μ¡² ¤ ÕÉ ¶¥·¥³¥´´Ò³¨ ¶·μ¸É· ´¸É¢ , ¸¶¨´  ¨ ¨§μ¸¶¨´ ,
Éμ ¶μ²´ÊÕ ¶¥·¥¸É ´μ¢±Ê μ¸ÊÐ¥¸É¢²ÖÕÉ É·¨ μ¶¥· Éμ·  P̂M , P̂B ¨ P̂ T

B :

P̂M P̂BP̂ T
B × Ψ = −Ψ ⇒

P̂M = −P̂BP̂ T
B = −1

2
(1 + σ̂1σ̂2)

1
2

(1 + τ̂1τ̂2) .
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“´¨É ·´μ¸ÉÓ |P̂ T
B |2 = 1 ¶·¨¢μ¤¨É (19) ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

1
2
(M1(π − θ) + M0(π − θ)) = −P̂B × 1

2
(M1(θ) − M0(θ)). (20)

‚¶¥·¢Ò¥ Ëμ·³Ê²  (20) ¡Ò²  μ¶·¥¤¥²¥´  ¢ · ¡μÉ¥ [7]. „μ ÔÉμ£μ ¢¸¥ · ¸¸Ê¦-
¤¥´¨Ö μ£· ´¨Î¨¢ ²¨¸Ó ¶· ¢¨² ³¨ ¸¨³³¥É·¨¨ [8] ¶·¨ § ³¥´¥ Ê£²  · ¸¸¥Ö´¨Ö
θ → π − θ. �¥·¥Ìμ¤Ö ±  ³¶²¨ÉÊ¤ ³∗ ƒμ²Ó¤¡¥·£¥· Ä‚ É¸μ´  [4], ¶μ²ÊÎ ¥³
± ´μ´¨Î¥¸±μ¥ ¶·¥μ¡· §μ¢ ´¨¥ [9Ä11]:

cexch(θ) =
1
2
(c1(θ) − c0(θ)) =

1
2
(c1(π − θ) + c0(π − θ)) = c(π − θ),⎛⎜⎜⎜⎜⎜⎜⎝

aexch(θ)

bexch(θ)

eexch(θ)

f exch(θ)

⎞⎟⎟⎟⎟⎟⎟⎠ =

⎛⎜⎜⎜⎜⎜⎜⎝
−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

⎞⎟⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎜⎝
a(π − θ)

b(π − θ)

e(π − θ)

f(π − θ)

⎞⎟⎟⎟⎟⎟⎟⎠. (21)

…¸²¨ ¨¸Ìμ¤´Ò¥ ¸μ¸ÉμÖ´¨Ö ´¥°É·μ´  ¨ ¶·μÉμ´  § ¤ ´Ò ¸¶¨´μ· ³¨

(
α

β

)
¨

(
γ

δ

)
¸μμÉ¢¥É¸É¢¥´´μ, Éμ  ³¶²¨ÉÊ¤  aexch(θ) ¶μ± §Ò¢ ¥É, ¸ ± ±μ° ¢¥·μÖÉ-

´μ¸ÉÓÕ ¸¶¨´μ¢μ¥ ¸μ¸ÉμÖ´¨¥ χp ¶·μÉμ´ , · ¸¸¥Ö´´μ£μ ¶μ¤ Ê£²μ³ θ, ¸μ¢¶ ¤ ¥É

¸μ ¸¶¨´μ·μ³

(
α

β

)
, ¢ Éμ ¢·¥³Ö ± ±  ³¶²¨ÉÊ¤  a(π − θ) £μ¢μ·¨É μ ±μ··¥²ÖÍ¨¨

³¥¦¤Ê χp ¨ ¸¶¨´μ·μ³

(
γ

δ

)
. 
É¨  ³¶²¨ÉÊ¤Ò ³μ£ÊÉ ¡ÒÉÓ · ¢´Ò³¨ Éμ²Ó±μ Éμ£¤ ,

±μ£¤  ¸μ¸ÉμÖ´¨¥ χp ¸¨³³¥É·¨Î´μ (¨²¨ ¸¨³³¥É·¨Î´μ ¢ ¸·¥¤´¥³ ¶μ ¢¸¥³ ´ ¶· -

¢²¥´¨Ö³ ¶μ²Ö·¨§ Í¨¨ ´Ê±²μ´μ¢) μÉ´μ¸¨É¥²Ó´μ ´ Î ²Ó´ÒÌ ¸μ¸ÉμÖ´¨°

(
α

β

)
¨(

γ

δ

)
, μ¤´ ±μ É¥μ·¨Ö ÔÉμ£μ ´¥ É·¥¡Ê¥É.

3. Š‚�‡ˆ“��“ƒ�Ÿ �…�Š–ˆŸ nd → p(nn)

3.1. ”μ·³Ê²  „¨´ . ƒ¨¶μÉ¥§  �μ³¥· ´ÎÊ± Ä—ÓÕ [12Ä15],   É ±¦¥ ¨¤¥Ö
�.Œ¨£¤ ²  [16] ¸¢μ¤¨É¸Ö ± Éμ³Ê, ÎÉμ¡Ò · ¸¸³μÉ·¥ÉÓ ·¥ ±Í¨Õ ¶¥·¥§ ·Ö¤±¨
´¥°É·μ´  ´  ¤¥°É·μ´¥ nd → p(nn), ¨¸¶μ²Ó§ÊÖ ¢ · ³± Ì ¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨-
¦¥´¨Ö Ëμ·³ ²¨§³ · ¸¸¥Ö´¨Ö ¸¢μ¡μ¤´ÒÌ ´Ê±²μ´μ¢.

∗„²Ö ´ £²Ö¤´μ¸É¨  ³¶²¨ÉÊ¤ ³ Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ¶·¨¸¢μ¥´ Ö·²Ò± exch.
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� Î ²Ó´ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ É·¥Ì Î ¸É¨Í ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ É ±:

Ψ3N =
1√
3!

∣∣∣∣∣∣∣
|ξ1〉1 |ξ2〉1 |ξ3〉1
|ξ1〉2 |ξ2〉2 |ξ3〉2
|ξ1〉3 |ξ2〉3 |ξ3〉3

∣∣∣∣∣∣∣ . (22)

‡¤¥¸Ó ξ Å ¸μ¢μ±Ê¶´μ¸ÉÓ ¸μ¸ÉμÖ´¨° ´Ê±²μ´ , ¢±²ÕÎ Ö ¨³¶Ê²Ó¸, ¨§μÉμ¶¨Î¥¸±¨°
¸¶¨´ ¨ μ¡ÒÎ´Ò° ¸¶¨´. �Ê¸ÉÓ ξ1 Å ´ ²¥É ÕÐ¨° ´¥°É·μ´,   ξ2 ¨ ξ3 Å ¶·μÉμ´
¨ ´¥°É·μ´ ¢ Ö¤·¥ ¤¥°É¥·¨Ö. � ¸±² ¤Ò¢ Ö μ¶·¥¤¥²¨É¥²Ó (22) ¶μ Ô²¥³¥´É ³
¶¥·¢μ£μ ¸Éμ²¡Í , ´ Ìμ¤¨³

Ψ3N =
1√
3

∑
|ξ1〉i

1√
2

(
|ξ2〉j |ξ3〉k − |ξ3〉j |ξ2〉k

)
,

{i, j, k} = {1, 2, 3}, {2, 3, 1}, {3, 1, 2}.
(23)

’ ± ± ± ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ (23) μ·Éμ£μ´ ²Ó´Ò, ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ
μ¤¨´ ¢ ·¨ ´É, ´ ¶·¨³¥·, {i = 1, j = 2, k = 3}, ¸μ±· É¨¢ ±μÔËË¨Í¨¥´É 1/

√
3.

� ²¥É ÕÐ¨° ´¥°É·μ´ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢¥±Éμ·μ³ |ξ1〉1 = n1

(
α

β

)
1

|pn〉1.

‘μ¸ÉμÖ´¨¥ ´Ê±²μ´μ¢ ¤¥°É·μ´  ¶μ¤Î¨´¥´μ ´¥¸±μ²Ó±¨³ Ê¸²μ¢¨Ö³. ‚μ-¶¥·¢ÒÌ,
¸¶¨´Ò ´¥°É·μ´  ¨ ¶·μÉμ´  ¤μ²¦´Ò ¡ÒÉÓ ¶ · ²²¥²Ó´Ò, ¶μ¸±μ²Ó±Ê Sd = �.

�¡μ§´ Î¨³ ¨Ì ¸μ¸ÉμÖ´¨Ö ¸¶¨´μ· ³¨

(
γ

δ

)
2

(
γ

δ

)
3

, £¤¥ γ = cos λ/2, δ =

−eiμ sin λ/2, λ ¨ μ Å §¥´¨É´Ò° ¨  §¨³ÊÉ ²Ó´Ò° Ê£²Ò ¶μ²Ö·¨§ Í¨¨ ¤¥°É·μ´ .
‚μ-¢Éμ·ÒÌ, ´Ê±²μ´Ò ¸¢Ö§ ´Ò ¨§μ¸¨´£²¥É´μ° ËÊ´±Í¨¥° χT

0 = 1/
√

2(p2n3 −
n2p3). �·μ¸É· ´¸É¢¥´´ Ö Î ¸ÉÓ ¨Ì ¢μ²´Ò ¸¨³³¥É·¨Î´ : ϕd(r) = ϕd(−r), £¤¥
r = r2 − r3. �μÔÉμ³Ê

Ψ3N = Ψnd = |ξ1〉1Ψd = n1

(
α

β

)
1

|pn〉1
p2n3 − n2p3√

2

(
γ

δ

)
2

(
γ

δ

)
3

ϕd. (24)

‚ ¸. Í. ³. ¶ÊÎ±μ¢μ£μ ´¥°É·μ´  ¨ ¶·μÉμ´  Ö¤·  ¤¥°É¥·¨Ö μ¡³¥´ § ·Ö¤μ¢ ¨
¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° μ¶¨¸Ò¢ ¥É ³ É·¨Í  1/2(M1(θ) − M0(θ))P̂ T

B . � ¸¸¥Ö´¨¥

´  Ê£μ² θ § ¤ ¥É μ¶¥· Éμ· P̂ (θ) (7). ‚ ¸¨¸É¥³¥ μÉ¸Î¥É  ¤¥°É·μ´  ÔÉμÉ ¶μ¢μ·μÉ
· ¢´μ¸¨²¥´ ¶¥·¥¤ Î¥ ¨³¶Ê²Ó¸  pn → pp

′ = pn − q, ÎÉμ ¸μμ¡Ð ¥É ¢μ²´μ¢μ°

ËÊ´±Í¨¨ · ¸¸¥Ö´´μ° Î ¸É¨ÍÒ ³´μ¦¨É¥²Ó exp
(
− i

�
q r1

)
. — ¸É¨Í¥ μÉ¤ Î¨ ¤μ-

¡ ¢²Ö¥É¸Ö ³´μ¦¨É¥²Ó exp
(

i

�
q r2

)
¨²¨ exp

(
i

�
q r3

)
¢ § ¢¨¸¨³μ¸É¨ μÉ ´μ³¥· 
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¶·μÉμ´ :

Φp(nn) =
1
2
(M1(θ) − M0(θ))P̂ T

B P̂ (θ) × Ψnd =

=
∑

Aexch
t p1

(
αt

βt

)
1

|p′
p〉1

n2n3√
2

×

×
[(

γt

δt

)
2

(
γ

δ

)
3

exp
(

i

�
qr2

)
−

(
γ

δ

)
2

(
γt

δt

)
3

exp
(

i

�
q r3

)]
ϕd =

=
∑

Aexch
t p1

(
αt

βt

)
1

|p′
p〉1

n2n3√
2

×

×
[
χ(−) cos

qr
2�

+ iχ(+) sin
qr
2�

]
exp

(
i

�
qrnn

)
ϕd, (25)

£¤¥ rnn = 1/2(r2 + r3) Å · ¤¨Ê¸-¢¥±Éμ· ¸¨¸É¥³Ò ¤¢ÊÌ ´¥°É·μ´μ¢,

χ(±) =
(

γt

δt

)
2

(
γ

δ

)
3

±
(

γ

δ

)
2

(
γt

δt

)
3

, (26)

Aexch
t Å  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ¶μ¤ Ê£²μ³ θ:

Aexch
1 = aexch(θ) = 1/2(a1(θ) − a0(θ)) ¨ É. ¤. (É ¡²¨Í ). ‘¶¨´μ·Ò

(
αt

βt

)
¨(

γt

δt

)
μ¶·¥¤¥²ÖÕÉ¸Ö ¤¥°¸É¢¨¥³ μ¶¥· Éμ·μ¢ � Ê²¨ ¶μ Ëμ·³Ê² ³ (10). ”Ê´±Í¨Ö

χ(−) ¸μμÉ¢¥É¸É¢Ê¥É ¨Ì ¸¨´£²¥É´μ³Ê ¸μ¸ÉμÖ´¨Õ,   χ(+) Ö¢²Ö¥É¸Ö ²¨´¥°´μ° ±μ³-
¡¨´ Í¨¥° É·¥Ì ¸¶¨´μ¢ÒÌ ËÊ´±Í¨° χ1,−1, χ1,0 ¨ χ1,+1. ‡¤¥¸Ó μÎ¥¢¨¤´μ, ÎÉμ
χ(−) ¢Ìμ¤¨É ¢ (25) ¸ Î¥É´μ° ¶·μ¸É· ´¸É¢¥´´μ° ËÊ´±Í¨¥° cos qr/2�,   χ(+) Å
¸ ´¥Î¥É´μ° ËÊ´±Í¨¥° sin qr/2�, É. ¥. ¢μ²´  ¤¢ÊÌ ´¥°É·μ´μ¢  ´É¨¸¨³³¥É·¨Î´ .

„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ nd → p(nn) μ¶·¥¤¥²Ö¥É¸Ö ±¢ ¤· Éμ³
³μ¤Ê²Ö ¢¥±Éμ·  Φp(nn). �μ¸±μ²Ó±Ê Φp(nn) § ¢¨¸¨É μÉ r = r2−r3, ´¥μ¡Ìμ¤¨³μ

‚¥¸μ¢Ò¥ ¤μ²¨ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° χ(−) ¨ χ(+) ¸¨¸É¥³Ò ¤¢ÊÌ ´¥°É·μ´μ¢ ´  ¢ÒÌμ¤¥
·¥ ±Í¨¨ ±¢ §¨Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ nd → p(nn)

Aexch
t t γt δt |χ(−)|2 |χ(+)|2

aexch(θ) 1 γ δ 0 4

bexch(θ) 2 γ −δ 4/3 8/3

cexch(θ)
3 γ δ 0 4

4 γ −δ 4/3 8/3

eexch(θ) 5 δ γ 4/3 8/3

fexch(θ) 6 δ −γ 4/3 8/3
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¢§ÖÉÓ ¨´É¥£· ² ¶μ μ¡Ñ¥³Ê Ö¤·  ¤¥°É¥·¨Ö. …¸²¨ Î ¸É¨ÍÒ ¡Ò²¨ ´¥¶μ²Ö·¨§μ¢ ´Ò,
Éμ (25) Ê¸·¥¤´Ö¥É¸Ö ¶μ ¢¸¥³ ´ ¶· ¢²¥´¨Ö³ ¸¶¨´μ¢:

dσ(θ)
dΩ nd→p(nn)

=
∮

|Φp(nn)|2 dV =
1
2

∑
|Aexch

t |2×

×
[
|χ(−)|2

∮
|ϕd|2 cos2

qr
2�

dV + |χ(+)|2
∮

|ϕd|2 sin2 qr
2�

dV

]
. (27)

‚ÒÎ¨¸²¥´¨Ö ¶·¨¢μ¤ÖÉ ± ¸²¥¤ÊÕÐ¨³ ·¥§Ê²ÓÉ É ³ (¸³. É ¡²¨ÍÊ):

|χ(−)|2 = 2|δγt − γδt|2, |χ(+)|2 = 4 − |χ(−)|2,

|δγt − γδt|2 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, ¥¸²¨

(
γt

δt

)
=

(
γ

δ

)
,

2/3, ¥¸²¨

(
γt

δt

)
=

(
γ

−δ

)
,

(
δ

γ

)
¨²¨

(
δ

−γ

)
.

‘Ê³³¨·ÊÖ ¶μ ¢±² ¤ ³ ¢¸¥Ì  ³¶²¨ÉÊ¤ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¨ ¨¸¶μ²Ó§ÊÖ
μ¶·¥¤¥²¥´¨¥ Flip (11¡) ¨ Non-Flip (11 ) Î ¸É¥° ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö
¶·μÍ¥¸¸  Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn, ¶μ²ÊÎ ¥³

dσ(θ)
dΩ nd→p(nn)

=
2
3

dσ(θ)
dΩ

Flip

np→pn

∮
|ϕd|2 cos2

qr
2�

dV +

+

(
2

dσ(θ)
dΩ

Non-Flip

np→pn
+

4
3

dσ(θ)
dΩ

Flip

np→pn

) ∮
|ϕd|2 sin2 qr

2�
dV. (28)

”μ·³Ê²  „¨´ ∗ ¢¶¥·¢Ò¥ ¢¸É·¥Î ¥É¸Ö ¢ · ¡μÉ Ì [17, 18]. �´ ²μ£¨Î´Ò°
·¥§Ê²ÓÉ É ¡Ò² ¶μ²ÊÎ¥´ ¨ ¢ [19, 20]. ˆ¤¥Ö ¶·¥¤¸É ¢²¥´´μ£μ §¤¥¸Ó ¸¶μ¸μ¡  ¸μ-
¸Éμ¨É ¢ Éμ³, ÎÉμ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ É·¥Ì ´Ê±²μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö ¶·Ö³Ò³
¤¥°¸É¢¨¥³ ´Ê±²μ´´μ° ³ É·¨ÍÒ ¡¥§ ± ±¨Ì-²¨¡μ ¤μ¶μ²´¨É¥²Ó´ÒÌ μ£· ´¨Î¥´¨°
¸¢μ°¸É¢ ¸¨³³¥É·¨¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¤¢ÊÌ ´¥°É·μ´μ¢ ¢ μÉ¤ Î¥. ˆ§ Ëμ·-
³Ê²Ò (28) ¢¨¤´μ, ± ± ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ö¤·μ ¤¥°É¥·¨Ö ¢ ± Î¥¸É¢¥ Ë¨²ÓÉ· 
 ³¶²¨ÉÊ¤ [12Ä15]. …¸²¨ ¶·μÉμ´ · ¸¸¥¨¢ ¥É¸Ö ¶μ¤ ´Ê²¥³, ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸
q É ±¦¥ ¸É·¥³¨É¸Ö ± ´Ê²Õ, ¶μÔÉμ³Ê cos2 qr/2� ≈ 1 ¨ sin2 qr/2� ≈ 0, ÎÉμ
¤ ¥É

dσ(0)
dΩ nd→p(nn)

=
2
3

dσ(0)
dΩ

Flip

np→pn
. (29)

∗‚ ¶Ê¡²¨± Í¨ÖÌ · ¸¶·μ¸É· ´¥´μ ¶·¥¤¸É ¢²¥´¨¥ Ëμ·³Ê²Ò „¨´ , ¢ ±μÉμ·μ³ ¨¸¶μ²Ó§Ê¥É¸Ö
¶μ´ÖÉ¨¥ Ëμ·³Ë ±Éμ·  ¤¥°É·μ´  F (q) =

∮
|ϕd|2 cos qr/� dV :

∮
|ϕd|2 cos2 qr/2� dV =

1/2
∮
|ϕd|2(1 + cos qr/�) dV = 1/2(1 + F (q)),

∮
|ϕd|2 sin2 qr/2� dV = 1/2(1 − F (q)).
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ˆ§³¥·ÖÖ ¢ÒÌμ¤Ò ¶·μÉμ´μ¢ Ê¶·Ê£μ° np → pn ¨ ±¢ §¨Ê¶·Ê£μ° nd → p(nn)
·¥ ±Í¨° ¶μ¤ ´Ê²¥¢Ò³ Ê£²μ³ · ¸¸¥Ö´¨Ö, ³Ò μ¶·¥¤¥²Ö¥³ ¨Ì μÉ´μÏ¥´¨¥ Rdp(0),
¨¸¶μ²Ó§ÊÖ ±μÉμ·μ¥ ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ μÉ´μÏ¥´¨¥ r

nfl/fl
np→pn (0) ³¥¦¤Ê Non-Flip

¨ Flip Î ¸ÉÖ³¨ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö np → pn ¶μ¤ ´Ê²¥³
£· ¤Ê¸μ¢:

r
nfl/fl
np→pn (0) =

dσ(0)
dΩ

Non−Flip

np→pn

/ dσ(0)
dΩ

Flip

np→pn
=

2
3

1
Rdp(0)

− 1. (30)

3.2. �²ÓÉ¥·´ É¨¢´ Ö Ëμ·³Ê² . � ¸¸³μÉ·¨³ ¶·μÍ¥¸¸ ±¢ §¨Ê¶·Ê£μ° ¶¥·¥-
§ ·Ö¤±¨ ´¥°É·μ´  ´  ¤¥°É·μ´¥ ¢ ¶·¥¤¸É ¢²¥´¨¨ Ê¶·Ê£μ° ·¥ ±Í¨¨ np → np.
ˆ¸Ìμ¤´ Ö ¢μ²´  É·¥Ì ´Ê±²μ´μ¢ ¡¥·¥É¸Ö ¢ Éμ° ¦¥ Ëμ·³¥ (24):

Ψnd =
1√
3

∑
ni

(
α

β

)
i

|pn〉i
pjnk − njpk√

2

(
γ

δ

)
j

(
γ

δ

)
k

ϕd, jk,

{i, j, k} = {1, 2, 3}, {2, 3, 1}, {3, 1, 2},
ϕd, jk = |pp∗〉j |pn∗〉k.

(31)

‘μ¸ÉμÖ´¨Ö ¨§μÉμ¶¨Î¥¸±¨Ì ¨ ¸¶¨´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ É¥¶¥·Ó μ¶·¥¤¥²Ö¥É ³ -
É·¨Í  1/2(M1(π−θ)+M0(π−θ)). �·μ¸É· ´¸É¢¥´´ÊÕ Î ¸ÉÓ ¢μ²´Ò |pn〉i ϕd, jk

³¥´Ö¥É μ¶¥· Éμ· P̂ (θ − π), ¤¥°¸É¢¨¥ ±μÉμ·μ£μ ³μ¦´μ · §¡¨ÉÓ ´  ¤¢  ÔÉ ¶ .
‚´ Î ²¥ P̂ (π) μ¡¥¸¶¥Î¨¢ ¥É ¶¥·¥¸É ´μ¢±Ê ¨³¶Ê²Ó¸μ¢ pn, cm ↔ pp∗, cm, § É¥³

μ¶¥· Éμ· P̂ (θ) ¶·¨¢μ¤¨É ± ¶μ¢μ·μÉÊ ´  Ê£μ² θ. ‚ ¸¨¸É¥³¥ μÉ¸Î¥É , ¸¢Ö§ ´´μ°
¸ Ö¤·μ³ ¤¥°É¥·¨Ö, ´ ²¥É ÕÐ¨° ´¥°É·μ´ ¢Ò¡¨¢ ¥É ¶·μÉμ´ ¨ ¸μμ¡Ð ¥É ¥³Ê ¨³-
¶Ê²Ó¸ p′

p = pn − q. Š ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¤¥°É·μ´  ¤μ¡ ¢²Ö¥É¸Ö Ô±¸¶μ´¥´É 

exp
(

i

�
qri

)
§  ¸Î¥É ¨³¶Ê²Ó¸  q, μ¸É ¢Ï¥£μ¸Ö Ê ´¥°É·μ´  ¶μ¸²¥ ¢Ò¡¨¢ ´¨Ö

¶·μÉμ´ . …¸²¨ ¶·μÉμ´ ¨³¥² ´μ³¥· j, ¤¥°¸É¢¨¥ P̂ (θ − π) ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ
É ± ∗:

P̂ (θ)P̂ (π) × |pn〉i |pp∗〉j |pn∗〉k = P̂ (θ) × |pp∗〉i |pn〉j |pn∗〉k =

= exp
[
− i

�
q(rj − ri)

]
|pn〉j |pp∗〉i |pn∗〉k = |p′

p〉j exp
(

i

�
qri

)
ϕd, ik. (32)

∗”¥·³¨-¨³¶Ê²Ó¸ p μ¶·¥¤¥²Ö¥É ³£´μ¢¥´´Ò° ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ q(p) ¸¨¸É¥³Ò ¤¢ÊÌ
´¥°É·μ´μ¢. � ¡²Õ¤ ¥³μ¥ §´ Î¥´¨¥ q = pn − p′

p ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¸·¥¤´¥¥ 〈q〉:

P̂12(θ) × |pn〉1 ϕd, 23 = |pn〉1
∮

exp

[
i

�
q(p)(r2 − r1)

]
ΨH(p) exp

[
i

�
p(r2 − r3)

]
d3p =

|p′
p〉1 exp

(
i

�
〈q 〉r2

)
ϕd, 23, £¤¥ ΨH(p) Å ¨³¶Ê²Ó¸´μ¥ ¶·¥¤¸É ¢²¥´¨¥ S-¢μ²´μ¢μ° ËÊ´±Í¨¨

•Õ²ÓÉ¥´  [21].
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‚ ¶·¥¤¸É ¢²¥´¨¨ np → np · ¸¸¥Ö´´μ° Î ¸É¨Í¥° Ö¢²Ö¥É¸Ö ´¥°É·μ´ (μ¡· -
§ÊÕÐ¨° ¸ ´¥°É·μ´μ³-¸¶¥±É Éμ·μ³ nn-¶ ·Ê),   ¶·μÉμ´ ¸É ´μ¢¨É¸Ö Î ¸É¨Í¥°
μÉ¤ Î¨, ¶μÔÉμ³Ê ¢¥±Éμ· ¸μ¸ÉμÖ´¨Ö É·¥Ì Î ¸É¨Í μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

Φ(nn)p =
1
2
(M1(π − θ) + M0(π − θ))P̂ (π − θ) × Ψnd =

=
1√
3

∑
{i, j, k}

∑
t

At

[
nipjnk√

2

(
αt

βt

)
i

(
γt

δt

)
j

(
γ

δ

)
k

|p′
p〉j exp

(
i

�
qri

)
ϕd, ik +

+
ninjpk√

2

(
αt

βt

)
i

(
γ

δ

)
j

(
γt

δt

)
k

|p′
p〉k exp

(
i

�
qri

)
ϕd, ij

]
. (33)

‡¤¥¸Ó At Å μ¤´  ¨§ ¶ÖÉ¨  ³¶²¨ÉÊ¤ ·¥ ±Í¨¨ · ¸¸¥Ö´¨Ö np → np ´  Ê£μ² π Ä θ.

� ¶·¨³¥·: A1 = a(π−θ) = 1/2(a1(π−θ)+a0(π−θ)) ¨ É. ¤. ‘μ¸ÉμÖ´¨Ö

(
αt

βt

)
¨

(
γt

δt

)
μ¡· §ÊÕÉ¸Ö μ¶¥· Éμ· ³¨ ¶·¨ ¸¢μ¨Ì  ³¶²¨ÉÊ¤ Ì. ‘Ê³³Ê ¶μ ¨´¤¥±¸ ³

{i, j, k} ³μ¦´μ ¶¥·¥Ê¶μ·Ö¤μÎ¨ÉÓ ∗ ¶μ ´μ³¥· ³ ¶·μÉμ´´ÒÌ ¸μ¸ÉμÖ´¨°:

Φ(nn)p =
1√
3

∑
{i, j, k}

∑
t

Atpi

(
γt

δt

)
i

|p′
p〉i

njnk√
2

×

×
[(

γ

δ

)
j

(
αt

βt

)
k

exp
(

i

�
qrk

)
−

(
αt

βt

)
j

(
γ

δ

)
k

exp
(

i

�
qrj

)]
ϕd, jk. (34)

’ ± ± ± ¢¸¥ ¢μ²´Ò, ¶μ ±μÉμ·Ò³ ¨¤¥É ¸Ê³³¨·μ¢ ´¨¥, μ·Éμ£μ´ ²Ó´Ò, ¤μ-
¸É ÉμÎ´μ ¢§ÖÉÓ μ¤¨´ ¢ ·¨ ´É {i = 1, j = 2, k = 3} ¨ ¸μ±· É¨ÉÓ ±μÔËË¨Í¨¥´É
1/

√
3. �¡μ§´ Î Ö ¶¥·¥³¥´´Ò¥ r = r2 − r3 ¨ rnn = 1/2(r2 + r3), ¨³¥¥³

Φ(nn)p =
∑

Atp1

(
γt

δt

)
1

|p′
p〉1

n2n3√
2

×

×
[
χ(−) cos

qr
2�

− iχ(+) sin
qr
2�

]
exp

(
i

�
qrnn

)
ϕd, 23, (35)

χ(±) =
(

γ

δ

)
2

(
αt

βt

)
3

±
(

αt

βt

)
2

(
γ

δ

)
3

. (36)

”Ê´±Í¨¨ Φ(nn)p (35) ¨ Φp(nn) (25) ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ ¸É·Ê±ÉÊ·Ê. ˆÌ
· §²¨Î¨¥ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ± ± μ¶·¥¤¥²¥´Ò ¸¶¨´μ¢Ò¥ ËÊ´±Í¨¨ (36) ¨ (26).

∗„²Ö ¶¥·¥£·Ê¶¶¨·μ¢±¨ Ô²¥³¥´Éμ¢ ¸Ê³³Ò ¢ Ëμ·³Ê²¥ (33) Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ Í¨±²¨Î¥¸±μ¥
§ ³¥Ð¥´¨¥: i → j, j → k, k → i.
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„¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ nd → (nn)p μ¶·¥¤¥²Ö¥É¸Ö ±¢ ¤· -
Éμ³ ³μ¤Ê²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ Φ(nn)p. ˆ´É¥£·¨·ÊÖ ¶μ μ¡Ñ¥³Ê ¤¥°É·μ´  ¨
Ê¸·¥¤´ÖÖ ¶μ ¢¸¥³ ´ ¶· ¢²¥´¨Ö³ ¶μ²Ö·¨§ Í¨¨ Î ¸É¨Í, ´ Ìμ¤¨³

dσ(π − θ)
dΩ nd→(nn)p

=
∮

|Φ(nn)p|2 dV =

=
1
2

∑
|At|2

[
|χ(−)|2

∮
|ϕd|2 cos2

qr
2�

dV +

+ |χ(+)|2
∮

|ϕd|2 sin2 qr
2�

dV

]
. (37)

‘¶¨´Ò ´ ²¥É ÕÐ¥£μ ´¥°É·μ´  ¨ ´¥°É·μ´ -¸¶¥±É Éμ·  μ·¨¥´É¨·μ¢ ´Ò ¶·μ-

¨§¢μ²Ó´μ, ¶μÔÉμ³Ê ¸μ¸ÉμÖ´¨Ö

(
αt

βt

)
¨

(
γ

δ

)
´¨± ± ´¥ ±μ··¥²¨·μ¢ ´Ò. �μ¤-

¸É ´μ¢±  ¢ (36) ²Õ¡μ£μ ¸¶¨´μ· 

(
αt

βt

)
=

(
α

β

)
,

(
α

−β

)
,

(
β

α

)
¨²¨

(
β

−α

)
¤ ¥É

ÉμÎ´Ò¥ · ¢¥´¸É¢ :

|χ(−)|2 = 2|γβt − δαt|2 = 1, |χ(+)|2 = 3. (38)

’μ£¤ 

dσ(π − θ)
dΩ nd→(nn)p

=
dσ(π − θ)

dΩ np→np
×

×
(

1
2

+
∮

|ϕd|2 sin2 qr
2�

dV

)
=

(
1 − 1

2
F (q)

)
dσ(π − θ)

dΩ np→np
. (39)

‚Ò¡· ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ np → np (π − θ) ´¥ · §¤¥²Ö¥É ¸¥Î¥´¨¥ · ¸-
¸¥Ö´¨Ö ´¥°É·μ´  ´  ¸¢Ö§ ´´μ³ ¶·μÉμ´¥ ¤¥°É·μ´  ´  Flip ¨ Non-Flip Î ¸É¨
Ô²¥³¥´É ·´μ£μ ¶·μÍ¥¸¸  np → np. ’ ± ± ± ¶¥·¥Ìμ¤ μÉ μ¤´μ£μ ¶·¥¤¸É ¢²¥´¨Ö
± ¤·Ê£μ³Ê Ö¢²Ö¥É¸Ö Ê´¨É ·´Ò³, ¢ (39) ³μ¦´μ μ¤´μ¢·¥³¥´´μ ¶μ³¥´ÖÉÓ §´ Î¥-
´¨¥ Ê£²  (π − θ) → θ ¨ μ¡μ§´ Î¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ·¥ ±Í¨Ö³¨
¶¥·¥§ ·Ö¤±¨ nd → p(nn) ¨ np → pn:

dσ(θ)
dΩ nd→p(nn)

=
(

1 − 1
2

F (q)
)

dσ(θ)
dΩ np→pn

. (40)

�·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¶·¥¤¥²Ó´Ò° ¸²ÊÎ °, ±μ£¤  ¶·μÉμ´ · ¸¸¥¨¢ ¥É¸Ö ¢¶¥-
·¥¤ ¨ ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸ q = pn−p′

p ¡²¨§μ± ± ´Ê²Õ, ¨§-§  Î¥£μ Ëμ·³Ë ±Éμ·
¤¥°É·μ´  F (q) ¤μ¸É¨£ ¥É ¥¤¨´¨ÍÒ. ‘²¥¤μ¢ É¥²Ó´μ,

dσ(0)
dΩ nd→p(nn)

=
1
2

dσ(0)
dΩ np→pn

. (41)
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’ ± ± ± Ëμ·³Ê²Ò (40) ¨ (28) ¤Ê¡²¨·ÊÕÉ ¢Ò· ¦¥´¨¥ μ¤´μ° ¨ Éμ° ¦¥
¢¥²¨Î¨´Ò dσ(θ)/dΩ nd→p(nn), ¶·¨¢μ¤Ö ¢ ´¨Ì ¶μ¤μ¡´Ò¥ ¸² £ ¥³Ò¥ ¨ ¸μ±· Ð Ö
μ¤¨´ ±μ¢Ò¥ ¸μ³´μ¦¨É¥²¨, ´ Ìμ¤¨³

dσ(θ)
dΩ

Flip

np→pn
= 3

dσ(θ)
dΩ

Non-Flip

np→pn
. (42)

”μ·³Ê²  (42) ¶μ²ÊÎ¥´  ±μ¸¢¥´´Ò³ μ¡· §μ³, Î¥·¥§  ´ ²¨§ ¢§ ¨³μ¤¥°¸É¢¨Ö
´¥°É·μ´  ¨ ¸¢Ö§ ´´μ£μ ¢ Ö¤·¥ ¤¥°É¥·¨Ö ¶·μÉμ´ , ±μ£¤  ¤·Ê£μ³Ê ´¥°É·μ´Ê μÉ-
¢μ¤¨É¸Ö ·μ²Ó ¶·μ¸Éμ£μ ´ ¡²Õ¤ É¥²Ö. …¥ ´Ê¦´μ · ¸¸³ É·¨¢ ÉÓ, ¸±μ·¥¥, ± ±
£¨¶μÉ¥§Ê, ± ± Ê± § ´¨¥, ¶μ²ÊÎ¥´´μ¥ ³¥Éμ¤μ³ ¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö. ‚ Éμ
¦¥ ¢·¥³Ö ·¥ ±Í¨Ö Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ¸ ³  ¶μ ¸¥¡¥ ´¨± ± ´¥ § ¢¨-
¸¨É μÉ Éμ£μ, ± ± · ¸¸¥¨¢ ¥É¸Ö ´¥°É·μ´ ´  ¤¥°É·μ´¥. ‘· ¢¥¤²¨¢μ¸ÉÓ Ëμ·³Ê²Ò
(42) ³μ¦´μ ¶·μ¢¥·¨ÉÓ ³¥Éμ¤μ³ ¶·Ö³μ£μ ¢μ¸¸É ´μ¢²¥´¨Ö  ³¶²¨ÉÊ¤ ¸¶¨´μ¢μ°
³ É·¨ÍÒ, ¤²Ö Î¥£μ ´¥μ¡Ìμ¤¨³ ¶μ²´Ò° ±μ³¶²¥±É np-´ ¡²Õ¤ ¥³ÒÌ [1,8].

3.3. �±¢¨¢ ²¥´É´μ¸ÉÓ Ëμ·³Ê² ¢ ¤¢ÊÌ ¶·¥¤¸É ¢²¥´¨ÖÌ: nd → p(nn)(0)
¨ nd → (nn)p(π). �μ¤·μ¡´¥¥ · ¸¸³μÉ·¨³ ¸²ÊÎ °, ±μ£¤  ¢ ±¢ §¨Ê¶·Ê£μ³
nd-¢§ ¨³μ¤¥°¸É¢¨¨ ¢Éμ·¨Î´Ò¥ ¶·μÉμ´Ò ¢Ò²¥É ÕÉ ¶μ¤ ´Ê²¥³ £· ¤Ê¸μ¢, ÎÉμ
¤ ¥É F (q) ≈ 1 ¨ ¶μ§¢μ²Ö¥É ¶·¥μ¡· §μ¢ ÉÓ Ëμ·³Ê²Ò (27) ¨ (37) ± É ±μ³Ê ¢¨¤Ê:

dσ(0)
dΩ nd→p(nn)

=
1
2

∑
|Aexch

t |2
∣∣∣∣(γ

δ

)
2

(
γt

δt

)
3

−
(

γt

δt

)
2

(
γ

δ

)
3

∣∣∣∣2 , (43)

dσ(π)
dΩ nd→(nn)p

=
1
2

∑
|At|2

∣∣∣∣(γ

δ

)
2

(
αt

βt

)
3

−
(

αt

βt

)
2

(
γ

δ

)
3

∣∣∣∣2 . (44)

‚Ò· ¦¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° (43) ¨ (44) ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ
¸É·Ê±ÉÊ·Ê. ˆÌ · §²¨Î¨¥ ¸μ¸Éμ¨É ¢ Éμ³, ± ± μ¶·¥¤¥²¥´ ¸¶¨´ ´¥°É·μ´ , μ¡· -
§ÊÕÐ¥£μ ¸ ´¥°É·μ´μ³-¸¶¥±É Éμ·μ³ ¸¨´£²¥É´μ¥ ¸μ¸ÉμÖ´¨¥ Snn = 0 ¢ μ¡μ¨Ì
¶·¥¤¸É ¢²¥´¨ÖÌ. …¸²¨ ³Ò ´ §Ò¢ ¥³ nd-¢§ ¨³μ¤¥°¸É¢¨¥ ·¥ ±Í¨¥° nd → p(nn)

(43), Éμ ´¥°É·μ´ Ö¢²Ö¥É¸Ö Î ¸É¨Í¥° μÉ¤ Î¨ ¨ ¥£μ ¸¶¨´

(
γt

δt

)
¶·¥¤¸É ¢²¥´

μ¤´¨³ ¨§ Î¥ÉÒ·¥Ì ¢ ·¨ ´Éμ¢ ¨§³¥´¥´¨Ö ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¶·μÉμ´  Ö¤· 

¤¥°É¥·¨Ö. Šμ£¤ 

(
γt

δt

)
=

(
γ

δ

)
, ¢±² ¤ ´¥Ë²¨¶μ¢μ°  ³¶²¨ÉÊ¤Ò aexch(0) ¨¸-

Î¥§ ¥É. � μ¡μ·μÉ, ¢¸¥ Ë²¨¶μ¢Ò¥ ¸¶¨´μ·Ò

(
γ

−δ

)
,

(
δ

γ

)
¨

(
δ

−γ

)
¢Ìμ¤ÖÉ ¸

¢¥¸μ³ 4/3 (¸³. É ¡²¨ÍÊ). �μ¸²¥ Ê³´μ¦¥´¨Ö ´  1/2 μ¸É ¥É¸Ö 2/3 μÉ Flip-Î ¸É¨
¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn (0). …¸²¨ ¦¥ ³Ò
¨¸¶μ²Ó§Ê¥³ ¶·¥¤¸É ¢²¥´¨¥ nd → (nn)p (44), ´ ²¥É ÕÐ¨° ´¥°É·μ´ ¸Î¨É ¥É¸Ö

· ¸¸¥Ö´´Ò³ ´  180 ◦. ‚¸¥ ¸¶¨´μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö

(
αt

βt

)
¢Ìμ¤ÖÉ ¸ · ¢´Ò³ ¢¥-
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¸μ³ ¥¤¨´¨Í  (38), ¶μÔÉμ³Ê ´¨± ±μ£μ · §¤¥²¥´¨Ö Flip ¨ Non-Flip Î ¸É¥° ´¥
¶·μ¨¸Ìμ¤¨É ¨ μÉ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ np → np(π) μ¸É ¥É¸Ö
1/2 (44).

4. ���‹ˆ‡ �Š‘�…�ˆŒ…�’�‹œ�›• „���›•
�’��˜…�ˆŸ Rdp

‚ Î¥ÉÒ·¥Ì ¸¥ ´¸ Ì 2003Ä2007 ££. ´  Ê¸É ´μ¢±¥ ®„¥²ÓÉ -‘¨£³ ¯ ‹‚

�ˆŸˆ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¨§³¥·¥´¨Ö Rdp-μÉ´μÏ¥´¨Ö ¢ÒÌμ¤μ¢ ¶·μÉμ´μ¢ ¢ ±¢ -
§¨Ê¶·Ê£μ° nd → p(nn) ¨ Ê¶·Ê£μ° np → pn ·¥ ±Í¨ÖÌ ¶¥·¥§ ·Ö¤±¨ ¶·¨ · ¸¸¥-
Ö´¨¨ ¶·μÉμ´μ¢ ¶μ¤ ´Ê²¥³ £· ¤Ê¸μ¢ ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  ´¥°É·μ´μ¢ Tn = 0,5Ä
2,0 ƒÔ‚ [9Ä11, 22Ä24]. �¥§Ê²ÓÉ ÉÒ ÔÉμ£μ Ô±¸¶¥·¨³¥´É  ¨ ¤·Ê£¨¥ ³¨·μ¢Ò¥
¤ ´´Ò¥ ¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥´¨¨ ¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 7. �É´μÏ¥´¨¥ Rdp

¶μ ¢¸¥³Ê ¤¨ ¶ §μ´Ê Ô´¥·£¨¨ Tn = 0,55Ä2,0 ƒÔ‚ ¢¥¤¥É ¸¥¡Ö ¶μ¤μ¡´μ ±μ´¸É ´É¥
´  Ê·μ¢´¥ 0,56.

‚μ§¢· Ð Ö¸Ó ± ¢μ¶·μ¸Ê μ ¢Ò¡μ·¥ ¶·¥¤¸É ¢²¥´¨Ö, ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ,
ÎÉμ ¶¥·¢Ò¥ · ¸Î¥ÉÒ Rdp-μÉ´μÏ¥´¨Ö, ¢Ò¶μ²´¥´´Ò¥ ´  μ¸´μ¢¥ ·¥Ï¥´¨° Ë §μ-
¢μ£μ  ´ ²¨§  (PSA), μ± § ²¨¸Ó ¢ ¦¥¸É±μ³ ¶·μÉ¨¢μ·¥Î¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ Ô±¸-
¶¥·¨³¥´É  [28]. ’ ±¦¥ ¨¸¶μ²Ó§μ¢ ² ¸Ó § ±μ´μ³¥·´μ¸ÉÓ (28), ´μ ¸μ£² ¸´μ [29]
¢ Ëμ·³Ê²Ê „¨´  ¶μ¤¸É ¢²Ö²¨¸Ó  ³¶²¨ÉÊ¤Ò Ê¶·Ê£μ° ·¥ ±Í¨¨ np → np ¶·¨

�¨¸. 7. 
´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³μ¸ÉÓ Rdp-μÉ´μÏ¥´¨Ö ¢ÒÌμ¤μ¢ ¶·μÉμ´μ¢ ±¢ §¨Ê¶·Ê£μ°
nd → p(nn) ¨ Ê¶·Ê£μ° np → pn ·¥ ±Í¨° ¶¥·¥§ ·Ö¤±¨ ¶·¨ · ¸¸¥Ö´¨¨ ¶μ¤ ´Ê²¥³ £· ¤Ê-
¸μ¢. �¥Ï¥´¨Ö Ë §μ¢μ£μ  ´ ²¨§  VZ40 [25], FA91 [26] ¨ SP07 [27] ¢§ÖÉÒ ¨§ ¡ §Ò ¤ ´´ÒÌ
SAID ± ±  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ np → np (θ = π) ¨ ¶¥·¥¢¥¤¥´Ò ¶·¥μ¡· §μ¢ ´¨¥³ (21) ¢
¶·¥¤¸É ¢²¥´¨¥ np → pn (θ = 0). ‡´ Î¥´¨Ö Rdp · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê²¥ (29). Š·¨¢ Ö
SP07∗ ¶μ²ÊÎ¥´  ¶μ¤¸É ´μ¢±μ° Non-Flip ¨ Flip Î ¸É¥° ·¥ ±Í¨¨ np → np (θ = π), É. ¥.
¨£´μ·¨·Ê¥É¸Ö · §´¨Í  ¶·¥¤¸É ¢²¥´¨°. ‹¨´¨Ö ®1:2¯ ¶μ± §Ò¢ ¥É ¶· ¢¨²Ó´μ¥ ¶·¨³¥´¥´¨¥
Ëμ·³ ²¨§³  ·¥ ±Í¨¨ np → np (θ = π) (41) ¤²Ö · ¸Î¥Éμ¢ μÉ´μÏ¥´¨Ö Rdp
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· ¸¸¥Ö´¨¨ ´ § ¤ (¸³. ±·¨¢ÊÕ SP07∗ ´  ·¨¸. 7). ‡ É¥³ ¸μ£² ¸´μ [7,19] μÉ´μÏ¥-
´¨¥ Rdp ¡Ò²μ ¶¥·¥¸Î¨É ´μ ¸  ³¶²¨ÉÊ¤ ³¨ Ê¶·Ê£μ° ¶¥·¥§ ·Ö¤±¨ np → pn ¶μ¤
´Ê²¥³ £· ¤Ê¸μ¢, ¨ Éμ ¦¥ ·¥Ï¥´¨¥ SP07 [27] ¶μ± § ²μ Ìμ·μÏ¥¥ ¸μ£² ¸¨¥ ¸ ·¥-
§Ê²ÓÉ É ³¨ ¨§³¥·¥´¨° [9Ä11]. � ¨²ÊÎÏ¥¥ ¸μ¢¶ ¤¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¸μμÉ¢¥É¸É¢Ê¥É ·¥Ï¥´¨Õ FA91 [26], ÌμÉÖ ´¥ ¸Éμ¨É § ¡Ò¢ ÉÓ μ ¶·¨-
¡²¨¦¥´´μ³ Ì · ±É¥·¥ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨Ì ¶μ¤Ìμ¤μ¢, ¶μ¸±μ²Ó±Ê ¨ ¶·¨´ÖÉÒ¥
± Ë §μ¢μ³Ê  ´ ²¨§Ê np-´ ¡²Õ¤ ¥³Ò¥ § ± ´Î¨¢ ÕÉ¸Ö ¶·¨ Ô´¥·£¨¨ 1,1 ƒÔ‚.

� ¸Î¥ÉÒ ¶μ Ëμ·³Ê²¥ (41) ¢ ¶·¥¤¸É ¢²¥´¨¨ Ê¶·Ê£μ° ·¥ ±Í¨¨ np → np(π)
¤ ÕÉ ¶·¥¤¸± § ´¨¥ Rdp = 1/2 (¸³. ·¨¸. 7). 
±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ± -
§ ²¨¸Ó ¢ÒÏ¥ ÔÉμ£μ §´ Î¥´¨Ö ´  12%, ÎÉμ ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ´¥¸±μ²Ó±¨³¨
¶·¨Î¨´ ³¨. ‚μ-¶¥·¢ÒÌ, ¢ ¨³¶Ê²Ó¸´μ³ ¶·¨¡²¨¦¥´¨¨ ³Ò ¨£´μ·¨·Ê¥³ ´¥°É·μ´-
¸¶¥±É Éμ·, ´μ ¶·¨ ¡μ²ÓÏ¨Ì Ë¥·³¨-¨³¶Ê²Ó¸ Ì ´Ê±²μ´μ¢ ¤¥°É·μ´  ÔÉμ ´¥¢¥·´μ.
� ¶·¨³¥·, ¥¸²¨ ¶μ ·¥Ï¥´¨Õ •Õ²ÓÉ¥´  [21] ¢§ÖÉÓ ¸·¥¤´¥¥ ±¢ ¤· É¨Î´μ¥ §´ -
Î¥´¨¥ PF ≈ 110 ŒÔ‚/c, Éμ ¶·¨ Ô´¥·£¨¨ Tn = 800 ŒÔ‚ μÉ´μÏ¥´¨¥ ¢·¥³¥´¨
¢§ ¨³μ¤¥°¸É¢¨Ö ´ ²¥É ÕÐ¥£μ ´¥°É·μ´  ¸ Ö¤·μ³ ¤¥°É¥·¨Ö ± ¶¥·¨μ¤Ê ¤¢¨¦¥´¨Ö
¥£μ ´Ê±²μ´μ¢ ¡Ê¤¥É ∼ 1/10, É. ¥. ¢ 10 ¸²ÊÎ ÖÌ ¨§ 100 ¢ ·¥ ±Í¨¨ nd → p(nn)
¤¥°É·μ´ ¸²¥¤μ¢ ²μ ¡Ò · ¸¸³ É·¨¢ ÉÓ ± ± ¥¤¨´μ¥ Í¥²μ¥. ‚μ-¢Éμ·ÒÌ, ´ Î¨´ Ö
¸ ¶μ·μ£  ³¥§μ´μμ¡· §μ¢ ´¨Ö ∼ 290 ŒÔ‚, ¢μ§³μ¦´Ò ·¥ ±Í¨¨ ¸ ¢μ§¡Ê¦¤¥´¨¥³
¶·μ³¥¦ÊÉμÎ´μ° Δ-¨§μ¡ ·Ò, ¨ ÔÉ¨ ± ´ ²Ò ³μ£ÊÉ ¨§³¥´¨ÉÓ ¢¨¤ ËÊ´±Í¨¨ É·¥Ì
´Ê±²μ´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨. ‚-É·¥ÉÓ¨Ì, ¶·¨ ¢Ò¢μ¤¥ μ¡¥¨Ì Ëμ·³Ê² ³Ò
¶·¥´¥¡·¥£²¨ D-¢μ²´μ¢Ò³ ¸μ¸ÉμÖ´¨¥³ ¤¥°É·μ´  (∼ 4 %). �¤´ ±μ ¥¸²¨ ¢ ³μ-
³¥´É ¶¥·¥§ ·Ö¤±¨ d → nn ¶·μ¨¸Ìμ¤¨É ¸³¥Ï¨¢ ´¨¥ S- ¨ D-¢μ²´, ¨´É¥·Ë¥·¥´-
Í¨Ö ¸É ´¥É ¶·¨Î¨´μ° ¤μ¶μ²´¨É¥²Ó´μ£μ ¢±² ¤ .

”μ·³Ê²  (40) ´¥ § ¢¨¸¨É μÉ ·¥Ï¥´¨° PSA, ÎÉμ Ö¢²Ö¥É¸Ö ¥¥ ¶·¥¨³ÊÐ¥¸É¢μ³
¶μ ¸· ¢´¥´¨Õ ¸ Ëμ·³Ê²μ° (28) ¨ ¶μ§¢μ²Ö¥É ´ °É¨ · ¸Ìμ¦¤¥´¨¥ ³¥¦¤Ê É¥μ·¨¥°
¨ Ô±¸¶¥·¨³¥´Éμ³. ’ ± ± ± ³¥Éμ¤¨±  ¶μ²ÊÎ¥´¨Ö Ëμ·³Ê² (41) ¨ (29) μ¤´  ¨ É 
¦¥, ¶μ£·¥Ï´μ¸ÉÓ ¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö ± ¸ ¥É¸Ö ¨Ì ¢ · ¢´μ° ³¥·¥, É. ¥. ¢
²Õ¡μ³ ¸²ÊÎ ¥ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö Rdp § ´¨¦¥´Ò ´  12% ¨ ¨Ì ¸²¥¤Ê¥É ¡· ÉÓ
¸ ±μÔËË¨Í¨¥´Éμ³ 1,12.

‡�Š‹	—…�ˆ…

ˆ¸¸²¥¤μ¢ ´ ¢μ¶·μ¸ μ · §²¨Î¨¨ ¤¢ÊÌ ¶·¥¤¸É ¢²¥´¨° Ê¶·Ê£μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¤¢ÊÌ Éμ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í. �·¥¤¸É ¢²¥´¨Ö § ¢¨¸ÖÉ μÉ ´ Ï¥£μ ¢Ò¡μ· ,
± ±ÊÕ ¨§ Î ¸É¨Í ¸Î¨É ÉÓ · ¸¸¥Ö´´μ°, ÎÉμ ¶·¨¢μ¤¨É ± ¤¢Ê³ Ô±¢¨¢ ²¥´É´Ò³, ´μ
´¥ Éμ¦¤¥¸É¢¥´´Ò³ · §²μ¦¥´¨Ö³ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨.
�¥·¥Ìμ¤ ³¥¦¤Ê ¶·¥¤¸É ¢²¥´¨Ö³¨ μ¡¥¸¶¥Î¨¢ ¥É μ¶¥· Éμ· Œ °μ· ´Ò.

�·¥¤²μ¦¥´ ¸¶μ¸μ¡ ¢Ò¢μ¤  Ëμ·³Ê²Ò „¨´  ¤²Ö ·¥ ±Í¨¨ ±¢ §¨Ê¶·Ê£μ° ¶¥·¥-
§ ·Ö¤±¨ nd → p(nn), ¶·¨ ±μÉμ·μ³ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¶·μÉμ´  ¨ ¤¢ÊÌ ´¥°É·μ-
´μ¢ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ ¶μ²ÊÎ ¥É¸Ö ¶·Ö³Ò³ ¤¥°¸É¢¨¥³ ´Ê±²μ´´μ° ³ É·¨ÍÒ
· ¸¸¥Ö´¨Ö. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³  ²ÓÉ¥·´ É¨¢´μ£μ ¶·¥¤¸É ¢²¥´¨Ö Ê¶·Ê£μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¨ ¶·μÉμ´ , É. ¥. np → np ¶·¨ · ¸¸¥Ö´¨¨ ´ § ¤, μ¶·¥¤¥-
²¥´  ´μ¢ Ö Ëμ·³Ê² , ¸μ£² ¸´μ ±μÉμ·μ° ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸μ¢

20



nd → p(nn) ¨ np → pn ¶·¨ · ¸¸¥Ö´¨¨ ¶·μÉμ´μ¢ ¶μ¤ ´Ê²¥³ £· ¤Ê¸μ¢ ¤μ²¦´Ò
¨³¥ÉÓ μÉ´μÏ¥´¨¥ 1 : 2.

‚ ¤¨ ¶ §μ´¥ Ô´¥·£¨° Tn = 0,55Ä2,0 ƒÔ‚ μ¶·¥¤¥²¥´´μ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ
μÉ´μÏ¥´¨¥ Rdp ¶μ¤μ¡´μ ±μ´¸É ´É¥ ´  Ê·μ¢´¥ 0,56. �´μ ¶·¥¢ÒÏ ¥É · ¸Î¥É´μ¥
§´ Î¥´¨¥ Rdp = 1/2 ´  12%, ÎÉμ ¸¢Ö§ ´μ ¢ μ¸´μ¢´μ³ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ ³¥Éμ¤ 
¨³¶Ê²Ó¸´μ£μ ¶·¨¡²¨¦¥´¨Ö.

‡´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ ÔÉμ ¨¸¸²¥¤μ¢ ´¨¥ ¡Ò² ¢´¥¸¥´ É¥³¨, ±μ£μ Ê¦¥ ´¥É
·Ö¤μ³ ¸ ´ ³¨, Å ¶·μË¥¸¸μ· ³¨ ‹.�.‘É·Ê´μ¢Ò³, ”. ‹¥£ ·μ³ ¨ ‚. ‹.‹Õ¡μÏ¨-
Í¥³. � Ï Ô±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´-
¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (¶·μ¥±ÉÒ º02-02-17129 ¨ º07-02-01025).

�·¨²μ¦¥´¨¥
Œˆ��‚›… „���›…

�É´μÏ¥´¨Ö Rdp ¨ r
nfl/fl
np→pn ¨ μÏ¨¡±¨ ¨Ì ¨§³¥·¥´¨Ö. �±¸¶¥·¨³¥´É ®„¥²ÓÉ -‘¨£³ ¯

2003Ä2007 ££. [9Ä11, 22Ä24]

Tn, ƒÔ‚

� · ³¥É· 0,55 0,8 1,0 1,2 1,4 1,7 1,8 2,0

Rdp (0) 0,608 0,546 0,553 0,554 0,574 0,550 0,584 0,557
ε 0,035 0,024 0,012 0,010 0,027 0,034 0,024 0,024

r
nfl/fl

np→pn (0) 0,097 0,222 0,204 0,204 0,162 0,155 0,142 0,197
ε 0,062 0,053 0,026 0,023 0,054 0,074 0,046 0,052

Œ¨·μ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ μÉ´μÏ¥´¨Ö³ Rdp ¨ r
nfl/fl
np→pn

Tkin, ƒÔ‚ Rdp(0) r
nfl/fl
np→pn (0) ‹ ¡μ· Éμ·¨Ö ƒμ¤, ¸¸Ò²± 

90 0,397 ± 0,044 0,679 ± 0,186 UCRL 1951, [30]

95 0,480 ± 0,030 0,389 ± 0,087 Harvard U. 1953, [31]

96 0,587 ± 0,029 0,136 ± 0,056 Harwell 1967, [32]

135 0,652 ± 0,154 0,022 ± 0,241 Harwell 1965, [33]

144 0,601 ± 0,057 0,109 ± 0,105 Harwell 1967, [32]

152 0,650 ± 0,100 0,026 ± 0,158 Harvard U. 1966, [31]

200 0,553 ± 0,030 0,205 ± 0,065 ‹Ÿ� �ˆŸˆ 1962, [34]

270 0,710 ± 0,021 −0,061 ± 0,278 UCRL 1952, [35]

380 0,200 ± 0,035 2,333 ± 0,583 ˆŸ� �� ‘‘‘� („Ê¡´ ) 1955, [36, 37]

647 0,600 ± 0,080 0,111 ± 0,148 LAMPF 1976, [38]

710 0,483 ± 0,080 0,380 ± 0,229 LRL 1960, [39]

794 0,560 ± 0,040 0,190 ± 0,085 LAMPF 1978, [40]

800 0,660 ± 0,080 0,010 ± 0,122 LAMPF 1978, [38]

997 0,550 ± 0,080 0,212 ± 0,176 ‹‚
 �ˆŸˆ 2002, [41]
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