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� ¸Î¥ÉÒ ¸±μ·μ¸É¥° § Ì¢ É  ³Õμ´μ¢ ¸²μ¦´Ò³¨ Ö¤· ³¨ ´  μ¸´μ¢¥ ³¨±·μ¸±μ¶¨Î¥¸±¨Ì ³μ¤¥-
²¥° Ö¤¥·´μ° ¸É·Ê±ÉÊ·Ò ¢μ¸¶·μ¨§¢μ¤ÖÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¡¥§ ¶μ¤ ¢²¥´¨Ö ¸¨²Ò ¸¶¨´-
¨§μ¸¶¨´μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¨ ¶·μÉ¨¢μ·¥Î É ¢ ÔÉμ³ ¤ ´´Ò³, ¶μ²ÊÎ¥´´Ò³ ¨§ ¸¥Î¥´¨° § ·Ö¤μ¢μ-μ¡³¥´-
´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨° É¨¶  (p, n) ¨ (n, p).

The calculations reproduce well the experimental rates of muon capture by complex nuclei
without quenching of spin-isospin transition strength. This contradicts to the data obtained from the
cross sections of charge-exchange nuclear reactions of (p, n) and (n, p) kind.

‚‚…„…�ˆ…

’· ¤¨Í¨μ´´μ ¸É·Ê±ÉÊ·Ê ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ ¢μ§¡Ê¦¤¥´¨° ¢  Éμ³´ÒÌ Ö¤· Ì
¨§ÊÎ ÕÉ ¶·¨ ¶μ³μÐ¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¨  ¤·μ´´ÒÌ ¶·μÍ¥¸¸μ¢ [1]. �¨§±μ-
Ô´¥·£¥É¨Î¥¸± Ö ¢¥É¢Ó ¢μ§¡Ê¦¤¥´¨° ¶·μÖ¢²Ö¥É¸Ö É ±¦¥ ¨ ¢ β-· ¸¶ ¤¥. �·μÍ¥¸¸
μ¡ÒÎ´μ£μ § Ì¢ É  ³Õμ´μ¢  Éμ³´Ò³¨ Ö¤· ³¨ (�‡Œ)

μ− + A(Z, N) → νμ + B(Z − 1, N + 1)

· ¸¸³ É·¨¢ ¥É¸Ö, ¢ μ¸´μ¢´μ³, ± ± ¨¸ÉμÎ´¨± ¨´Ëμ·³ Í¨¨ μ ¸¢μ°¸É¢ Ì ¸² ¡μ£μ
´Ê±²μ´´μ£μ Éμ±  (¸³., ´ ¶·¨³¥·, μ¡§μ·Ò [2, 3]), ¨ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ´ -
±μ¶²¥´ ¡μ²ÓÏμ° μ¡Ñ¥³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶·¥¦¤¥ ¢¸¥£μ μ ¶μ²´ÒÌ
(¨´±²Õ§¨¢´ÒÌ) ¸±μ·μ¸ÉÖÌ �‡Œ. 	² £μ¤ ·Ö ¶·μ£·¥¸¸Ê ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ°
É¥Ì´¨±¥ ¸É ²μ ¢μ§³μ¦´Ò³ ¨§ÊÎ¥´¨¥ �‡Œ, ¸μ¶·μ¢μ¦¤ ¥³μ£μ ¶¥·¥Ìμ¤ ³¨ ¢
μ¶·¥¤¥²¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ±μ´¥Î´μ£μ Ö¤·  (Ô±¸±²Õ§¨¢´Ò¥ ¨²¨ ¶ ·Í¨ ²Ó´Ò¥ ¶¥-
·¥Ìμ¤Ò). �·¨ ÔÉμ³ μÉ±·Ò²¨¸Ó ¢μ§³μ¦´μ¸É¨ ¶·¨³¥´¥´¨Ö �‡Œ ¤²Ö Í¥²¥° Ö¤¥·-
´μ° ¸¶¥±É·μ¸±μ¶¨¨ [4]. ‚Ò¶μ²´¥´´Ò¥ §  ¶μ¸²¥¤´¨¥ ¤¥¸ÖÉÓ ²¥É Ô±¸¶¥·¨³¥´ÉÒ
¶μ ¨§³¥·¥´¨Õ ¶ ·Í¨ ²Ó´ÒÌ ¸±μ·μ¸É¥° § Ì¢ É  ³Õμ´μ¢ Ö¤· ³¨ sd-μ¡μ²μÎ±¨
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¶μ§¢μ²¨²¨ ¶·μ¢¥¸É¨ ¨§ÊÎ¥´¨¥ Ì · ±É¥·¨¸É¨± μÉ¤¥²Ó´ÒÌ ¸¶¨´-¨§μ¸¶¨´μ¢ÒÌ
¶¥·¥Ìμ¤μ¢ ¨ ¸μ¶μ¸É ¢¨ÉÓ ¨Ì ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ ¤·Ê£¨Ì ·¥ ±Í¨ÖÌ.

�¨¦¥ ¡Ê¤¥É ¶μ± § ´μ, ÎÉμ ¨§ ÔËË¥±É  ¶μ¤ ¢²¥´¨Ö ¸¨²Ò £ ³μ¢-É¥²²¥·μ¢-
¸±¨Ì (ƒ’) ¶¥·¥Ìμ¤μ¢, μ¡´ ·Ê¦¥´´μ£μ ¢ ·¥ ±Í¨ÖÌ (p, n) ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ
Ô´¥·£¨ÖÌ ¢ ´ Î ²¥ ¢μ¸Ó³¨¤¥¸ÖÉÒÌ £μ¤μ¢ ¶·μÏ²μ£μ ¢¥± , ¸²¥¤Ê¥É, ÎÉμ μ¸É -
ÉμÎ´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ¸¶¨´-¨§μ¸¶¨´μ¢μ³ ± ´ ²¥ ¤μ²¦´μ μ¡² ¤ ÉÓ μ¶·¥-
¤¥²¥´´Ò³ ¸¢μ°¸É¢μ³. “± § ´´μ¥ ¸¢μ°¸É¢μ ¤μ²¦´μ ¶·μÖ¢²ÖÉÓ¸Ö ¨ ¢ ¤·Ê£¨Ì
¶·μÍ¥¸¸ Ì, ´ ¶·¨³¥·, ¢ § Ì¢ É¥ ³Õμ´μ¢. ‚μ§³μ¦´Ò¥ ¸²¥¤¸É¢¨Ö É ±μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö · ¸¸³ É·¨¢ ÕÉ¸Ö ¢ ¤ ´´μ³ μ¡§μ·¥.

1. ��™ˆ… ��‹�†…�ˆŸ ’…��ˆˆ ‡�•‚�’� Œ����‚ Ÿ„��Œˆ

’¥μ·¨Ö ¶μ£²μÐ¥´¨Ö ³Õμ´μ¢  Éμ³´Ò³¨ Ö¤· ³¨

μ− + A(Z, N) → νμ + B∗(Z − 1, N + 1)

¸É·μ¨É¸Ö [5, 6] ´  μ¸´μ¢¥  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ° É¥μ·¨¨, ¸μ£² ¸´μ ±μÉμ·μ°
£ ³¨²ÓÉμ´¨ ´ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³Õμ´  ¸ ´Ê±²μ´ ³¨ ¶·μ¶μ·Í¨μ´ ²¥´
¸± ²Ö·´μ³Ê ¶·μ¨§¢¥¤¥´¨Õ ¸² ¡ÒÌ ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢. Œ É·¨Î-
´Ò° Ô²¥³¥´É μ¶¥· Éμ·  ¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ±  ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ¸¢μ-
¡μ¤´μ£μ ´¥°É·μ´ , |Nn〉, ¨ ¶·μÉμ´ , |Np〉, ¸ 4-¨³¶Ê²Ó¸ ³¨ n = (n, iEn/c) ¨
p = (p, iEp/c) ¸μμÉ¢¥É¸É¢¥´´μ, · ¢¥´

〈Nn|J α|Np〉 = iūn

[
gV (q2)γα +

gM (q2)
2Mp

σαβqβ + i
gS(q2)
mμ

qα−

−
(

gA(q2)γα + i
gP (q2)

mμ
qα +

gT (q2)
2Mp

σαβqβ

)
γ5

]
t+ up×

× exp
(

i
q · r

�

)
exp
(

i
(En − Ep)t

�

)
. (1)

‡¤¥¸Ó un ¨ up Å ¤¨· ±μ¢¸±¨¥ ¸¶¨´μ·Ò ´Ê±²μ´μ¢; qα = (p − n)α Å ¨³-
¶Ê²Ó¸, ¶¥·¥¤ ´´Ò° ´Ê±²μ´Ê. Œ É·¨ÍÒ „¨· ±  Ê¤μ¢²¥É¢μ·ÖÕÉ ¸μμÉ´μÏ¥´¨Ö³
γαγβ + γβγα = 2δα,β, £¤¥ α, β = 1, 2, 3, 4, ¢ ¸¢μÕ μÎ¥·¥¤Ó, γ5 = γ1γ2γ3γ4 ¨

σαβ =
1
2i

(γαγβ − γβγα). ‡´ Î¥´¨Ö ¢¥±Éμ·´μ£μ, gV (q2), ¸² ¡μ£μ ³ £´¨É´μ£μ,

gM (q2), ¨ ¸± ²Ö·´μ£μ, gS(q2), Ëμ·³Ë ±Éμ·μ¢ Ë¨±¸¨·ÊÕÉ¸Ö ¶·¨ ¶μ³μÐ¨ £¨¶μ-
É¥§Ò μ Éμ³, ÎÉμ ¸² ¡Ò° ¢¥±Éμ·´Ò° ¨ ¨§μ¢¥±Éμ·´Ò° Ô²¥±É·μ³ £´¨É´Ò° Ö¤¥·´Ò¥
Éμ±¨ μ¡· §ÊÕÉ ¨§μÉμ¶¨Î¥¸±¨° É·¨¶²¥É, ´  § ·Ö¦¥´´Ò¥ ±μ³¶μ´¥´ÉÒ ±μÉμ·μ£μ
· ¸¶·μ¸É· ´Ö¥É¸Ö § ±μ´ ¸μÌ· ´¥´¨Ö ¢¥±Éμ·´μ£μ Éμ±  [3]; μÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ
gS = 0. � Ëμ·³Ë ±Éμ· Ì  ±¸¨ ²Ó´μ° Î ¸É¨ ¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ± :  ±¸¨-
 ²Ó´μ³, gA(q2), ¶¸¥¢¤μ¸± ²Ö·´μ³, gP (q2), ¨ É¥´§μ·´μ³, gT (q2), Å ¨§¢¥¸É´μ
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§´ Î¨É¥²Ó´μ ³¥´ÓÏ¥. ˆ¸¸²¥¤μ¢ ´¨Ö § Ì¢ É  ³Õμ´μ¢ Ö¤· ³¨ ¢ μ¸´μ¢´μ³ ³μ-
É¨¢¨·μ¢ ´Ò ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¨Ì ¨§ÊÎ¥´¨Ö [3]. ’· ´¸Ëμ·³ Í¨μ´´Ò¥ ¸¢μ°¸É¢ 
É¥´§μ·´μ° ¨ ¸± ²Ö·´μ° ±μ³¶μ´¥´É Éμ±  (1) μÉ´μ¸¨É¥²Ó´μ μ¶¥· Í¨¨ ±μ³¡¨-
´¨·μ¢ ´´μ° Î¥É´μ¸É¨ μÉ²¨Î ÕÉ¸Ö μÉ É· ´¸Ëμ·³ Í¨μ´´ÒÌ ¸¢μ°¸É¢ μ¸É ²Ó´ÒÌ
Î ¸É¥° ´Ê±²μ´´μ£μ Éμ± , ¶μÔÉμ³Ê μ¡ÒÎ´μ ¶μ² £ ÕÉ, ÎÉμ gS = 0 ¨ gT = 0.
Š·μ³¥ Éμ£μ, ¸±μ·μ¸ÉÓ μ¡ÒÎ´μ£μ § Ì¢ É  ³Õμ´μ¢, μ ±μÉμ·μ° ¡Ê¤¥É ¢ μ¸´μ¢´μ³
¨¤É¨ ·¥ÎÓ, § ¢¨¸¨É ²¨ÏÓ μÉ · §´μ¸É¨ gP − gT [6].

‚ ¸¨¸É¥³ Ì ¸μ ¸Ë¥·¨Î¥¸±μ° ¸¨³³¥É·¨¥° ¸μ¸ÉμÖ´¨Ö ¢Ò²¥É ÕÐ¥£μ ´¥°-
É·¨´μ Ê¤μ¡´μ Ì · ±É¥·¨§μ¢ ÉÓ §´ Î¥´¨Ö³¨ ¸Ë¥·¨Î¥¸±μ£μ ±¢ ´Éμ¢μ£μ Î¨¸² 
κ = − (l, σ) − 1. ‘μμÉ¢¥É¸É¢¥´´μ, § Ì¢ É ³Õμ´  ¨§ ¸μ¸ÉμÖ´¨Ö 1s ³Õμ´-
´μ£μ  Éμ³  μ¶¨¸Ò¢ ¥É¸Ö [6] ¸ ¶μ³μÐÓÕ  ³¶²¨ÉÊ¤ Mu(κ), Ì · ±É¥·¨§ÊÕÐ¨Ì
¶·μÍ¥¸¸, ¢ ±μÉμ·μ³ Ö¤·Ê ¶¥·¥¤ ¥É¸Ö ¶μ²´Ò° Ê£²μ¢μ° ³μ³¥´É u ¨ ·μ¦¤ ¥É¸Ö
´¥°É·¨´μ ¢ ¸μ¸ÉμÖ´¨¨ ¸ μ¶·¥¤¥²¥´´Ò³ κ. „²Ö ± ¦¤μ£μ ´¥´Ê²¥¢μ£μ u ¨³¥ÕÉ¸Ö
Î¥ÉÒ·¥ §´ Î¥´¨Ö κ:

Mu(u)=
√

2
2u+1

(√
uGV [0uu] −

√
u+1

3
GA[1uu]−

√
2u+1

3
gV

M
[1u−1up]

)
,

Mu(−u − 1) =
√

2
2u + 1

(√
u + 1GV [0uu] +

√
u

3
GA[1uu]−

−
√

2u + 1
3

gV

M
[1u + 1up]

)
,

Mu(−u) =
√

2
2u+1

(
−
√

2u+1
3

(
GA − u

2u + 1
GP

)
[1u − 1u]+

+

√
u(u + 1)
3(2u + 1)

GP [1u + 1u]−
√

u
gV

M
[0uup] +

√
u + 1

3
gV

M
[1uup]
)

,

Mu(u + 1) =
√

2
2u+1

(
−
√

u(u + 1)
3(2u + 1)

GP [1u − 1u] +
√

2u+1
3

×

×
(

GA − u + 1
2u + 1

GP

)
[1u + 1u] +

√
u + 1

gV

M
[0uup] +

√
u

3
gV

M
[1uup]
)

;

(2)

¤²Ö u = 0 ¢μ§³μ¦´Ò §´ Î¥´¨Ö κ = ±1. ‚  ³¶²¨ÉÊ¤Ò Mu(κ) ¢Ìμ¤ÖÉ ±μ³¡¨´ -
Í¨¨ Ëμ·³Ë ±Éμ·μ¢ ¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ± 

GV = gV (q2) (1 + η) + gS(q2), GA = gA(q2) −
(
gV (q2) + gM (q2)

)
η,

GP =
(
gP (q2) − gA(q2) − gT (q2) − gV (q2) − gM (q2)

)
η, η =

Eν

2Mp c2
,

(3)
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¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¤´μÎ ¸É¨Î´ÒÌ μ¶¥· Éμ·μ¢

[0uu] =
〈

Jf

∣∣∣∣ ∣∣∣∣
√

1
4π

A∑
k=1

φμ(rk) ju(Eνrk)Yu(r̂k)t+k

∣∣∣∣ ∣∣∣∣Ji

〉
/
√

2Jf + 1,

[1wu] =
〈

Jf

∣∣∣∣ ∣∣∣∣
√

3
4π

A∑
k=1

φμ(rk)jw(Eνrk)[σ ⊗ Yw(r̂k)]ut+k

∣∣∣∣ ∣∣∣∣Ji

〉
/
√

2Jf + 1,

[1wup] = i

〈
Jf

∣∣∣∣ ∣∣∣∣
√

3
4π

A∑
k=1

φμ(rk)jw(Eνrk)[Yw(r̂k) ⊗ pk]u t+k

∣∣∣∣ ∣∣∣∣Ji

〉
/
√

2Jf + 1,

[0uup] = i

〈
Jf

∣∣∣∣ ∣∣∣∣
√

1
4π

A∑
k=1

φμ(rk)ju(Eνrk)Yu(r̂k)(pk, σk)t+k

∣∣∣∣ ∣∣∣∣Ji

〉
/
√

2Jf + 1;

(4)
ju(x) =

√
π/2xJu+1/2(x) Å ¸Ë¥·¨Î¥¸±¨¥ ËÊ´±Í¨¨ 	¥¸¸¥²Ö, ¨

[σ ⊗ Yw(r̂)]u,mu =
∑

m,mw

〈1m wmw|umu〉σmYw,mw(r̂) (5)

É¥´§μ·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¸Ë¥·¨Î¥¸±¨Ì μ¶¥· Éμ·μ¢. —¥·¥§ φμ(r) μ¡μ§´ Î¥´  · -
¤¨ ²Ó´ Ö Î ¸ÉÓ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ³Õμ´ , ´ Ìμ¤ÖÐ¥£μ¸Ö ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥
Ö¤· . �´¥·£¨Ö ´¥°É·¨´μ

Eν = (mμ − |ε1S | + Mi − Mf − Ef )
(

1 − mμ − |ε1S | + Mi − Mf − Ef

2(mμ + Mi)

)
§ ¢¨¸¨É μÉ · §´μ¸É¨ ³ ¸¸ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ö¤¥·, Mi − Mf , Ô´¥·£¨¨
¢μ§¡Ê¦¤¥´¨Ö ¢ ±μ´¥Î´μ³ Ö¤·¥, Ef , ¨ Ô´¥·£¨¨ ¸¢Ö§¨ ³Õμ´ , ε1s. „²Ö Ö¤¥·
¸ ¡μ²ÓÏ¨³ Z ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ε1s ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·μ¸É· ´¸É¢¥´´μ¥
· ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¢´ÊÉ·¨ Ö¤· . ‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ ³Ò ¨¸¶μ²Ó§Ê¥³ ¤²Ö · ¸Î¥Éμ¢
φμ(r) ¨ ε1s ¶·¨¡²¨¦¥´´Ò¥ Ëμ·³Ê²Ò ¨§ [7]. ‚ · ¡μÉ¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸μ£² Ï¥´¨¥
μ ¨§μ¸¶¨´μ¢ÒÌ ±¢ ´Éμ¢ÒÌ Î¨¸² Ì ´Ê±²μ´μ¢, ¸μ£² ¸´μ ±μÉμ·μ³Ê t+|p〉 = |n〉.

2. �…�…•�„› 0+ → 1+ ‚ Ÿ„��• sd-���‹�—Šˆ

‚ ¸· ¢´¨É¥²Ó´μ ²¥£±¨Ì Ö¤· Ì ¢μ§³μ¦´μ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ ¶·μ-
Í¥¸¸μ¢ �‡Œ, ¢ ±μÉμ·ÒÌ ±μ´¥Î´μ¥ Ö¤·μ μ¡· §Ê¥É¸Ö ¢ μ¶·¥¤¥²¥´´μ³ ¸μ¸ÉμÖ´¨¨.
…¸²¨ ÔÉμ ¸μ¸ÉμÖ´¨¥ ²¥¦¨É ´¨¦¥ ¶μ·μ£  ¢Ò²¥É  ´Ê±²μ´μ¢, Éμ, ·¥£¨¸É·¨·ÊÖ Ëμ-
Éμ´Ò, ¨¸¶ÊÐ¥´´Ò¥ ¶·¨ ¥£μ γ-· ¸¶ ¤¥, ³μ¦´μ ¨§³¥·¨ÉÓ ¸±μ·μ¸ÉÓ ¶ ·Í¨ ²Ó´μ£μ
�‡Œ [8]. „²Ö ¶¥·¥Ìμ¤μ¢ 0+ → 1+ Ì · ±É¥·¨¸É¨±¨ § Ì¢ É  ³Õμ´μ¢ μ¶·¥¤¥²Ö-
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ÕÉ¸Ö  ³¶²¨ÉÊ¤ ³¨ ¶¥·¥Ìμ¤μ¢ ¶¥·¢μ£μ · ´£ 

M1(−1) =

=

√
2
3

{
−
(

GA−
1
3
GP

)
[101]−GP

√
2

3
[121]−gA

M
[011p]+

gV

M

√
2
3
[111p]

}
,

(6)

¨

M1(2) =

=

√
2
3

{
−GP

√
2

3
[101]−

(
GA−

2
3
GP

)
[121]+

gA

M

√
2[011p]+

gV

M

√
1
3
[111p]

}
.

(7)

�·¨ ÔÉμ³ ¸±μ·μ¸ÉÓ § Ì¢ É  · ¢´ 

Λf = V
[
M1(−1)2 + M1(2)2

]
≈ 2

3
V g2

A [101]2
{

1 +
2
3
η +

8
3

gV + gM

gA
η−

− 2
3

gP

gA
η +

1
3

(
gP

gA
η

)2

+

√
8
9

[
2
(

1+
gV +gM

gA
− gP

gA

)
η +
(

gP

gA
η

)2] [121]
[101]

+

+ 2
(

1 − gP

gA

)
η

[111p]
M [101]

−
√

8
9

gV

gA

[011p]
M [101]

}
. (8)

‚ ¶μ¸²¥¤´¥³ ¢Ò· ¦¥´¨¨ §  ¸±μ¡±¨ ¢Ò´¥¸¥´ ±¢ ¤· É [101] ¨ μÉ¡·μÏ¥´Ò ±¢ -
¤· ÉÒ μÉ´μÏ¥´¨° μ¸É ²Ó´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ± [101]. „²Ö ¶¥·¥Ìμ¤μ¢
0+ → 1+, ¨¤ÊÐ¨Ì c ¡μ²ÓÏμ° ¸±μ·μ¸ÉÓÕ, ÔÉμÉ ³ É·¨Î´Ò° Ô²¥³¥´É μ± §Ò¢ ¥É¸Ö
´ ¨¡μ²ÓÏ¨³. ‘¶¨´-¨§μ¸¶¨´μ¢ Ö Î ¸ÉÓ μ¶¥· Éμ·  ¢ ³ É·¨Î´μ³ Ô²¥³¥´É¥ [101]
¸μ¢¶ ¤ ¥É ¸ μ¶¥· Éμ·μ³ ƒ’-¶¥·¥Ìμ¤μ¢ σt±, ±μÉμ·Ò¥ ¨´É¥´¸¨¢´μ ¨§ÊÎ ÕÉ¸Ö ¢
β-· ¸¶ ¤¥ ¨ ¢ ¶·Ö³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ [9]. ‚²¨Ö´¨¥ ¨´¤ÊÍ¨·μ¢ ´´μ£μ ¶¸¥¢-
¤μ¸± ²Ö·´μ£μ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´  Λf ´¥¢¥²¨±μ, ¶μ¸±μ²Ó±Ê ¢±² ¤ gP

¶μ¤ ¢²¥´ ³ ²Ò³ ³´μ¦¨É¥²¥³ η < 0,05. ‡ Éμ ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Λf Ë ±É¨Î¥¸±¨
¶·μ¶μ·Í¨μ´ ²¥´ ±¢ ¤· ÉÊ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ gA.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ (¶·¥´¥¡·¥£ Ö ¶¥·¥Ìμ¤ ³¨ ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ¸¢¥·ÌÉμ´-
±μ£μ · ¸Ð¥¶²¥´¨Ö ¢ ³Õμ´´μ³  Éμ³¥) ¸±μ·μ¸ÉÓ § Ì¢ É  ³Õμ´  · ¢´ 

Λstat = V
2If + 1
2Ii + 1

Jmax∑
J=Jmin

{
M2

J(−J−1)+M2
J(J)+M2

J(J +1)+M2
J(−J)
}
. (9)

Œ´μ¦¨É¥²Ó V ´¥ ¸μ¤¥·¦¨É ±μ´¸É ´É ¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ± :

V = [G cosΘcm
2
μ]2

mμ

�
4α3Z3Rμ(Z)

(
Eν

mμ

)2 1 − Eν/(mμ + Mi)
(1 + mμ/Mi)3

.
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� ¨¡μ²¥¥ ¶·¨¸¶μ¸μ¡²¥´´Ò³¨ ¤²Ö μ¶¨¸ ´¨Ö ¸É·Ê±ÉÊ·Ò ²¥£±¨Ì Ö¤¥· Ö¢²Ö-
ÕÉ¸Ö μ¡μ²μÎ¥Î´Ò¥ ³μ¤¥²¨. ‚ ´¨Ì μ¶·¥¤¥²ÖÕÉ¸Ö ¶·μ¸É· ´¸É¢μ μ¤´μÎ ¸É¨Î´ÒÌ
¸μ¸ÉμÖ´¨°, § ´¨³ ¥³ÒÌ ¢ ²¥´É´Ò³¨ ´Ê±²μ´ ³¨, Ô´¥·£¨¨ ÔÉ¨Ì ¸μ¸ÉμÖ´¨° ¨
¤¢ÊÌÎ ¸É¨Î´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ¢ ²¥´É´Ò³¨ ´Ê±²μ´ ³¨. ˜¨·μ±μ ¨§-
¢¥¸É´  μ¡μ²μÎ¥Î´ Ö ³μ¤¥²Ó ¤²Ö Ö¤¥· 0p-μ¡μ²μÎ±¨ [10]. �¨¦¥ ³Ò ¡Ê¤¥³ £μ-
¢μ·¨ÉÓ μ · §´ÒÌ Ö¤¥·´ÒÌ ³μ¤¥²ÖÌ, ¶μ´¨³ Ö ¶μ¤ ÔÉ¨³ μ¡μ²μÎ¥Î´Ò¥ ³μ¤¥²¨ ¸
· §´Ò³¨ ´ ¡μ· ³¨ μ¤´μÎ ¸É¨Î´ÒÌ Ô´¥·£¨° ¨ ¤¢ÊÌÎ ¸É¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥-
³¥´Éμ¢, É. ¥. · §´Ò¥ ´ ¡μ·Ò ¶ · ³¥É·μ¢ £ ³¨²ÓÉμ´¨ ´  μ¡μ²μÎ¥Î´μ° ³μ¤¥²¨.

’ ± ± ± ÔËË¥±É¨¢´Ò° £ ³¨²ÓÉμ´¨ ´ �‡Œ, ¶μ²ÊÎ¥´´Ò° ¢ ¨³¶Ê²Ó¸´μ³
¶·¨¡²¨¦¥´¨¨, ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ ¸Ê³³Ò μ¤´μÎ ¸É¨Î´ÒÌ μ¶¥· Éμ·μ¢, Éμ ¢ÒÎ¨-
¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ÔËË¥±É¨¢´μ£μ £ ³¨²ÓÉμ´¨ ´  ¸¢μ¤¨É¸Ö ± ¸¢¥·É±¥
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ μ¶¥· Éμ·μ¢ S(O(ΔJ ,ΔT ), α, α′), ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥-
Ìμ¤ ³ ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ α ¨ α′ μ¡μ²μÎ¥Î´μ£μ ¶·μ¸É· ´¸É¢ 
¸ μ¤´μÎ ¸É¨Î´Ò³¨ ¶¥·¥Ìμ¤´Ò³¨ ¶²μÉ´μ¸ÉÖ³¨ A(ΔJ , ΔT , α, α′, f, i)
([11], Ëμ·³Ê²  (33)):

〈f‖|O(ΔJ ,ΔT )‖|i〉 =
∑
α,α′

A(ΔJ , ΔT , α, α′, f, i)S(O(ΔJ ,ΔT ), α, α′).

�¥·¥Ìμ¤´Ò¥ ¶²μÉ´μ¸É¨ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
É¥´§μ·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö Î ¸É¨Í ¢ μ¤´μ-
Î ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ α ¨ α′ ³¥¦¤Ê ³´μ£μÎ ¸É¨Î´Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨
´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨° Ö¤· 

A(ΔJ , ΔT , α, α′, f, i) =
〈f‖|[a†(α) ⊗ ã(α′)](ΔJ ,ΔT )‖|i〉√

(2ΔJ + 1)(2ΔT + 1)
.

Ÿ¤¥·´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¨ μ¤´μÎ ¸É¨Î´Ò¥ ¶¥·¥Ìμ¤´Ò¥ ¶²μÉ´μ¸É¨ ¢ÒÎ¨-
¸²Ö²¨¸Ó ¸ ¶μ³μÐÓÕ ¶·μ£· ³³Ò [12]. �¤´μÎ ¸É¨Î´Ò¥ ¨´É¥£· ²Ò ¡Ò²¨ · ¸¸Î¨-
É ´Ò ¸ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¨§μÉ·μ¶´μ£μ £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ· .

�±¸¶¥·¨³¥´É ²Ó´μ ¶ ·Í¨ ²Ó´Ò¥ ¸±μ·μ¸É¨ § Ì¢ É  ³Õμ´μ¢ Ö¤· ³¨
sd-μ¡μ²μÎ±¨ ¡Ò²¨ ¨§ÊÎ¥´Ò ¢ [8, 13]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ ¶¥·¥-
Ìμ¤ Ì 0+ → 1 ¢³¥¸É¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢ ´  μ¸´μ¢¥ ³´μ£μÎ ¸É¨Î´μ°
³μ¤¥²¨ μ¡μ²μÎ¥± ¸ £ ³¨²ÓÉμ´¨ ´μ³ [14] ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. ‚¨¤´μ, ÎÉμ
³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ Λf ¨³¥ÕÉ¸Ö ¡μ²Ó-
Ï¨¥ · ¸Ìμ¦¤¥´¨Ö. “³¥´ÓÏ¥´¨¥  ¡¸μ²ÕÉ´μ° ¢¥²¨Î¨´Ò  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ°
±μ´¸É ´ÉÒ gA ¸ 1,26gV ¤μ 0,91gV Ê²ÊÎÏ ¥É ¸μ£² ¸¨¥ ³¥¦¤Ê É¥μ·¨¥° ¨ Ô±¸¶¥-
·¨³¥´Éμ³ Éμ²Ó±μ ¤²Ö ·¥ ±Í¨¨ § Ì¢ É  ³Õμ´μ¢ 24Mg.

� ¨¡μ²ÓÏ¨° ¨´É¥·¥¸ ¢Ò§Ò¢ ¥É § Ì¢ É ³Õμ´μ¢ Ö¤·μ³ 28Si ¸ μ¡· §μ¢ ´¨¥³
28Al, ¶μ¸±μ²Ó±Ê ¨³¥´´μ ´  ÔÉμ³ Ö¤·¥ ¡Ò²¨ ¶·μ¢¥¤¥´Ò É·¨ ´¥§ ¢¨¸¨³ÒÌ Ô±¸-
¶¥·¨³¥´É  ¶μ ¨§³¥·¥´¨Õ ±μÔËË¨Í¨¥´Éμ¢ γ-´¥°É·¨´´μ° ±μ··¥²ÖÍ¨¨ [15Ä17].
�±¸¶¥·¨³¥´É ¶μ± §Ò¢ ¥É, ÎÉμ ¢ 28Al ¸¨²Ó´¥¥ ¢¸¥£μ § ¸¥²Ö¥É¸Ö 1+-¸μ¸ÉμÖ´¨¥ ¸
Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö 2201 ±Ô‚.
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’ ¡²¨Í  1. ‘±μ·μ¸É¨ �‡Œ Ö¤· ³¨ 24Mg, 28Si ¨ 32S ¤²Ö ¶¥·¥Ìμ¤μ¢ 0+ → 1+

Šμ´¥Î´μ¥ �´¥·£¨Ö Λexp, Λth, 103 ¸−1

Ö¤·μ ¢μ§¡Ê¦¤¥´¨Ö, ±Ô‚ 103 ¸−1
gA = −1,26gV gA = −0,91gV

1347 17,5 ± 2,3 29,9 18,9
24Na 3413 3,5 ± 0,7 12,7 7,5

B¸¥£μ 21,0 42,5 26,4

1620 12,9 ± 2,1 3,1 2,1

28Al
2201 62,8 ± 7,4 33,9 22,4
3105 14,7 ± 2,6 25,9 16,2
B¸¥£μ 90,4 62,9 40,7

1149 28,1 ± 4,5 21,2 14,9

32P
4205 34,8 ± 3,6 37,4 23,9
4710 19,4 ± 2,1 45,5 36,9
B¸¥£μ 82,3 104,1 75,7

� ¸Î¥ÉÒ ¸ £ ³¨²ÓÉμ´¨ ´μ³ [14] Ìμ·μÏμ ¢μ¸¶·μ¨§¢μ¤ÖÉ Ô´¥·£¥É¨Î¥¸±¨¥
¸¶¥±É·Ò Ö¤¥· 28Si ¨ 28Al ¨ ¢·¥³¥´  ¦¨§´¨ 1+-¸μ¸ÉμÖ´¨° ¢ 28Al. �μ, ± ± ¡Ò²μ
¶μ± § ´μ ¢ [19, 20], É¥μ·¥É¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ¢¥É¢²¥´¨Ö ¤²Ö γ-· ¸¶ ¤ 
Ê·μ¢´Ö ¸ Ô´¥·£¨¥° 2201 ±Ô‚ ¢ 28Al, ¢ÒÎ¨¸²¥´´Ò¥ ´  μ¸´μ¢¥ ÔÉ¨Ì ³μ¤¥²¥°,
·¥§±μ ¶·μÉ¨¢μ·¥Î É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ [21]. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó
¸ ÔËË¥±É¨¢´Ò³¨ § ·Ö¤ ³¨, · ¢´Ò³¨ 1,35 ¤²Ö ¶·μÉμ´μ¢ ¨ 0,35 ¤²Ö ´¥°É·μ´μ¢;
¨ ¸μ ¸¢μ¡μ¤´Ò³¨ §´ Î¥´¨Ö³¨ ´Ê±²μ´´ÒÌ g-Ë ±Éμ·μ¢ gs = 5,586, gl = 1,0 ¤²Ö
¶·μÉμ´μ¢ ¨ gs = −3,826, gl = 0,0 ¤²Ö ´¥°É·μ´μ¢.

ˆ§ Ëμ·³Ê²Ò (8) ¸²¥¤Ê¥É, ÎÉμ μ¸´μ¢´μ° ¢±² ¤ ¢ ¸±μ·μ¸ÉÓ μ-§ Ì¢ É  ¢´μ¸¨É

μ¶¥· Éμ· ¶¥·¥Ìμ¤ , ¶·μ¶μ·Í¨μ´ ²Ó´Ò°
A∑

k=1

j0(Eνrk)σkt+k , ¸¶¨´-¨§μ¸¶¨´μ¢ Ö

Î ¸ÉÓ ±μÉμ·μ£μ ¸μ¢¶ ¤ ¥É ¸ μ¶¥· Éμ· ³¨ ƒ’-¶¥·¥Ìμ¤μ¢,
A∑

k=1

σkt±, ¨§ÊÎ ¥³ÒÌ

¢ ¶·Ö³ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ É¨¶  (p, n) ¨ (n, p), ¨ ¢Ìμ¤¨É ¢ μ¤¨´ ¨§μÉμ¶¨Î¥-
¸±¨° É·¨¶²¥É ¸μ ¸¶¨´μ¢μ° Î ¸ÉÓÕ μ¶¥· Éμ·  ³ £´¨É´ÒÌ ¤¨¶μ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢

(M1),
A∑

k=1

(gsσk + gllk) t0k, ´ ¡²Õ¤ ¥³ÒÌ ¢ · ¸¸¥Ö´¨¨ Ô²¥±É·μ´μ¢.

�  ·¨¸. 1 ¸μ¶μ¸É ¢²¥´Ò É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ-
¸É¥° £ ³μ¢-É¥²²¥·μ¢¸±¨Ì, B(GT), ¨ ³ £´¨É´ÒÌ ¤¨¶μ²Ó´ÒÌ, B(M1), ¶¥·¥Ìμ-
¤μ¢ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶μ²ÊÎ¥´´Ò³¨ ¨§ ·¥ ±Í¨° 28Si(p, n)28P
¨ 28Si(e, e′)28Si(1+). ’¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö ¶μ± § ´Ò ´  ·¨¸Ê´±¥ ¸¢¥É²Ò³¨
¢¥·É¨± ²Ó´Ò³¨ μÉ·¥§± ³¨,   Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Å É¥³´Ò³¨. �¥§Ê²ÓÉ ÉÒ · ¸-
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�¨¸. 1. �·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ ƒ’- (a, ¢) ¨ ³ £´¨É´ÒÌ ¤¨¶μ²Ó´ÒÌ (¡, £) ¶¥·¥Ìμ¤μ¢
¢ Ö¤· Ì ¸ A = 28

Î¥Éμ¢ ¸ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ [14] ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 1, a, ¡. ‘· ¢´¥´¨¥
¶μ± §Ò¢ ¥É, ÎÉμ ÌμÉÖ É¥μ·¨Ö §´ Î¨É¥²Ó´μ ¶¥·¥μÍ¥´¨¢ ¥É ¸Ê³³ ·´Ò¥ §´ Î¥´¨Ö
B(GT) ¨ B(M1) ¤²Ö ¶¥·¥Ìμ¤μ¢ ´  ¸μ¸ÉμÖ´¨Ö 1+ ¢ 28P ¨ 28Si, ±μÉμ·Ò¥ ¢³¥¸É¥
¸ ¸μ¸ÉμÖ´¨¥³ 2201 ±Ô‚ ¢ 28Al μ¡· §ÊÕÉ μ¤¨´ ¨§μ¸¶¨´μ¢Ò° É·¨¶²¥É, É¥μ·¥É¨-
Î¥¸±¨¥ §´ Î¥´¨Ö B(GT) ¨ B(M1) §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ.
—¨¸²¥´´Ò¥ ¤ ´´Ò¥ ¸μ¡· ´Ò ¢ É ¡². 2; ¡μ²¥¥ ¶μ¤·μ¡´μ¥ ¸· ¢´¥´¨¥ ¢Ò¶μ²´¥´μ
¢ ´ Ï¥° · ¡μÉ¥ [22]. ‚ ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ´¥ Ê¤¨¢¨É¥²Ó´μ, ÎÉμ ¨ É¥μ·¥É¨Î¥¸± Ö
¸±μ·μ¸ÉÓ �‡Œ μ± § ² ¸Ó ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ°. —Éμ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ ¢
· ¸Î¥É Ì ¸±μ·μ¸É¥° �‡Œ Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ, ¶μ²ÊÎ¥´´ÊÕ ¢ ·¥-
 ±Í¨ÖÌ (p, n) ¨ (e, e′), ¢ · ¡μÉ¥ [22] ¶·¥¤²μ¦¥´μ ¸¤¥² ÉÓ ¤μ¶μ²´¨É¥²Ó´μ¥ μ·Éμ-
£μ´ ²Ó´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ¢ ¶·μ¸É· ´¸É¢¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¸ Jπ, T = 1+, 1.
� · ³¥É·Ò ¶·¥μ¡· §μ¢ ´¨Ö ¶μ¤o¡· ´Ò É ±, ÎÉμ¡Ò ¸¨²μ¢Ò¥ ËÊ´±Í¨¨ ƒ’- ¨
³ £´¨É´ÒÌ ¤¨¶μ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶·¥μ¡· §μ¢ ´´Ò³¨ ¢μ²´μ-
¢Ò³¨ ËÊ´±Í¨Ö³¨, ¸μ¢¶ ²¨ ¶μ Ëμ·³¥, É. ¥. ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶μ¸ÉμÖ´´μ£μ ³´μ-
¦¨É¥²Ö, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¸¨²μ¢Ò³¨ ËÊ´±Í¨Ö³¨. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢
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’ ¡²¨Í  2. � ·Í¨ ²Ó´Ò¥ Ì · ±É¥·¨¸É¨±¨ ¨§μ¢¥±Éμ·´ÒÌ ¶¥·¥Ìμ¤μ¢ ¢ Ö¤· Ì ¸ A = 28

Ÿ¤·μ ‚¥²¨Î¨´ 
�±¸¶¥·¨³¥´É ’¥μ·¨Ö

—¨¸²μ C¸Ò²±  a ¡

τ (1+
2,201), Ë¸ 51 ± 1,0(¸É É.) ± 6,7(¸¨¸É.) [18] 66 49

28Al γ(1+
2,201 → 2+

0,031), % 79 [21] 2 63
γ(1+

2,201 → 0+
0,972), % 16 [21] 80 35

Λ(1+
1,620), 103 ¸−1 12,9 ± 2,1 [13] 3,1 7,6

28Al Λ(1+
2,201), 103 ¸−1 62,8 ± 7,4 [13] 34,1 63,6

Λ(1+
3,110), 103 ¸−1 14,7 ± 2,6 [13] 26,1 11,2

BM1(1
+
10,90), μN 0,90 ± 0,02 [59] 0,54 1,04

28Si BM1(1
+
11,45), μN 4,42 ± 0,20 [59] 3,06 4,46

BM1(1
+
12,33), μN 0,87 ± 0,06 [59] 1,39 0,76

B−
GT(1+

1,59) 0,109 ± 0,002 [60] 0,069 0,165
28P B−

GT(1+
2,10) 0,956 ± 0,005 [60] 0,774 1,451

B−
GT(1+

2,94) 0,146 ± 0,003 [60] 0,613 0,222

�·¨³¥Î ´¨¥. τ Å ¢·¥³Ö ¦¨§´¨ Ê·μ¢´Ö; γ Å ±μÔËË¨Í¨¥´É ¢¥É¢²¥´¨Ö γ-· ¸¶ ¤  Ê·μ¢´Ö;

Λ Å ¶ ·Í¨ ²Ó´ Ö ¸±μ·μ¸ÉÓ �‡Œ.

¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2 (¸Éμ²¡¥Í ¡) ¨ ´  ·¨¸. 1, ¢, £. � ¸Î¥ÉÒ ¸ ¶·¥μ¡· §μ-
¢ ´´Ò³¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ Ìμ·μÏμ ¢μ¸¶·μ¨§¢¥²¨ ¶ ·Í¨ ²Ó´Ò¥ ¸±μ·μ-
¸É¨ �‡Œ Ö¤·μ³ 28Si, ¶·¨ ÔÉμ³ μ¶¨¸ ´¨¥ ±μÔËË¨Í¨¥´Éμ¢ ¢¥É¢²¥´¨Ö ¡Ò²μ
§´ Î¨É¥²Ó´μ Ê²ÊÎÏ¥´μ. ‘²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ ¡² £μ¤ ·Ö μ·Éμ£μ´ ²Ó´μ¸É¨
¶·¥μ¡· §μ¢ ´¨Ö ¶μ²´ Ö ¸¨²  ƒ’- ¨ ³ £´¨É´ÒÌ ¶¥·¥Ìμ¤μ¢ μ¸É ² ¸Ó ´¥¨§³¥´-
´μ°. �·¥μ¡· §μ¢ ´¨¥ ¶·¨¢¥²μ ± ¶¥·¥· ¸¶·¥¤¥²¥´¨Õ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê
¸μ¸ÉμÖ´¨Ö³¨ ±μ´¥Î´μ£μ Ö¤· . �·¨ ÔÉμ³ μ± § ²μ¸Ó, ÎÉμ ¤²Ö ¸² ¡μ£μ ¨ Ô²¥±É·μ-
³ £´¨É´μ£μ ¶·μÍ¥¸¸μ¢ (μ-§ Ì¢ É ¨ ³ £´¨É´μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢) É¥μ·¥É¨-
Î¥¸±¨¥ ¸±μ·μ¸É¨ ¸ ³ÒÌ ¨´É¥´¸¨¢´ÒÌ ¶¥·¥Ìμ¤μ¢ μ± § ²¨¸Ó μÎ¥´Ó ¡²¨§±¨³¨ ±
Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³, ´μ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö
B(GT) ¶μÎÉ¨ ´  40 % ¡μ²ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �Éμ Ê¤¨¢¨É¥²Ó´μ,
¶μ¸±μ²Ó±Ê ¸¶¨´μ¢Ò¥ ¨ ¨§μ¸¶¨´μ¢Ò¥ Î ¸É¨ μ¶¥· Éμ·μ¢ ¶¥·¥Ìμ¤μ¢ ¶· ±É¨Î¥¸±¨
¸μ¢¶ ¤ ÕÉ.

3. ��‹�›… ‘Š���‘’ˆ ��›—��ƒ� ‡�•‚�’� Œ����‚
‘‹�†�›Œˆ Ÿ„��Œˆ

‚ ¡μ²¥¥ ÉÖ¦¥²ÒÌ Ö¤· Ì ¨§-§  ¡μ²ÓÏμ° ¶²μÉ´μ¸É¨ Ê·μ¢´¥° ¨§³¥·¨ÉÓ ¶ ·-
Í¨ ²Ó´Ò¥ ¸±μ·μ¸É¨ �‡Œ ´¥ Ê¤ ¥É¸Ö, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨³¥ÕÉ¸Ö,
¢ μ¸´μ¢´μ³, μ ¶μ²´ÒÌ ¸±μ·μ¸ÉÖÌ �‡Œ.
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’¥μ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ²´ÒÌ ¸±μ·μ¸É¥° �‡Œ ¢¥¤ÊÉ¸Ö ¤ ¢´μ, ¨
¶μ¤Ìμ¤Ò, ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ ´¨Ì, ³μ¦´μ £·Ê¡μ · §¤¥²¨ÉÓ ´  É·¨ £·Ê¶¶Ò. ‚
¶¥·¢ÊÕ £·Ê¶¶Ê ¶μ¶ ¤ ÕÉ · ¡μÉÒ, μ¸´μ¢ ´´Ò¥ ´  ¶·¨¡²¨¦¥´¨¨ ¶μ²´μÉÒ ¨
¡²¨§±μ³ ± ´¥³Ê ³¥Éμ¤¥ ¶· ¢¨² ¸Ê³³. ‚ ´¨Ì Ô´¥·£¨¨ ¢Ò²¥É ÕÐ¨Ì ´¥°É·¨´μ § -
³¥´ÖÕÉ¸Ö ¸·¥¤´¨³ §´ Î¥´¨¥³, ¨ ¢ÒÎ¨¸²¥´¨¥ ¶μ²´μ° ¸±μ·μ¸É¨ �‡Œ ¸¢μ¤¨É¸Ö
¶·¨ ¶μ³μÐ¨ ¸μμÉ´μÏ¥´¨Ö ¶μ²´μÉÒ ¤²Ö ¸μ¸ÉμÖ´¨° ±μ´¥Î´μ£μ Ö¤·  ± Ê¸·¥¤´¥-
´¨Õ ¶μ μ¸´μ¢´μ³Ê ¸μ¸ÉμÖ´¨Õ Ö¤·  [23, 24]. ‘·¥¤´ÖÖ Ô´¥·£¨Ö ´¥°É·¨´μ Ë ±-
É¨Î¥¸±¨ μ± §Ò¢ ¥É¸Ö ¶ · ³¥É·μ³ É¥μ·¨¨. „·Ê£ Ö £·Ê¶¶  · ¸Î¥Éμ¢ μ¸´μ¢ ´  ´ 
¶·¨¡²¨¦¥´¨¨ ²μ± ²Ó´μ° ¶²μÉ´μ¸É¨, ¢ ±μÉμ·μ³ ¸±μ·μ¸ÉÓ �‡Œ ¢ÒÎ¨¸²Ö¥É¸Ö
¤²Ö ¡¥¸±μ´¥Î´μ° Ö¤¥·´μ° ³ É¥·¨¨, Ì · ±É¥·¨§Ê¥³μ° ¶²μÉ´μ¸ÉÖ³¨ ¶·μÉμ´μ¢
¨ ´¥°É·μ´μ¢, É. ¥. Λtot ¥¸ÉÓ ËÊ´±Í¨Ö ´¥°É·μ´´ÒÌ ¨ ¶·μÉμ´´ÒÌ ¨³¶Ê²Ó¸μ¢
”¥·³¨. „²Ö ±μ´¥Î´ÒÌ Ö¤¥· ¶μ²´ Ö ¸±μ·μ¸ÉÓ �‡Œ μ¶·¥¤¥²Ö¥É¸Ö ¨²¨ ¢Ò¡μ·μ³
´¥±μÉμ·μ£μ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¶²μÉ´μ¸É¨ Ö¤¥·´μ£μ ¢¥Ð¥¸É¢  [25], ¨²¨ ¨´É¥-
£·¨·μ¢ ´¨¥³ ÔÉμ° ËÊ´±Í¨¨ ¶μ ·¥ ²¨¸É¨Î¥¸±μ³Ê · ¸¶·¥¤¥²¥´¨Õ ¶²μÉ´μ¸É¨ ¢
¶·μ¸É· ´¸É¢¥ [26]. �¡Ð¥° Î¥·Éμ° Ê± § ´´ÒÌ ¶μ¤Ìμ¤μ¢ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¶·μ-
Í¥¸¸ § Ì¢ É  ³Õμ´μ¢ · ¸¸³ É·¨¢ ¥É¸Ö ¸ ³ ¶μ ¸¥¡¥, ´¥§ ¢¨¸¨³μ μÉ μ¸É ²Ó´ÒÌ
¶·μÍ¥¸¸μ¢, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¢ Ö¤·¥. ƒ² ¢´μ¥, ¶·¨ ÔÉμ³ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ±μ²²¥±-
É¨¢´ Ö ¶·¨·μ¤  μÉ±²¨±  Ö¤·  ´  ¢´¥Ï´¥¥ ¢μ§¤¥°¸É¢¨¥. 	μ²¥¥ ¶·¥¤¶μÎÉ¨É¥²Ó-
´Ò³ μ± §Ò¢ ¥É¸Ö É·¥É¨° ¶μ¤Ìμ¤, ¢ ±μÉμ·μ³ ¸±μ·μ¸ÉÓ �‡Œ ¢ÒÎ¨¸²ÖeÉ¸Ö ¤²Ö
± ¦¤μ£μ ¸μ¸ÉμÖ´¨Ö ±μ´¥Î´μ£μ Ö¤·  ¨ ¶μ²´ Ö ¸±μ·μ¸ÉÓ ¶μ²ÊÎ ¥É¸Ö ¸Ê³³¨·μ¢ -
´¨¥³ ÔÉ¨Ì (Ô±¸±²Õ§¨¢´ÒÌ) ¸±μ·μ¸É¥°

Λtot = [G cosΘC ]2
∑

f

(Eν)2
(

1 − Eν

Mi + mμ

)
2Jf + 1
2Ji + 1

×

×
Ji+Jf∑

u=|Ji−Jf |

(
M2

u(u) + M2
u(u + 1) + M2

u(−u) + M2
u(−u − 1)

)
. (10)

‚ ÔÉμ³ ¶μ¤Ìμ¤¥ ¢Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¢ · ¡μÉ Ì [27Ä33].
“· ¢´¥´¨¥ (10) ¶μ± §Ò¢ ¥É, ÎÉμ ¶ ·Í¨ ²Ó´ Ö ¸±μ·μ¸ÉÓ �‡Œ ¶·μ¶μ·Í¨μ-

´ ²Ó´  E2
ν , É. ¥. ¢±² ¤ ¢ ¶μ²´ÊÕ ¸±μ·μ¸ÉÓ �‡Œ ´¨§±μ²¥¦ Ð¨Ì Ö¤¥·´ÒÌ ¸μ-

¸ÉμÖ´¨° (´ ¨¡μ²ÓÏ¨¥ Eν) μ± §Ò¢ ¥É¸Ö Ê¸¨²¥´´Ò³. �·¨ § Ì¢ É¥ ³Õμ´  Ö¤·μ³
¢Ò¤¥²Ö¥É¸Ö Ô´¥·£¨Ö, ¡²¨§± Ö ± ³ ¸¸¥ ³Õμ´ , ¶μÔÉμ³Ê μÉ´μ¸¨É¥²Ó´ Ö ¶μ£·¥Ï-
´μ¸ÉÓ ¢ É¥μ·¥É¨Î¥¸±μ° Λf , ¢Ò§¢ ´´ Ö ´¥μ¶·¥¤¥²¥´´μ¸ÉÖ³¨ ¢ É¥μ·¥É¨Î¥¸±¨Ì
¸¨²μ¢ÒÌ ËÊ´±Í¨ÖÌ Ö¤¥·´ÒÌ ¶¥·¥Ìμ¤μ¢ (±¢ ¤· ÉÒ ³μ¤Ê²¥° ³ É·¨Î´ÒÌ Ô²¥³¥´-
Éμ¢ ¶¥·¥Ìμ¤  ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö), ´¥¢¥²¨± :

ΔΛ
Λ

≈ ΔEk

Eν
	 ΔEk

Ek
,

¨ · ¸Î¥ÉÒ, ±μÉμ·Ò¥ ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢μ¤ÖÉ μ¸´μ¢´Ò¥ Î¥·ÉÒ · ¸¶·¥¤¥²¥-
´¨Ö ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¶μ Ô´¥·£¨Ö³ ¢μ§¡Ê¦¤¥´¨Ö, ¤μ²¦´Ò ¤μ¸É ÉμÎ´μ ´ ¤¥¦´μ
μ¶¨¸Ò¢ ÉÓ ¸±μ·μ¸É¨ �‡Œ.
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3.1. ƒ ³¨²ÓÉμ´¨ ´ Ö¤¥·´μ° ³μ¤¥²¨. ƒ ³¨²ÓÉμ´¨ ´ ³μ¤¥²¨ ¸μ¤¥·¦¨É Ë¥-
´μ³¥´μ²μ£¨Î¥¸±¨¥ ¸·¥¤´¥¥ ¶μ²¥, ³μ´μ¶μ²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ (´¥°É·μ´-´¥°-
É·μ´´μ¥ ¨ ¶·μÉμ´-¶·μÉμ´´μ¥), ¶·¨¢μ¤ÖÐ¥¥ ± ¶ ·´Ò³ ±μ··¥²ÖÍ¨Ö³ ¸¢¥·Ì¶·μ-
¢μ¤ÖÐ¥£μ É¨¶ , ¨ μ¸É ÉμÎ´Ò¥ Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¥¶ · ¡¥²Ó-
´μ£μ É¨¶  [34]:

HM =
∑

τ=n,p

H0(τ) + Hres; (11)

£ ³¨²ÓÉμ´¨ ´Ò ¸·¥¤´¥£μ ¶μ²Ö ¨ ³μ´μ¶μ²Ó´μ£μ ¸¶ ·¨¢ ´¨Ö · ¢´Ò

H0(τ) =
∑

jτ ,mτ

Ejτ a†
jτ ,mτ

ajτ ,mτ−

− Gτ

4

∑
j′τ ,m′

τ ,jτ mτ

(−)j′τ−m′
τ +jτ−mτ a†

j′τ ,m′
τ
a†

j′τ ,−m′
τ
ajτ ,−mτ ajτ ,mτ . (12)

�¸É ÉμÎ´μ¥ ¤¢ÊÌÎ ¸É¨Î´μ¥ ¸¥¶ · ¡¥²Ó´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢Ò¡· ´μ ¢ ¨§μÉμ¶¨-
Î¥¸±¨-¨´¢ ·¨ ´É´μ³ ¢¨¤¥

Hres = −1
2

∑
J,M

∑
q �=q′

(κJ
0 + κJ

1 (τ q · τ q′))Q†
JM (q)QJM (q′)−

− 1
2

∑
L,J,M

∑
q �=q′

(κLJ
0 + κLJ

1 (τ q · τ q′ ))Q†
LJM (q)QLJM (q′), (13)

É. ¥. ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¸Ê³³Ò ¶·μ¨§¢¥¤¥´¨° ¤¢ÊÌ μ¤´μÎ ¸É¨Î´ÒÌ ³Ê²ÓÉ¨-
¶μ²Ó´ÒÌ QJM (q) = iJfJ(rq)YLM (r̂q) ¨²¨ ¸¶¨´-³Ê²ÓÉ¨¶μ²Ó´ÒÌ QLJM (q) =
iJfLJ(rq) [YL(r̂q)× σq]JM μ¶¥· Éμ·μ¢. Œ É·¨ÍÒ � Ê²¨ τ q ¤¥°¸É¢ÊÕÉ ´  ¨§μ-
¸¶¨´μ¢Ò¥ ËÊ´±Í¨¨ q-£μ ´Ê±²μ´ . � §² £ Ö ¨Ì ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥

(τ 1 · τ 2) = 4t01t
0
2 + t−1 t+2 + t+1 t−2 ,

¢Ò¤¥²¨³ ³Ê²ÓÉ¨¶μ²Ó´Ò¥ ¨ ¸¶¨´-³Ê²ÓÉ¨¶μ²Ó´Ò¥ μ¤´μÎ ¸É¨Î´Ò¥ μ¶¥· Éμ·Ò ¸
· §²¨Î´Ò³¨ ¨§μ¸¶¨´μ¢Ò³¨ Î ¸ÉÖ³¨

QJM (k) =
∑

jmt3, j′m′t′3

〈
j′m′t′3|iJfJ YJM τk|jmt3

〉
a†

j′m′t′3
ajmt3 ,

QLJM (k) =
∑

jmt3, j′m′t′3

〈
j′m′t′3|iLfLJ [YL, σ]JM τk|jmt3

〉
a†

j′m′t′3
ajmt3 .

‡¤¥¸Ó ¸¨³¢μ²μ³ τk μ¡μ§´ Î¥´ μ¤¨´ ¨§ ¨§μ¸¶¨´μ¢ÒÌ μ¶¥· Éμ·μ¢ 1, t0, t+ ¨ t−.
�¶¥· Éμ·Ò, ¸μ¤¥·¦ Ð¨¥ t±, ¶¥·¥¢μ¤ÖÉ μ¤´μÎ ¸É¨Î´Ò¥ ´¥°É·μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö
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¢ ¶·μÉμ´´Ò¥ ¨ ´ μ¡μ·μÉ ¨ É¥³ ¸ ³Ò³ ¢Ò§Ò¢ ÕÉ § ·Ö¤μ¢μ-μ¡³¥´´Ò¥ ±μ²¥¡ -
´¨Ö. ‚Ò¡μ· ËÊ´±Í¨° fJ(r) ¨ fLJ(r) ³Ò ¶μ¤·μ¡´μ μ¡¸Ê¤¨³ ¢ ¸²¥¤ÊÕÐ¥³
· §¤¥²¥.

Šμ´¸É ´ÉÒ ¨§μ¢¥±Éμ·´μ£μ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö κLJ
1 ¨ κJ

1 Ö¢²ÖÕÉ¸Ö
ÔËË¥±É¨¢´Ò³¨, ¶μ¸±μ²Ó±Ê μ´¨ ¶μ¤¡¨· ÕÉ¸Ö ¶·¨ μ¶¨¸ ´¨¨ ¨§μ¢¥±Éμ·´ÒÌ ¶¥-
·¥Ìμ¤μ¢. „²Ö ³Ê²ÓÉ¨¶μ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢ Å ¶μ ¶μ²μ¦¥´¨Õ ¨§μ¡ ·- ´ ²μ£μ¢μ£μ
¸μ¸ÉμÖ´¨Ö, ¤²Ö ¸¶¨´-³Ê²ÓÉ¨¶μ²Ó´ÒÌ Å ¶μ ¸¢μ°¸É¢ ³ ƒ’-¶¥·¥Ìμ¤μ¢, ¶·¥¦¤¥
¢¸¥£μ ¶μ ¶μ²μ¦¥´¨Õ ¨ ¸¨²¥ £¨£ ´É¸±μ£μ ƒ’-·¥§μ´ ´¸ . ‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ -
²¨¸Ó ¶¥·¥Ìμ¤Ò ´  ¸μ¸ÉμÖ´¨Ö ¤μÎ¥·´¨Ì Ö¤¥· ¸ Jπ = 0±, . . . , 3±.

�¸É ÉμÎ´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ (13) ¸μ¤¥·¦¨É ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤¢ÊÌ
¢¨¤μ¢
(
[YJ−1(r̂1) ⊗ σ1]J , [YJ−1(r̂2) ⊗ σ2]J

)
¨
(
[YJ+1(r̂1) ⊗ σ1]J , [YJ+1(r̂2) ⊗

σ2]J
)
. ’¥´§μ·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¢ £ ³¨²ÓÉμ´¨ ´ ±μÉμ·μ£μ ¢Ìμ¤¨É ¶·μ¨§-

¢¥¤¥´¨¥ μ¶¥· Éμ·μ¢ [YJ−1(r̂1) ⊗ σ1]JM ¨ [YJ+1(r̂2) ⊗ σ2]JM , ´¥ ÊÎ¨ÉÒ¢ -
¥É¸Ö, ¶μ¸±μ²Ó±Ê ¥£μ ¢±²ÕÎ¥´¨¥ ²¨ÏÓ ´¥§´ Î¨É¥²Ó´μ ¸± §Ò¢ ¥É¸Ö ´  ¸¢μ°-
¸É¢ Ì § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ¢μ§¡Ê¦¤¥´¨°: · ¸Î¥ÉÒ ¶μ²μ¦¥´¨Ö ¨ ¸¨²Ò ¸¶¨´-
¨§μ¸¶¨´μ¢ÒÌ ·¥§μ´ ´¸μ¢ ¶μ± § ²¨, ÎÉμ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ÔË-
Ë¥±É¨¢´ÒÌ ±μ´¸É ´É μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢²¨Ö´¨¥ É¥´§μ·´ÒÌ μ¸É ÉμÎ-
´ÒÌ ¸¨² ³μ¦¥É ¡ÒÉÓ ¢μ¸¶·μ¨§¢¥¤¥´μ ¶ÊÉ¥³ ´¥¡μ²ÓÏ¨Ì ¨§³¥´¥´¨° ¢ ÔËË¥±-
É¨¢´ÒÌ ±μ´¸É ´É Ì Í¥´É· ²Ó´ÒÌ ¨§μ¢¥±Éμ·´ÒÌ μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
„μ¶μ²´¨É¥²Ó´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ, ±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ´¥§ ¢¨¸¨³μ μ¶·¥¤¥²¨ÉÓ
±μ´¸É ´ÉÒ É¥´§μ·´ÒÌ μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¶μ±  ´¥ μ¡´ ·Ê¦¥´μ.

‚ ± Î¥¸É¢¥ ¶¥·¢μ£μ Ï £  ¤¨ £μ´ ²¨§ Í¨¨ £ ³¨²ÓÉμ´¨ ´  Ö¤¥·´μ° ³μ¤¥²¨
¢Ò¶μ²´Ö¥É¸Ö ¶·¥μ¡· §μ¢ ´¨¥ 	μ£μ²Õ¡μ¢ 

ajmt3 = ujt3αjmt3 + (−1)j−mvjt3α
†
j,−mt3

, (14)

±μÉμ·μ¥ ¶¥·¥³¥Ï¨¢ ¥É μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö Î ¸É¨Í μ¤´μ£μ
¸μ·É  (´¥°É·μ´μ¢ ¸ t3 = 1/2 ¨²¨ ¶·μÉμ´μ¢ ¸ t3 = −1/2). �·¨ ÔÉμ³ £ ³¨²ÓÉμ-
´¨ ´ (12) ¶·¨´¨³ ¥É ¢¨¤

H0 ≈
∑
t3

∑
jm

εjt3α
†
jmt3

αjmt3 , (15)

£¤¥ εjt3 =
√

(Ejt3 − λt3)2 + C2
t3 ¨ Ct3 = Gt3/2

∑
j,m ujt3vjt3 . ‡¤¥¸Ó ÊÎÉ¥´μ,

ÎÉμ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò ¨§ Î¥É´μ£μ Î¨¸²  ´¥°É·μ´μ¢ ¨²¨ ¶·μÉμ´μ¢
μ¶¨¸Ò¢ ¥É¸Ö ¸μ¸ÉμÖ´¨¥³ ±¢ §¨Î ¸É¨Î´μ£μ ¢ ±ÊÊ³  αjmt3 |0〉 = 0,   ¢μ§¡Ê¦¤¥´-

´Ò¥ ¸μ¸ÉμÖ´¨Ö Å ± ± ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥: α†
jmt3

α†
j′m′t′3

|0〉.
�¸É ÉμÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶¥·¥³¥Ï¨¢ ÕÉ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ ¢μ§¡Ê-

¦¤¥´¨Ö. —Éμ¡Ò ¤¨ £μ´ ²¨§μ¢ ÉÓ £ ³¨²ÓÉμ´¨ ´, ¸μ¤¥·¦ Ð¨° (15) ¨ § ·Ö¤μ¢μ-
μ¡³¥´´ÊÕ Î ¸ÉÓ (13), ¢¢μ¤ÖÉ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ
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Ëμ´μ´μ¢

Ωi
JM =

∑
jp,jn

(
ψi

jp,jn
[αjp ⊗ αjn ]J,M − (−1)J−Mφi

jp,jn
[αjp ⊗ αjn ]†J,−M

)
. (16)

”μ´μ´´Ò¥  ³¶²¨ÉÊ¤Ò ψi
jn,jp

¨ φi
jn,jp

´μ·³¨·ÊÕÉ¸Ö Ê¸²μ¢¨¥³

Φ(i, i′) ≡
∑
jp,jn

(
ψi

jp,jn
ψi′

jp,jn
− φi

jp,jn
φi′

jp,jn

)
= δi,i′ .

‚Ò· §¨¢ μ¶¥· Éμ·Ò μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Î¥·¥§ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö
¨ Ê´¨ÎÉμ¦¥´¨Ö Ëμ´μ´μ¢, § ¶¨Ï¥³ ¢ ·¨ Í¨μ´´μ¥ Ê· ¢´¥´¨¥

δ

{
〈|Ωi

JMHM Ωi
JM

†|〉 − 〈|HM |〉 − ωi (Φ(i, i) − 1)
}

= 0, (17)

¢ ±μÉμ·μ¥ ± ± ¤μ¶μ²´¨É¥²Ó´μ¥ Ê¸²μ¢¨¥ ¢Ìμ¤¨É Ê¸²μ¢¨¥ ´μ·³¨·μ¢±¨. “¸·¥¤-
´¥´¨¥ ¢Ò¶μ²´Ö¥É¸Ö ¶μ ¸μ¸ÉμÖ´¨Õ Ëμ´μ´´μ£μ ¢ ±ÊÊ³  Ωi

JM |〉 = 0. ˆ§ (17)
¸²¥¤ÊÕÉ Ê· ¢´¥´¨Ö ±¢ §¨Î ¸É¨Î´μ£μ ¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´ÒÌ Ë §, ±μÉμ·Ò¥
μ¶·¥¤¥²ÖÕÉ ψi

jn,jp
, φi

jn,jp
¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ωi:

R+
q,q′gi

q′ − ωiw
i
q = 0,

−ωig
i
q + R−

q,q′wi
q′ = 0.

(18)

‡¤¥¸Ó ¢¢¥¤¥´Ò ¸²¥¤ÊÕÐ¨¥ ¸μ±· Ð¥´´Ò¥ μ¡μ§´ Î¥´¨Ö

q ≡ (jp, jn), gi
q = ψi

jp,jn
+ φi

jp,jn
, wi

q = ψi
jp,jn

− φi
jp,jn

,

εq = εjp + εjn , u±
q = ujpvjn ± vjpujn .

„²Ö ¸μ¸ÉμÖ´¨° ¥¸É¥¸É¢¥´´μ° Î¥É´μ¸É¨

R±
q,q′ = εqδq,q′ − 2

2J + 1

(
κJ

1 hJ
q u±

q hJ
q′u±

q′ + κJJ
1 hJJ

q u±
q hJJ

q′ u±
q′

)
¨ ¤²Ö ¸μ¸ÉμÖ´¨°  ´μ³ ²Ó´μ° Î¥É´μ¸É¨

R±
q,q′ = εqδq,q′−

− 2
2J + 1

(
κJ−1,J

1 hJ−1,J
q u±

q hJ−1,J
q′ u±

q′ + κJ+1,J
1 hJ+1,J

q u±
q hJ+1,J

q′ u±
q′

)
.

‡¤¥¸Ó hJ
q ¨ hLJ

q Å ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³Ê²ÓÉ¨¶μ²Ó´ÒÌ ¨ ¸¶¨´-
³Ê²ÓÉ¨¶μ²Ó´ÒÌ μ¶¥· Éμ·μ¢ ¤²Ö tρ = t−.
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�³¶²¨ÉÊ¤Ò ¶¥·¥Ìμ¤μ¢ ¨§ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Î¥É´μ-Î¥É´μ£μ Ö¤·  ¢ ¢μ§-
¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ ¶μ²´Ò³ ³μ³¥´Éμ³ ¨ ¥£μ É·¥ÉÓ¥° ¶·μ¥±Í¨¥° JM ¨
Ô´¥·£¨¥° ωi · ¢´Ò

b+
JM (i) =

1√
2J + 1

∑
jp,jn

〈jp‖OJ t−‖jn〉(vjpujnψi
jp,jn

+ ujpvjnφi
jp,jn

), (19)

¥¸²¨ § ·Ö¤ Ö¤·  Ê³¥´ÓÏ ¥É¸Ö (·¥ ±Í¨Ö (n, p), ± ¶·¨³¥·Ê), ¨²¨

b−JM (i) =
1√

2J + 1

∑
jp,jn

〈jp‖OJ t−‖jn〉(ujpvjnψi
jp,jn

+ vjpujnφi
jp,jn

) (20)

¶·¨ Ê¢¥²¨Î¥´¨¨ § ·Ö¤ , ± ± ¢ (p, n)-·¥ ±Í¨¨.
3.2. �¸É ÉμÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ ÔËË¥±É ¶μ¤ ¢²¥´¨Ö ¸¨²Ò £ ³μ¢-

É¥²²¥·μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢. ‘¶¨´-¨§μ¸¶¨´μ¢Ò¥ ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò ¢ Ö¤· Ì ¶·μ-
Ö¢²ÖÕÉ¸Ö ¢μ ³´μ£¨Ì ¶·μÍ¥¸¸ Ì. � ¨¡μ²ÓÏ¥¥ ¢´¨³ ´¨¥ ¸·¥¤¨ ´¨Ì É· ¤¨Í¨-
μ´´μ ¶·¨¢²¥± ÕÉ β-· ¸¶ ¤ ¨ § ·Ö¤μ¢μ-μ¡³¥´´Ò¥ ¶·Ö³Ò¥ Ö¤¥·´Ò¥ ·¥ ±Í¨¨
(p, n) ¨ (n, p). � ¨¡μ²ÓÏ¨° ¨´É¥·¥¸ ¢Ò§Ò¢ ÕÉ ¶·μÍ¥¸¸Ò, ¸μ¶·μ¢μ¦¤ ¥³Ò¥
· §·¥Ï¥´´Ò³¨ Ö¤¥·´Ò³¨ ¶¥·¥Ìμ¤ ³¨, É. ¥. ¶¥·¥Ìμ¤ ³¨, ¢ ±μÉμ·ÒÌ ¨§³¥´¥´¨Ö
¶μ²´μ£μ ¸¶¨´  ¨ Î¥É´μ¸É¨ · ¢´Ò ΔJπ = 0+ ¨ 1+. ˆ§ β-· ¸¶ ¤ , §´ Ö Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ft-¢¥²¨Î¨´, ³μ¦´μ ¨§¢²¥ÎÓ ¸Ê³³Ê ±¢ ¤· Éμ¢ ¶·μ-
¨§¢¥¤¥´¨° Ë¥·³¨¥¢¸±¨Ì ¨/¨²¨ £ ³μ¢-É¥²²¥·μ¢¸±¨Ì ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¸
±μ´¸É ´É ³¨ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ²¥¶Éμ´μ¢ ¸ ´Ê±²μ´ ³¨

g2
V B−(F) + g2

AB−(GT) =
K

ft
.

‚ ÔÉμ ¢Ò· ¦¥´¨¥ ¢Ìμ¤ÖÉ ¶·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ Ë¥·³¨¥¢¸±¨Ì ¨ ƒ’-¶¥-
·¥Ìμ¤μ¢

B±(F) ≡ 1
2Ji + 1

∑
Mi,Mf

∣∣∣∣∣
〈

JfMf

∣∣∣∣∣
A∑

q=1

t±q

∣∣∣∣∣ JiMi

〉∣∣∣∣∣
2

,

B±(GT) ≡ 1
2Ji + 1

∑
Mi,Mf

∣∣∣∣∣
〈

JfMf

∣∣∣∣∣
1∑

m=−1

A∑
q=1

σm
q t±q

∣∣∣∣∣JiMi

〉∣∣∣∣∣
2

,

  gV ¨ gA Å ¢¥±Éμ·´ Ö ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ Ö ±μ´¸É ´ÉÒ ¸² ¡μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö ²¥¶Éμ´μ¢ ¸ ´Ê±²μ´ ³¨.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö B(GT), ¨§¢²¥Î¥´´Ò¥ ¨§ ft-¢¥²¨Î¨´ £ ³μ¢-
É¥²²¥·μ¢¸±μ£μ β−-· ¸¶ ¤ , μ± § ²¨¸Ó ³´μ£μ ³¥´ÓÏ¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì μ¤´μ-
Î ¸É¨Î´ÒÌ μÍ¥´μ±. „²Ö μ¡ÑÖ¸´¥´¨Ö ÔÉμ£μ ®¶μ¤ ¢²¥´¨Ö¯ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¡Ò²μ
¶·¥¤¶μ²μ¦¥´μ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ±μ²²¥±É¨¢´μ£μ ƒ’-¸μ¸ÉμÖ´¨Ö, Ô´¥·£¨Ö ¢μ§¡Ê-
¦¤¥´¨Ö ±μÉμ·μ£μ § ³¥É´μ ¡μ²ÓÏ¥ Ô´¥·£¨¨, ¢Ò¤¥²ÖÕÐ¥°¸Ö ¢ β-· ¸¶ ¤¥, ¨ ´ 
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±μÉμ·μ¥ ¶·¨Ìμ¤¨É¸Ö §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¸¨²Ò ´¨§±μ²¥¦ Ð¨Ì μ¤´μÎ ¸É¨Î´ÒÌ
ƒ’-¶¥·¥Ìμ¤μ¢ [35]. �μ²´ Ö ¸¨²  £ ³μ¢-É¥²²¥·μ¢¸±¨Ì σt−- ¨ σt+-¶¥·¥Ìμ¤μ¢
Ê¤μ¢²¥É¢μ·Ö¥É ¶·μ¸Éμ³Ê ¶· ¢¨²Ê ¸Ê³³∑

k

B−
k (GT) −

∑
�

B+
� (GT) = 3(N − Z), (21)

¨§ ±μÉμ·μ£μ ¸²¥¤Ê¥É ´¥· ¢¥´¸É¢μ
∑

k B−
k (GT) � 3(N−Z). ‚ Ö¤· Ì ¸ ¡μ²ÓÏ
̈³

¨§¡ÒÉ±μ³ ´¥°É·μ´μ¢ ¶μ¤ ¤¥°¸É¢¨¥³ ¶·¨´Í¨¶  � Ê²¨ ÔÉ  μÍ¥´±  ¶¥·¥Ìμ¤¨É ¢
¶·¨¡²¨¦¥´´μ¥ · ¢¥´¸É¢μ

∑
k B−

k (GT) ≈ 3(N − Z), ¶μ¸±μ²Ó±Ê
∑

� B+
� (GT)

μ± §Ò¢ ¥É¸Ö ¡²¨§±μ° ± ´Ê²Õ.
�·¥¤¸± § ´´Ò¥ ±μ²²¥±É¨¢´Ò¥ ƒ’-¸μ¸ÉμÖ´¨Ö ¡Ò²¨ μÉ±·ÒÉÒ ¢ ¶·Ö³ÒÌ Ö¤¥·-

´ÒÌ ·¥ ±Í¨ÖÌ (p, n) [36, 37]. �·¨ ÔÉμ³ ¡Ò²μ ¶μ± § ´μ [38], ÎÉμ ¤¨ËË¥·¥´-
Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ (p, n) ¶μ¤ ´Ê²¥³ £· ¤Ê¸μ¢ ¶·¨ ¶·μ³¥¦ÊÉμÎ´ÒÌ
Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¶·μÉμ´μ¢ ²¨´¥°´μ § ¢¨¸¨É μÉ B−(F) ¨ B−(GT)

dσ

dω
(0◦) =

μ

π�2

kf

ki

[
NτJ2

τ B−(F) + NστJ2
στB−(GT)

]
.

� ¸Î¥ÉÒ, ¢Ò¶μ²´¥´´Ò¥ ¢ ¶·¨¡²¨¦¥´¨¨ ¸²ÊÎ °´ÒÌ Ë § (�‘”) ¨ ¢ ¶·¨¡²¨¦¥-
´¨¨ ’ ³³ Ä„ ´±μ¢ , ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢¥²¨ ¶μ²μ¦¥´¨¥ £¨£ ´É¸±μ£μ ·¥§μ-
´ ´¸  ¨ Ô´¥·£¨¨ ´¨§±μ²¥¦ Ð¨Ì ƒ’-¸μ¸ÉμÖ´¨° ¢ Ï¨·μ±μ° £·Ê¶¶¥ Ö¤¥·, μ¤´ ±μ
¸¨²  ¶¥·¥Ìμ¤μ¢, ¨§¢²¥Î¥´´ Ö ¨§ ¸¥Î¥´¨° ·¥ ±Í¨¨ (p, n) ¨ ¶·μ¸Ê³³¨·μ¢ ´´ Ö
¶μ ¢¸¥³ μ¡´ ·Ê¦¥´´Ò³ ¸μ¸ÉμÖ´¨Ö³, ¸μ¸É ¢¨²  50Ä60% μÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
É¥μ·¥É¨Î¥¸±μ£μ §´ Î¥´¨Ö,   ¤²Ö Ö¤¥· ¸ ¡μ²ÓÏ¨³ ¨§¡ÒÉ±μ³ ´¥°É·μ´μ¢ Å μÉ
³¨´¨³ ²Ó´μ£μ §´ Î¥´¨Ö 3(N − Z) [39]. ’ ±¨³ μ¡· §μ³, ¸´μ¢  ¢μ§´¨± ¢μ¶·μ¸
μ ¢μ§³μ¦´μ³ ¶¥·¥´μ¸¥ Î ¸É¨ ¸¨²Ò ¢ μ¡² ¸ÉÓ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö
(¡μ²ÓÏ¥ Ô´¥·£¨¨ ƒ’-·¥§μ´ ´¸ ). Š ± ¡Ò²μ ¶μ± § ´μ  ¢Éμ· ³¨ · ¡μÉÒ [40]
¶·¨ ¶μ³μÐ¨ ³Ê²ÓÉ¨¶μ²Ó´μ£μ · §²μ¦¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° ·¥ ±-
Í¨¨ 90Zr(p, n)90Nb, ¨§³¥·¥´´ÒÌ ¶·¨ Ep = 295 ŒÔ‚, ®¨¸Î¥§´Ê¢Ï Ö¯ ¸¨² 
ƒ’-¶¥·¥Ìμ¤μ¢ · ¸¶μ²μ¦¥´  ¢ μ¡² ¸É¨ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨° μÉ 20 ¤μ 60 ŒÔ‚.
‡¤¥¸Ó ¨ ¤ ²¥¥ Ô´¥·£¨¨ μÉ¸Î¨ÉÒ¢ ÕÉ¸Ö μÉ Ô´¥·£¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ö¤· -
³¨Ï¥´¨. �·¨´ÖÉμ ¸Î¨É ÉÓ, ÎÉμ μ¸´μ¢´ÊÕ ·μ²Ó ¢ ¶¥·¥´μ¸¥ ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢
¨£· ¥É ¢§ ¨³μ¤¥°¸É¢¨¥ Î ¸É¨Î´μ-¤Ò·μÎ´ÒÌ (1p−1h)-¸μ¸ÉμÖ´¨° ¸ ¢μ§¡Ê¦¤¥-
´¨Ö³¨ ¡μ²¥¥ ¸²μ¦´μ° ¶·¨·μ¤Ò, ¶·¥¦¤¥ ¢¸¥£μ, ¸ (2p−2h)-¸μ¸ÉμÖ´¨Ö³¨ (¸³.
μ¡§μ·Ò [1, 41]). ‚ · ¡μÉ¥ [40] ¶μ²ÊÎ¥´μ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥
¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¶μ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨°, ±μÉμ·μ¥ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²Ó-
É É ³¨ É¥μ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° [42, 43], ¸μ£² ¸´μ ±μÉμ·Ò³ ÊÎ¥É ¢§ ¨³μ-
¤¥°¸É¢¨Ö ³¥¦¤Ê ±μ´Ë¨£Ê· Í¨Ö³¨ (1p−1h) ¨ (2p−2h) ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ
§´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¸³¥Ð ¥É¸Ö ¨§ ƒ’-·¥§μ´ ´¸  ´  ¸μ¸ÉμÖ´¨Ö
¸μ §´ Î¨É¥²Ó´μ ¡
μ²ÓÏ¨³¨ Ô´¥·£¨Ö³¨. �  ¸ ³μ³ ¤¥²¥ ¸¨ÉÊ Í¨Ö μ± §Ò¢ ¥É¸Ö
¡μ²¥¥ ¸²μ¦´μ°, ¨ ¢μ¶·μ¸ μ ¢μ§³μ¦´μ° ¶·¨Î¨´¥ ¸¤¢¨£  ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ´¥
¸Éμ²Ó μÎ¥¢¨¤¥´.
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—Éμ¡Ò ¶μ± § ÉÓ ÔÉμ, · ¸¸³μÉ·¨³ ¸¨²μ¢ÊÕ ËÊ´±Í¨Õ ƒ’-¶¥·¥Ìμ¤μ¢

b±(E) ≡
∑

ρ

Bρ δ(E − Eρ) (22)

¨ ¥¥ Ô´¥·£¥É¨Î¥¸±¨-¢§¢¥Ï¥´´Ò¥ ³μ³¥´ÉÒ

S±
k ≡

∞∫
0

Ek b±(E) dE =
∑

ρ

Ek
ρ B±

ρ , £¤¥ k = 0, 1, 2, . . . (23)

� Ï¥° Í¥²ÓÕ ¡Ê¤¥É ¸μ¶μ¸É ¢²¥´¨¥ ´Ê²¥¢μ£μ ¨ ¶¥·¢μ£μ Ô´¥·£¥É¨Î¥¸±¨ ¢§¢¥Ï¥´-
´ÒÌ ³μ³¥´Éμ¢, ¢ÒÎ¨¸²¥´´ÒÌ ¢ · §²¨Î´ÒÌ ¶·¨¡²¨¦¥´¨ÖÌ. ‚ · ¡μÉ Ì [43, 44]
¡Ò²¨ ¸μ¶μ¸É ¢²¥´Ò ¸¨²μ¢Ò¥ ËÊ´±Í¨¨ b−(E), ¢ÒÎ¨¸²¥´´Ò¥ ¢ μ¡ÒÎ´μ³ �‘”
¨ ¢μ ®¢Éμ·μ³¯ �‘”. ‚μ ®¢Éμ·μ³¯ �‘” ¢ μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ-
¦¥´¨Ö Ëμ´μ´μ¢ ¢±²ÕÎ ÕÉ¸Ö μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ¸μ¸ÉμÖ´¨°
(2p−2h) [41,45]. �·¨ ÔÉμ³ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° Ö¤· 
¸ μ¡e¨³¨ § ³±´ÊÉÒ³¨ μ¡μ²μÎ± ³¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥∗ O†

ρ| 〉, £¤¥ O†
ρ Å

μ¶¥· Éμ· ·μ¦¤¥´¨Ö Ëμ´μ´ :

O†
ρ =
∑
j,p

(
ψρ

jpa
†
jap − φρ

jpa
†
paj

)
+

+
∑

j<j′,p<p′

(
ψρ

jj′,pp′a
†
ja

†
j′ap′ap − φρ

jj′,pp′a
†
pa

†
p′aj′aj

)
. (24)

�¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤· -³¨Ï¥´¨ μ¶¨¸Ò¢ ¥É¸Ö Ëμ´μ´´Ò³ ¢ ±ÊÊ³μ³ | 〉, ±μÉμ-
·Ò° ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ, ¨¸Ìμ¤Ö ¨§ μ¶·¥¤¥²¨É¥²Ö ‘²¥É¥·  Φ0. ‚ Ê· ¢´¥´¨¨ (24)
¨´¤¥±¸Ò p ¨ p′ ¶¥·¥Î¨¸²ÖÕÉ μ¤´μÎ ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, ±μÉμ·Ò¥ ¸μ¤¥·¦ É¸Ö
¢ Φ0, É. ¥. ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ Ö¢²ÖÕÉ¸Ö ®§ ´ÖÉÒ³¨¯,   j ¨ j′ Ê± §Ò¢ ÕÉ
´  ®¸¢μ¡μ¤´Ò¥¯ μ¤´μÎ ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö. ‡ ³±´ÊÉμ¸ÉÓ μ¡μ²μÎ¥± £ · ´É¨-
·Ê¥É ¥¤¨´¸É¢¥´´μ¸ÉÓ É ±μ£μ · §¡¨¥´¨Ö ¢ Φ0. Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ· 
¶¥·¥Ìμ¤  T ³¥¦¤Ê μ¸´μ¢´Ò³ ¨ ¢μ§¡Ê¦¤¥´´Ò³ (μ¤´μËμ´μ´´Ò³) ¸μ¸ÉμÖ´¨Ö³¨
· ¢¥´

Tρ ≡ 〈Oρ|T | 〉 = 〈Φ0| (OρT − TOρ) |Φ0〉. (25)

”μ´μ´´Ò¥  ³¶²¨ÉÊ¤Ò ψρ ¨ φρ, ¢Ìμ¤ÖÐ¨¥ ¢ (24), ¨ Ô´¥·£¨Ö ¢μ§¡Ê¦¤¥´¨Ö, Eρ,
μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ § ¤ Î¨ ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ®¢Éμ·μ£μ¯ �‘”(

A D
D∗ A∗

) (
ψρ

φρ

)
= Eρ

(
ψρ

−φρ

)
. (26)

∗‚¥²¨Î¨´Ò, μÉ´μ¸ÖÐ¨¥¸Ö ±μ ®¢Éμ·μ³Ê¯ �‘”, μ¡μ§´ Î ¥³ ¶·¨ ¶μ³μÐ¨ ®·Ê±μ¶¨¸´ÒÌ¯ ² -
É¨´¸±¨Ì ¡Ê±¢.
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	²μÎ´Ò¥ ³ É·¨ÍÒ, ¢Ìμ¤ÖÐ¨¥ ¢ ÔÉμ Ê· ¢´¥´¨¥, ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

A =

(
Ajp,j′p′ Ajp,j′1j′2p′

1p′
2

Aj1j2p1p2,j′p′ Aj1j2p1p2,j′1j′2p′
1p′

2

)
,

D =

(
Djp,j′p′ Djp,j′1j′2p′

1p′
2

Dj1j2p1p2,j′p′ Dj1j2p1p2,j′1j′2p′
1p′

2

)
¨

χα =
(

ψα
jp

ψα
j1j2p1p2

)
, ρα =

(
φα

jp

φα
j1j2p1p2

)
.

„²Ö ¤ ²Ó´¥°Ï¥£μ ¢ ¦´μ, ÎÉμ ³ É·¨ÍÒ, ¸ÉμÖÐ¨¥ ¢ ²¥¢ÒÌ ¢¥·Ì´¨Ì Ê£² Ì, ¸μ-
¢¶ ¤ ÕÉ ¸ ³ É·¨Í ³¨ Ê· ¢´¥´¨° μ¡ÒÎ´μ£μ �‘”,   ¨³¥´´μ:

Ajp,j′p′ = 〈Φ0|a†
pajHa†

j′ap′ |Φ0〉 − 〈Φ0|H |Φ0〉δj,j′δp,p′ ,

Djp,j′p′ = 〈Φ0|a†
paja

†
p′aj′H |Φ0〉.

�¥Ï¥´¨Ö ¸¨¸É¥³Ò (26) (É ±¦¥ ± ± ¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° μ¡ÒÎ´μ£μ �‘” (¸³.,
´ ¶·¨³¥·, [46])) μ¡² ¤ ÕÉ ¸²¥¤ÊÕÐ¥° Ì · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ. Š ¦¤μ³Ê
·¥Ï¥´¨Õ ¸ ¶μ²μ¦¨É¥²Ó´Ò³ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ Eρ ¸μμÉ¢¥É¸É¢Ê¥É ·¥Ï¥´¨¥
¸ μÉ·¨Í É¥²Ó´Ò³ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ (−Eρ), ¨ ¶μÔÉμ³Ê ¢¸²¥¤¸É¢¨¥ ¸¶¥±-
É· ²Ó´ÒÌ ¸¢μ°¸É¢ Ê· ¢´¥´¨Ö (26) ¢μ ®¢Éμ·μ³¯ �‘” (± ± ¨ ¢ �‘”) ¢Ò¶μ²´Ö-
ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê Ô´¥·£¥É¨Î¥¸±¨-¢§¢¥Ï¥´´Ò³¨ ³μ³¥´É ³¨
¸¨²μ¢ÒÌ ËÊ´±Í¨° Ô·³¨Éμ¢μ-¸μ¶·Ö¦¥´´ÒÌ μ¶¥· Éμ·μ¢ ¶¥·¥Ìμ¤  ¨ ¸É¥¶¥´Ö³¨
³ É·¨ÍÒ Ê· ¢´¥´¨° ®¢Éμ·μ£μ¯ �‘”:

∑
ρ: Eρ>0

Ek
ρ

(
|Tρ|2 − (−1)k|T †

ρ |2
)

=
(
T † T̃ +
)( A D

D∗ A∗

)k( T
−T +∗

)
. (27)

„²Ö ƒ’-μ¶¥· Éμ·μ¢ ¶¥·¥Ìμ¤ 

(
T =

A∑
q=1

σqt
−
q ¨ T † =

A∑
q=1

σqt
+
q

)
μÉ²¨Î´Ò³¨ μÉ

´Ê²Ö ¡Ê¤ÊÉ Éμ²Ó±μ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ Φ0 ¨ a†
japΦ0,

¶μÔÉμ³Ê ¨§ Ê· ¢´¥´¨° (23) ¨ (27) ¤²Ö k = 0 ¨ k = 1 ¸· §Ê ¸²¥¤ÊÕÉ · ¢¥´¸É¢ 

S−
0 − S+

0

∣∣
SRPA

= S−
0 − S+

0

∣∣
RPA

,

S−
1 + S+

1

∣∣
SRPA

= S−
1 + S+

1

∣∣
RPA

.
(28)

� ´¥¥ ÔÉ¨ ¸μμÉ´μÏ¥´¨Ö ¡Ò²¨ Ê± § ´Ò ¢ [47] ¨ ¶·μÍ¨É¨·μ¢ ´Ò ¢ [41]. �É³¥É¨³
É ±¦¥, ÎÉμ · ¢¥´¸É¢  (28) μ¶·¥¤¥²ÖÕÉ¸Ö Éμ²Ó±μ ¸¶¥±É· ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨
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¸¨¸É¥³ ²¨´¥°´ÒÌ Ê· ¢´¥´¨° �‘” ¨ ®¢Éμ·μ£μ¯ �‘” ¨ ´¥ § ¢¨¸ÖÉ μÉ ±μ´±·¥É-
´μ£μ ¢Ò¡μ·  £ ³¨²ÓÉμ´¨ ´  μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ μÉ ¨¸¶μ²Ó§Ê¥³ÒÌ
¢μ²´μ¢ÒÌ ËÊ´±Í¨° μ¤´μÎ ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°. „²Ö ¸¶· ¢¥¤²¨¢μ¸É¨ · ¢¥´¸É¢

(28) ´¥μ¡Ìμ¤¨³μ Éμ²Ó±μ, ÎÉμ¡Ò ³ É·¨Í 

(
A D
D∗ A∗

)
, ¸ÉμÖÐ Ö ¢ ²¥¢μ° Î ¸É¨

(26), ¡Ò²  ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´μ° [46].
‚ Ö¤· Ì ¸ ¡μ²ÓÏ¨³ ¨§¡ÒÉ±μ³ ´¥°É·μ´μ¢ S+

0 	 S−
0 . � ¶·¨³¥·, · ¸Î¥ÉÒ

¢ · ³± Ì �‘” ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ 90Zr S+
0 ¸μ¸É ¢²Ö¥É ³¥´ÓÏ¥ 10 % μÉ S−

0 .
�μÔÉμ³Ê ¨§ ÉμÎ´ÒÌ ¸μμÉ´μÏ¥´¨° (28), μÉ¡·μ¸¨¢ ³ ²Ò¥ S+

0 ¨ S+
1 , ¶μ²ÊÎ ¥³

S−
0

∣∣
SRPA

≈ S−
0

∣∣
RPA

, S−
1

∣∣
SRPA

≈ S−
1

∣∣
RPA

. (29)

‚ · ¡μÉ¥ [48] ¤μ± § ´μ, ÎÉμ ¸μμÉ´μÏ¥´¨Ö (29) ¡Ê¤ÊÉ ÉμÎ´Ò³¨ ¢ § ¤ Î¥ Ë· £-
³¥´É Í¨¨, ¢ ±μÉμ·μ° ¢²¨Ö´¨¥ ¸²μ¦´ÒÌ ±μ´Ë¨£Ê· Í¨° ÊÎ¨ÉÒ¢ ¥É¸Ö ¤μ¡ ¢²¥-
´¨¥³ ¢ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¤¢ÊÌ- (¨ ¡μ²¥¥) Ëμ´μ´´ÒÌ
±μ³¶μ´¥´Éμ¢. �·¨ ÔÉμ³ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö μ¸É ¥É¸Ö ´¥-
¨§³¥´´μ°,   ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ³¥¦¤Ê μ¸´μ¢´Ò³ ¨ ¢μ§¡Ê-
¦¤¥´´Ò³ ¸μ¸ÉμÖ´¨Ö³¨ ¶·¨´¨³ ÕÉ¸Ö ¢ · ¸Î¥É Éμ²Ó±μ ¶¥·¥Ìμ¤Ò ¨§ μ¸´μ¢´μ£μ
¸μ¸ÉμÖ´¨Ö ¢ μ¤´μËμ´μ´´Ò¥ Î ¸É¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°, É. ¥. · ¸¸³ É·¨-
¢ ¥É¸Ö Ë· £³¥´É Í¨Ö μ¤´μËμ´μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¶μ ¸μ¸ÉμÖ´¨Ö³ ¡μ²¥¥ ¸²μ¦-
´μ° ¶·¨·μ¤Ò. � ¸Î¥ÉÒ, ¢Ò¶μ²´¥´´Ò¥ ¢ [49], ¶μ± § ²¨, ÎÉμ ÊÎ¥É ¤¢ÊÌËμ´μ´-
´ÒÌ ±μ³¶μ´¥´Éμ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ´¥ ¶·¨¢μ¤¨É ±
¸¤¢¨£Ê § ³¥É´μ° Î ¸É¨ ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¢ μ¡² ¸ÉÓ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê-
¦¤¥´¨Ö. �ÉμÉ ·¥§Ê²ÓÉ É ¶μ²´μ¸ÉÓÕ ¸μ£² ¸Ê¥É¸Ö ¸ ¸μμÉ´μÏ¥´¨Ö³¨

S−
0

∣∣
RPA

= S−
0

∣∣
fragm

¨ S−
1

∣∣
RPA

= S−
1

∣∣
fragm

.

�¤´μ¢·¥³¥´´μ¥ ¸μÌ· ´¥´¨¥ ¶μ²´μ° ¸¨²Ò ¶¥·¥Ìμ¤μ¢, S−
0 , ¨ ¸·¥¤´¥° Ô´¥·£¨¨

¢μ§¡Ê¦¤¥´¨Ö, S−
1 /S−

0 , ¶·¨ ¶¥·¥Ìμ¤¥ μÉ �‘” ±μ ®¢Éμ·μ³Ê¯ �‘” [43] ¨²¨
± § ¤ Î¥ Ë· £³¥´É Í¨¨ [49] ¨³¥¥É ¢ ¦´μ¥ ¸²¥¤¸É¢¨¥ ¤²Ö ¶·μ¡²¥³Ò ¨¸Î¥§´μ-
¢¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢. …¸²¨ ¶μ¤ ¢²¨Ö´¨¥³ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ®¶·μ-
¸ÉÒ³¨¯ ¨ ®¸²μ¦´Ò³¨¯ ±μ´Ë¨£Ê· Í¨Ö³¨ Î ¸ÉÓ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¸¤¢¨´¥É¸Ö ¢
μ¡² ¸ÉÓ ¡μ²ÓÏ¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö, Éμ ´¥¨§¡¥¦´μ § ³¥É´ Ö Î ¸ÉÓ ¸¨²Ò
¤μ²¦´  ¶¥·¥°É¨ ´  ¸μ¸ÉμÖ´¨Ö ¸ ³ ²Ò³¨ Ô´¥·£¨Ö³¨ ¢μ§¡Ê¦¤¥´¨Ö. ‚ ·¥§Ê²Ó-
É É¥, · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¢ · °μ´¥ ¸ ³μ£μ £¨£ ´É¸±μ£μ ·¥§μ´ ´¸ 
¨ ´¨¦¥ ´¥£μ, ¢ÒÎ¨¸²¥´´μ¥ c ÊÎ¥Éo³ Éμ²Ó±μ ®¶·μ¸ÉÒÌ¯ ±μ´Ë¨£Ê· Í¨°, ¶μ²-
´μ¸ÉÓÕ ¨§³¥´¨É¸Ö. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ [43] ¶·μÉ¨¢μ·¥Î É ÔÉμ³Ê
¶μ²μ¦¥´¨Õ,   ¢ ¶μ¸²¥¤ÊÕÐ¥° · ¡μÉ¥ [44] ÊÉ¢¥·¦¤ ¥É¸Ö ¤ ¦¥, ÎÉμ ¢ ¸²ÊÎ ¥
90Zr ¶¥·¥Ìμ¤ μÉ �‘” ±μ ®¢Éμ·μ³Ê¯ �‘” Ê¢¥²¨Î¨¢ ¥É ¸·¥¤´ÕÕ Ô´¥·£¨Õ ƒ’-
¶¥·¥Ìμ¤μ¢ ¶·¨¡²¨§¨É¥²Ó´μ ´  6 ŒÔ‚, ÎÉμ Ö¢´μ ¶·μÉ¨¢μ·¥Î¨É ®§ ±μ´ ³ ¸μÌ· -
´¥´¨Ö¯ (28) ¨ (29).

ˆ§ ¶·¨¢¥¤¥´´ÒÌ · ¸¸Ê¦¤¥´¨° ¸²¥¤Ê¥É, ÎÉμ ¶¥·¥´μ¸ ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¢
μ¡² ¸ÉÓ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö, ¶μ¤· §Ê³¥¢ ¥³Ò° ÔËË¥±Éμ³ ¶·μ¶ ¦¨
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¸¨²Ò ¢ μ¡² ¸É¨ £¨£ ´É¸±μ£μ ·¥§μ´ ´¸ , ¤μ²¦¥´ ¢Ò§Ò¢ ÉÓ¸Ö ¢§ ¨³μ¤¥°¸É¢¨Ö³¨
³¥¦¤Ê Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨,   ´¥ ¸³¥Ï¨¢ ´¨¥³ ±μ´Ë¨£Ê· Í¨°
É¨¶  (1p−1h) ¨ (2p−2h). 	μ²ÓÏ¨¥ £ ³μ¢-É¥²²¥·μ¢¸±¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
¸ÊÐ¥¸É¢ÊÕÉ Éμ²Ó±μ ³¥¦¤Ê μ¤´μÎ ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, ±μÉμ·Ò¥ ¨³¥ÕÉ μ¤¨-
´ ±μ¢Ò¥ · ¤¨ ²Ó´Ò¥ ¨ μ·¡¨É ²Ó´Ò¥ ±¢ ´Éμ¢Ò¥ Î¨¸²  (¶·¨´ ¤²¥¦ É μ¤´μ°
£² ¢´μ° μ¡μ²μÎ±¥), ´μ ÔÉ¨ ¸μ¸ÉμÖ´¨Ö ¨³¥ÕÉ ¸· ¢´¨É¥²Ó´μ ´¥¡μ²ÓÏ¨¥ Ô´¥·£¨¨
¢μ§¡Ê¦¤¥´¨Ö. �μÔÉμ³Ê ´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò μ¸É ÉμÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸³¥-
Ï¨¢ ²¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¢ ±μÉμ·ÒÌ ±¢ §¨Î ¸É¨ÍÒ ¶·¨´ ¤²¥¦ É
μ¤´μ° £² ¢´μ° μ¡μ²μÎ±¥ (ΔN = 0), ¸ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨, ¸μ-
¤¥·¦ Ð¨³¨ ±¢ §¨Î ¸É¨ÍÒ ¨§ · §´ÒÌ £² ¢´ÒÌ μ¡μ²μÎ¥± (ΔN � 2). �μÔÉμ³Ê
¨§ ¸ ³μ£μ Ë ±É  ¸ÊÐ¥¸É¢μ¢ ´¨Ö ÔËË¥±É  ¶μ¤ ¢²¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¸²¥-
¤Ê¥É, ÎÉμ μ¸É ÉμÎ´Ò¥ ¸¨²Ò ³¥¦¤Ê ´Ê±²μ´ ³¨ μ¡Ö§ É¥²Ó´μ ¨³¥ÕÉ Ì · ±É¥·´μ¥
¸¢μ°¸É¢μ: μ´¨ ¤μ²¦´Ò ¶·¨¢μ¤¨ÉÓ ± ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥¦¤Ê ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´Ò³¨ (Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨) ¸μ¸ÉμÖ´¨Ö³¨ ¸ ΔN = 0 ¨ ΔN � 2.

‚ · ¡μÉ¥ [49] · ¤¨ ²Ó´Ò° Ëμ·³Ë ±Éμ· μ¤´μÎ ¸É¨Î´ÒÌ μ¶¥· Éμ·μ¢
MLJ(q) μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (13) ¡Ò² ¢Ò¡· ´ ¢ ¢¨¤¥ fL(r) = fLJ(r) =
rL. ‘ É ±¨³ Ëμ·³Ë ±Éμ·μ³ ¢§ ¨³μ¤¥°¸É¢¨¥ (13) ¢ ¸¶¨´-¸¶¨´μ¢μ³ ± ´ ²¥
(L = 0, J = 1) ¸μ¢¶ ²μ c (σ, σ)-¸¨² ³¨, ±μÉμ·Ò¥ ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò  ¢-
Éμ· ³¨ [39]. � ¸Î¥ÉÒ ¢ �‘” ¸ É ±¨³ ¢§ ¨³μ¤¥°¸É¢¨¥³ [39, 49] ¶μ± § ²¨,
ÎÉμ ¶·¨ μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨ÖÌ κ01

1 ¢¸¥£¤  Ê¤ ¥É¸Ö ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢¥-
¸É¨ ¶μ²μ¦¥´¨¥ £¨£ ´É¸±μ£μ ƒ’-·¥§μ´ ´¸ , ´μ ¶·¨ ÔÉμ³ ¶· ±É¨Î¥¸±¨ ¢¸Ö ¸¨² 
ƒ’-¶¥·¥Ìμ¤μ¢ ¶·¨Ìμ¤¨É¸Ö ´  μ¡² ¸É¨ £¨£ ´É¸±μ£μ ƒ’-·¥§μ´ ´¸  ¨ ´¨¦¥ ¥£μ.
‘ ·μ¸Éμ³  ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö κ01

1 Ô´¥·£¨Ö ƒ’-·¥§μ´ ´¸  ¨ ¤μ²Ö ¢¸¥° ¸¨²Ò
¶¥·¥Ìμ¤μ¢, ¸μ¸·¥¤μÉμÎ¥´´ Ö ¢ ´¥³, Ê¢¥²¨Î¨¢ ÕÉ¸Ö. ’ ±¨³ μ¡· §μ³, ¸ É ±¨³¨
μ¸É ÉμÎ´Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨ ¢ · ³± Ì �‘” μ¤´μ¢·¥³¥´´μ ´¥ Ê¤ ¥É¸Ö ¶· -
¢¨²Ó´μ μ¶¨¸ ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¢ μ¡² ¸É¨ £¨£ ´É¸±μ£μ ·¥-
§μ´ ´¸  ¨ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨° ¨ ¤μ¡¨ÉÓ¸Ö ¸³¥Ð¥´¨Ö §´ Î¨É¥²Ó-
´μ° Î ¸É¨ ¸¨²Ò ¶¥·¥Ìμ¤μ¢ ¢ μ¡² ¸ÉÓ ¡
μ²ÓÏ¨Ì Ô´¥·£¨°. ‘Ìμ¤´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ · ¸Î¥É Ì ´  μ¸´μ¢¥ ³μ¤¥²¨ ±μ´¥Î´ÒÌ Ë¥·³¨-¸¨¸É¥³ [50], ¢
±μÉμ·μ° ¡Ò²¨ ¨¸¶μ²Ó§μ¢ ´Ò δ-¸¨²Ò, ¤μ¶μ²´¥´´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨¥³, ¢μ¸¶·μ-
¨§¢μ¤ÖÐ¨³ μ¤´μ¶¨μ´´Ò° μ¡³¥´, ¨ ¢ · ¡μÉ Ì [43, 44], ¢ ±μÉμ·ÒÌ ¢ ± Î¥¸É¢¥
μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡Ò²μ ¢Ò¡· ´μ ·¥ ²¨¸É¨Î¥¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥,
¶μ¸É·μ¥´´μ¥ ´  μ¸´μ¢¥ G-³ É·¨ÍÒ. ’μ, ÎÉμ ¢μ ¢¸¥Ì Ê¶μ³Ö´ÊÉÒÌ · ¡μÉ Ì ´¥
Ê¤ ²μ¸Ó ¢μ¸¶·μ¨§¢¥¸É¨ ÔËË¥±É ¨¸Î¥§´μ¢¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢, ¸¢Ö§ ´μ ¸
É¥³, ÎÉμ ¢¸¥ ÔÉ¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ ¸³¥Ï¨¢ ÕÉ Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥ ¢μ§¡Ê¦¤¥-
´¨Ö ¸ ΔN = 0 ¨ ΔN � 2 (¨²¨ ¸³¥Ï¨¢ ÕÉ ¨Ì ´¥¤μ¸É ÉμÎ´μ ¸¨²Ó´μ).

…¸²¨ ¢ μ¶¥· Éμ· Ì MLJ(q) μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (13) ¶μ²μ¦¨ÉÓ

fJ(r) = fLJ(r) =
dU(r)

dr
(¸³. [51]), £¤¥ U(r) Å Í¥´É· ²Ó´ Ö Î ¸ÉÓ μ¤´μ-

Î ¸É¨Î´μ£μ μ¡μ²μÎ¥Î´μ£μ ¶μÉ¥´Í¨ ² , Éμ ¸μ£² ¸´μ · ¸Î¥É ³, ¢Ò¶μ²´¥´´Ò³
¢ [52, 53], ¤²Ö Ö¤¥· 54Fe, 90Zr, 120,124Sn, 140Ce ¨ 208Pb, ´ Î¨´ Ö ¸ ´¥±μ-
Éμ·ÒÌ §´ Î¥´¨° ±μ´¸É ´ÉÒ ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö κ01

1 , Ëμ·³¨·Ê¥É¸Ö
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±μ²²¥±É¨¢´μ¥ ƒ’-¸μ¸ÉμÖ´¨¥, · ¸¶μ²μ¦¥´´μ¥ ¢ÒÏ¥ μ¡ÒÎ´μ£μ ƒ’-·¥§μ´ ´¸ .
�Éμ ¸μ¸ÉμÖ´¨¥ ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¸μ¸ÉμÖ´¨°, ¢ ±μÉμ·ÒÌ ´¥°-
É·μ´´ Ö ¨ ¶·μÉμ´´ Ö ±¢ §¨Î ¸É¨ÍÒ ¶·¨´ ¤²¥¦ É · §´Ò³ £² ¢´Ò³ μ¡μ²μÎ± ³.
Œ É·¨Î´Ò° Ô²¥³¥´É μ¶¥· Éμ·  σt− ³¥¦¤Ê É ±¨³¨ μ¤´μÎ ¸É¨Î´Ò³¨ ¢μ²´μ-
¢Ò³¨ ËÊ´±Í¨Ö³¨ ³μ¦¥É μÉ²¨Î ÉÓ¸Ö μÉ ´Ê²Ö Éμ²Ó±μ ¨§-§  ´ ·ÊÏ¥´¨Ö μ·Éμ-
£μ´ ²Ó´μ¸É¨ ³¥¦¤Ê ´¥°É·μ´´Ò³¨ ¨ ¶·μÉμ´´Ò³¨ μ¤´μÎ ¸É¨Î´Ò³¨ ¸μ¸ÉμÖ´¨-
Ö³¨ ¸ · §´Ò³¨ · ¤¨ ²Ó´Ò³¨ ±¢ ´Éμ¢Ò³¨ Î¨¸² ³¨, ¢Ò§¢ ´´μ£μ · §²¨Î¨Ö³¨
¢ μ¤´μÎ ¸É¨Î´ÒÌ ¶μÉ¥´Í¨ ² Ì ¤²Ö ´¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢. ‘ ·μ¸Éμ³ ³μ¤Ê²Ö
ÔËË¥±É¨¢´μ° ±μ´¸É ´ÉÒ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ÔÉμ ±μ²²¥±É¨¢´μ¥ ¸μ¸Éμ-
Ö´¨¥ ¢¡¨· ¥É ¢ ¸¥¡Ö ¢¸¥ ¡
μ²ÓÏÊÕ Î ¸ÉÓ ƒ’-¸¨²Ò ¨ ¶μ¸É¥¶¥´´μ ¸³¥Ð ¥É¸Ö ¢
μ¡² ¸ÉÓ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö. �Éμ ¶·μ¨¸Ìμ¤¨É ¡² £μ¤ ·Ö Ê¸¨-
²¨¢ ÕÐ¥³Ê¸Ö ¢§ ¨³μ¤¥°¸É¢¨Õ ³¥¦¤Ê Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨ 1+-¶¥·¥Ìμ¤ ³¨ ¸
ΔN = 0 ¨ ΔN � 2. �μ¢Ò¥ ±μ²²¥±É¨¢´Ò¥ ¸μ¸ÉμÖ´¨Ö ¨³¥ÕÉ Ô´¥·£¨¨ ¢μ§¡Ê-
¦¤¥´¨Ö ¢ÒÏ¥ 30 ŒÔ‚. �·¨ ÔÉμ³ £¨£ ´É¸±¨° ƒ’-·¥§μ´ ´¸ É¥·Ö¥É Î ¸ÉÓ ¸¨²Ò
¶¥·¥Ìμ¤μ¢ ¨ ¥£μ Ô´¥·£¨Ö ´¥§´ Î¨É¥²Ó´μ Ê¢¥²¨Î¨¢ ¥É¸Ö. ’ ± Ö ®¸É ¡¨²Ó´μ¸ÉÓ¯
¶μ²μ¦¥´¨Ö £¨£ ´É¸±μ£μ ƒ’-·¥§μ´ ´¸  μ¡ÑÖ¸´Ö¥É¸Ö ¶μÖ¢²¥´¨¥³ ¢ ¸¥±Ê²Ö·´μ³
Ê· ¢´¥´¨¨ �‘” ¤μ¶μ²´¨É¥²Ó´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¶μ²Õ¸μ¢, · ¸¶μ²μ¦¥´-
´ÒÌ ¶·¨ ¡
μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ, Î¥³ ¤¢Êx±¢ §¨Î ¸É¨Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, Ëμ·³¨·ÊÕ-
Ð¨¥ ÔÉμÉ ·¥§μ´ ´¸. �μ²´ Ö ¸¨²  ¶¥·¥Ìμ¤μ¢ σt− ³¥´Ö¥É¸Ö ´¥§´ Î¨É¥²Ó´μ ¨
μ£· ´¨Î¥´  ¸´¨§Ê ¢¥²¨Î¨´μ° 3(N − Z).

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸¨²μ¢μ° ËÊ´±Í¨¨ ¶¥·¥Ìμ¤μ¢
σt− ¢ 90Zr. �μ μ¸¨ μ·¤¨´ É μÉ²μ¦¥´  ¡¥£ÊÐ Ö ¸Ê³³ 

S−(E) ≡
∑

k:Ek�E

B−
k (GT),

¢ÒÎ¨¸²¥´´ Ö ¤²Ö ´¥¸±μ²Ó±¨Ì §´ Î¥´¨° ÔËË¥±É¨¢´ÒÌ ±μ´¸É ´É μ¸É ÉμÎ´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° κ01

1 ¨ κ21
1 . Š·¨¢ Ö 1 ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Ö³ κ01

1 = κ21
1 =

−0,23/A, ±·¨¢ Ö 2 ¶·¥¤¸É ¢²Ö¥É κ01
1 = κ21

1 = −0,33/A, ¨ ±·¨¢ Ö 3 Å
κ01

1 = κ21
1 = −0,43/A. ’μ²¸É Ö ¸¥· Ö ²¨´¨Ö ¶μ± §Ò¢ ¥É ¸£² ¦¥´´Ò¥ Ô±¸¶¥·¨-

³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö S−(E), ¢§ÖÉÒ¥ ¨§ · ¡μÉÒ [40] (·¨¸. 12, ±·¨¢ Ö DWIA ¸
μ¤´μÎ ¸É¨Î´Ò³¨ ËÊ´±Í¨Ö³¨ ‘ ±¸μ´ Ä‚Ê¤¸ ). ˆ§ ·¨¸. 2 ¢¨¤´μ, ÎÉμ ÊÎ¥É ¢§ -
¨³μ¤¥°¸É¢¨Ö Î ¸É¨Î´μ-¤Ò·μÎ´ÒÌ 1+-¢μ§¡Ê¦¤¥´¨° ¢´ÊÉ·¨ μ¤´μ° £² ¢´μ° μ¡μ-
²μÎ±¨ ¸ (ΔN � 2)-¢μ§¡Ê¦¤¥´¨Ö³¨ ¶μ§¢μ²Ö¥É ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢¥¸É¨ μ¸´μ¢-
´Ò¥ Î¥·ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢. � ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶·¨
É ±μ³ ¢Ò¡μ·¥ ±μ´¸É ´ÉÒ κ21

1 ¸¶¨´-±¢ ¤·Ê¶μ²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶· ±É¨Î¥-
¸±¨ ´¥ μ± §Ò¢ ÕÉ ¢²¨Ö´¨Ö ´  ¸¨²μ¢ÊÕ ËÊ´±Í¨Õ ¶¥·¥Ìμ¤μ¢ σt−.

” ±É μ¡´ ·Ê¦¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¢ μ¡² ¸É¨ Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö
¤μ 50 ŒÔ‚ ¶μ¤É¢¥·¦¤ ¥É ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ ¢μ§¡Ê¦¤¥´¨¥ ±μ´Ë¨£Ê· -
Í¨¨ Δ-¨§μ¡ · Ä´Ê±²μ´´ Ö ¤Ò·±  ¶· ±É¨Î¥¸±¨ ´¥ ÊÎ ¸É¢Ê¥É ¢ ¶¥·¥´μ¸¥ ¸¨²Ò
¶¥·¥Ìμ¤μ¢ ´  ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö. ‚ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ¸²¥¤μ-
¢ ²μ ¡Ò μ¦¨¤ ÉÓ, ÎÉμ ¸¨²  ¶¥·¥Ìμ¤μ¢ ¡Ê¤¥É · ¸¶·¥¤¥²¥´  ¢ μ¡² ¸É¨ Ô´¥·£¨°
¢μ§¡Ê¦¤¥´¨Ö ¢¶²μÉÓ ¤μ 270Ä300 ŒÔ‚.
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�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò σt−-¶¥·¥Ìμ¤μ¢ ¢ 90Zr. Š·¨¢Ò¥ 1Ä3 ¶·¥¤¸É ¢²ÖÕÉ ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ¸ · §´Ò³¨ §´ Î¥´¨Ö³¨ ÔËË¥±É¨¢´ÒÌ ±μ´¸É ´É μ¸É ÉμÎ-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ’μ²¸É Ö ¸¥· Ö ²¨´¨Ö ¶μ± §Ò¢ ¥É ¸£² ¦¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö S−(E), ¢§ÖÉÒ¥ ¨§ · ¡μÉÒ [40]

ˆ§²μ¦¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¥¥ § ±²ÕÎ¥´¨¥ μ¡
μ¸μ¡¥´´μ¸ÉÖÌ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ¸¶¨´-¨§μ¸¶¨´μ¢μ³ ± ´ ²¥. ‘ ³μ
¸ÊÐ¥¸É¢μ¢ ´¨¥ ÔËË¥±É  ®¨¸Î¥§´μ¢¥´¨Ö¯ ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ Ê± §Ò¢ ¥É ´  Éμ,
ÎÉμ ¢ ¸¶¨´-¨§μ¸¶¨´μ¢μ³ ± ´ ²¥ ´¥¨§¡¥¦´μ ¶·¨¸ÊÉ¸É¢Ê¥É ¨´É¥´¸¨¢´μ¥ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ³¥¦¤Ê Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨ ¢μ§¡Ê¦¤¥´¨Ö³¨ ¸ ΔN = 0 ¨ ΔN � 2.

�μ¸±μ²Ó±Ê ¨§¢²¥Î¥´¨¥ ¸¶¨´μ¢ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¨§ ¸¥Î¥´¨° ·¥-
 ±Í¨° (p, n) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸²μ¦´ÊÕ ¨ ´¥ ·¥Ï¥´´ÊÕ ¤μ ±μ´Í  § ¤ ÎÊ
[54, 55], ¨´É¥·¥¸´μ ¢ÒÖ¸´¨ÉÓ ± ± ¢§ ¨³μ¤¥°¸É¢¨¥, ¸³¥Ï¨¢ ÕÐ¥¥ ΔN = 0 ¨
ΔN � 2, ¡Ê¤¥É ¶·μÖ¢²ÖÉÓ ¸¥¡Ö ¢ ¤·Ê£¨Ì § ·Ö¤μ¢μ-μ¡³¥´´ÒÌ ¶·μÍ¥¸¸ Ì, ¢ Éμ³
Î¨¸²¥ ¨ ¢ ¶μ£²μÐ¥´¨¨ ³Õμ´μ¢. �μÔÉμ³Ê · ¸Î¥ÉÒ ¸±μ·μ¸É¥° μ-§ Ì¢ É  ³Ò ¡Ê-
¤¥³ ¶·μ¢μ¤¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ¤¢  ¢ ·¨ ´É  · ¤¨ ²Ó´μ° § ¢¨¸¨³μ¸É¨ μ¤´μÎ ¸É¨Î-
´ÒÌ μ¶¥· Éμ·μ¢ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö (13). �¥·¢Ò° ¢ ·¨ ´É ¶·¨¢μ¤¨É
± μ¡· §μ¢ ´¨Õ ¢Ò¸μ±μ²¥¦ Ð¨Ì ±μ²²¥±É¨¢´ÒÌ ¸μ¸ÉμÖ´¨°, ´  ±μÉμ·Ò¥ ³μ¦¥É
¶·¨Ìμ¤¨ÉÓ¸Ö §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¸¨²Ò σt−-¶¥·¥Ìμ¤μ¢,

fJ(r) = fLJ(r) =
dU(r)

dr
, (30)

£¤¥ U(r) Å Í¥´É· ²Ó´ Ö Î ¸ÉÓ μ¤´μÎ ¸É¨Î´μ£μ μ¡μ²μÎ¥Î´μ£μ ¶μÉ¥´Í¨ ² , ¨
¢Éμ·μ° ¢ ·¨ ´É

fJ(r) = rJ ¨ fLJ(r) = rL, (31)

±μÉμ·Ò° ´¥ μ¡¥¸¶¥Î¨¢ ¥É ÔÉμ£μ ÔËË¥±É .
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3.3. �μ²´Ò¥ ¸±μ·μ¸É¨ § Ì¢ É  ³Õμ´μ¢ ¸Ë¥·¨Î¥¸±¨³¨ Ö¤· ³¨. �¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢ ¶μ²´ÒÌ ¸±μ·μ¸É¥° �‡Œ ¶μ± § ´Ò ´  ·¨¸. 3, ´  ±μÉμ·μ³ Ö¸´μ
¢¨¤´μ, ÎÉμ ¤²Ö ÉÖ¦¥²ÒÌ Ö¤¥· É¥μ·¥É¨Î¥¸±¨¥ ¸±μ·μ¸É¨ �‡Œ § ³¥É´μ ¶·¥¢Ò-
Ï ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö. „²Ö ¸·¥¤´¥ÉÖ¦¥²ÒÌ Ö¤¥· · ¸Î¥ÉÒ ¸ μ¡μ-
¨³¨ ¢ ·¨ ´É ³¨ μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¤ ÕÉ ¡²¨§±¨¥ ·¥§Ê²ÓÉ ÉÒ, ±μÉμ-
·Ò¥ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‘ ·μ¸Éμ³ ³ ¸¸μ-
¢μ£μ Î¨¸²  · §²¨Î¨Ö ³¥¦¤Ê É¥μ·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¶μ²´Ò³¨

�¨¸. 3. �μ²´Ò¥ ¸±μ·μ¸É¨ § Ì¢ É  ³Õμ´μ¢. + Å Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¢§ÖÉÒ¥
¨§ [56] (¤²¨´  ¢¥·É¨± ²Ó´ÒÌ μÉ·¥§±μ¢ ¸μμÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ μÏ¨¡± ³);
� Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30); � Å ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ ¢§ -
¨³μ¤¥°¸É¢¨¥³ (31). ‘¶²μÏ´ Ö ²¨´¨Ö ¶μ± §Ò¢ ¥É ¸±μ·μ¸É¨ �‡Œ, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ
Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° Ëμ·³Ê²¥ [23] ¸ ¶ · ³¥É· ³¨, μ¶·¥¤¥²¥´´Ò³¨ ¢ [56]

¸±μ·μ¸ÉÖ³¨ �‡Œ Ê¢¥²¨Î¨¢ ÕÉ¸Ö. �μÔÉμ³Ê ¶μ²¥§´μ ¸μ¶μ¸É ¢¨ÉÓ É¥μ·¥É¨Î¥-
¸±¨¥ ¸±μ·μ¸É¨ �‡Œ, ¢ÒÎ¨¸²¥´´Ò¥ ¸ · §´Ò³¨ μ¸É ÉμÎ´Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨-
Ö³¨ ¨ ¶·¨ ´¥¸±μ²Ó±¨Ì §´ Î¥´¨ÖÌ κLJ

1 . ‘¤¥² ¥³ ÔÉμ ´  ¶·¨³¥·¥ Ö¤¥· 90Zr
¨ 208Pb. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸±μ·μ¸É¥° �‡Œ Ö¤·μ³ 90Zr ¤ ´Ò ¢ É ¡². 3
¨ ´  ·¨¸. 4. „²Ö ¥¸É¥¸É¢¥´´μ° ¸³¥¸¨ ¨§μÉμ¶μ¢ Zr Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ -
Î¥´¨¥ Λtot = 86,6 · 105 ¸−1 [56]. ’ ±¨³ μ¡· §μ³, · ¸Î¥É ´¥¶²μÌμ ¢μ¸¶·μ-
¨§¢μ¤¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. �É³¥É¨³ É ±¦¥, ÎÉμ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ
¶μ²´ÒÌ ¸±μ·μ¸É¥° ± gP /gA ´¥¢¥²¨± , ´ ¶·¨³¥·, ¢ 90Zr ¶·¨ Ê¢¥²¨Î¥´¨¨
gP /gA μÉ 4,0 ¤μ 12,0 É¥μ·¥É¨Î¥¸± Ö Λtot Ê³¥´ÓÏ ¥É¸Ö μÉ 85,5 · 105 ¸−1 ¤μ
76,8 · 105 ¸−1.

� ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢±² ¤ ¸±μ·μ¸É´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ([1wup]
¨ [0uup]) ¢ ¶μ²´ÊÕ ¸±μ·μ¸ÉÓ �‡Œ ´¥§´ Î¨É¥²¥´. �É¡· ¸Ò¢ ´¨¥ ¸±μ·μ¸É´ÒÌ
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’ ¡²¨Í  3. ‘±μ·μ¸É¨ �‡Œ (¢ 105 ¸−1) Ö¤·μ³ 90Zr, ¶·μ¸Ê³³¨·μ¢ ´´Ò¥ ¶μ ¸μ¸Éμ-
Ö´¨Ö³ ¸ μ¶·¥¤¥²¥´´Ò³¨ Jπ . ‚Éμ·Ò¥ ¸É·μ±¨ ¶μ± §Ò¢ ÕÉ μÉ´μ¸¨É¥²Ó´Ò¥ ¢±² ¤Ò
¢ Λtot (¢ %)

κLJ
1 A

Šμ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, Jπ
�μ²´ Ö

0+ 0− 1+ 1− 2+ 2− 3+ 3− ¸±μ·μ¸ÉÓ

0,00 4,9 3,6 24,3 43,4 15,2 19,3 11,6 3,3 125,6
3,9 2,8 19,3 34,6 12,1 15,4 9,2 2,6 100,0

f(r) = dU/dr

Ä0,23 5,3 2,2 28,3 27,3 8,5 12,3 5,5 1,4 90,8
5,9 2,5 31,2 30,0 9,3 13,5 6,0 1,6 100,0

Ä0,33 5,3 2,2 29,1 25,1 7,4 11,2 4,4 1,2 85,8
6,2 2,5 33,9 29,2 8,6 13,1 5,2 1,4 100,0

Ä0,43 5,3 2,2 29,9 23,5 6,6 10,5 3,7 1,0 82,8
6,4 2,6 36,1 28,4 8,0 12,7 4,5 1,2 100,0

fL(r) = rL

Ä23,0 4,7 1,9 23,4 27,2 10,2 12,2 7,1 1,9 88,7
5,3 2,2 26,4 30,6 11,5 13,8 8,0 2,2 100,0

Ä25,0 4,7 1,9 23,2 27,2 10,0 11,8 6,9 1,9 86,9
5,5 2,2 26,7 26,5 11,5 13,6 7,9 2,2 100,0

Ä28,0 4,7 1,8 23,0 25,7 9,6 11,3 6,5 1,8 84,4
5,6 2,1 27,2 30,4 11,4 13,4 7,8 2,1 100,0

³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ Ê¢¥²¨Î¨¢ ¥É Λtot ¢ 90Zr ¶·¨³¥·´μ ´  ¶·μÍ¥´É. ’ ±¨³
μ¡· §μ³, ¶·Ö³μ¥ ¢ÒÎ¨¸²¥´¨¥ ´¥ ¶μ¤É¢¥·¦¤ ¥É μÍ¥´±Ê, ¤ ´´ÊÕ ¢ [29], ¸μ£² ¸´μ
±μÉμ·μ° ¢±² ¤ § ¢¨¸ÖÐ¨Ì μÉ ¸±μ·μ¸É¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢ Λtot ¸μ¸É ¢²Ö¥É
μÉ 12 ¤μ 16 %.

ˆ§ É ¡². 3 ¢¨¤´μ, ÎÉμ μ¸´μ¢´μ° ¢±² ¤ ¢ ¶μ²´Ò¥ ¸±μ·μ¸É¨ �‡Œ ¢´μ¸ÖÉ
¶¥·¥Ìμ¤Ò ¸ ¶¥·¥¢μ·μÉμ³ ¸¶¨´  (ƒ’-, ¸¶¨´-¤¨¶μ²Ó´Ò¥, ¸¶¨´-±¢ ¤·Ê¶μ²Ó´Ò¥
μ¶¥· Éμ·Ò).

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸±μ·μ¸É¥° �‡Œ Ö¤·μ³ 208Pb ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 4
¨ ´  ·¨¸. 5. ‘· §Ê μÉ³¥É¨³, ÎÉμ Λtot, ¢ÒÎ¨¸²¥´´Ò¥ ¸ μ¸É ÉμÎ´Ò³¨ ¢§ ¨³μ-
¤¥°¸É¢¨Ö³¨ (31), ³¥´ÓÏ¥ ¸±μ·μ¸É¥°, ¶μ²ÊÎ¥´´ÒÌ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30). ‚
μ¸´μ¢´μ³, · §²¨Î¨Ö ¢ ¶μ²´ÒÌ ¸±μ·μ¸ÉÖÌ ¢μ§´¨± ÕÉ ¨§-§  ¶¥·¥Ìμ¤μ¢, ´ ¸¥²Ö-
ÕÐ¨Ì ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´Ò¥ 1±-¸μ¸ÉμÖ´¨Ö. �É¨ ¸μ¸ÉμÖ´¨Ö ¨£· ÕÉ § ³¥É´ÊÕ
·μ²Ó ¢ · ¸Î¥É Ì �‡Œ ¸ ¸¨² ³¨ (30) ¨ ¶· ±É¨Î¥¸±¨ μÉ¸ÊÉ¸É¢ÊÕÉ ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ¢§ ¨³μ¤¥°¸É¢¨° (31). ‚ 208Pb Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ô´¥·£¨¨ ±μ²²¥±-
É¨¢´ÒÌ ¨§μ¡ ·- ´ ²μ£μ¢ÒÌ ¸μ¸ÉμÖ´¨° (ˆ�‘) ¨ ƒ’(σt−)-¸μ¸ÉμÖ´¨° Ìμ·μÏμ
¢μ¸¶·μ¨§¢μ¤ÖÉ¸Ö · ¸Î¥É ³¨ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (31). �·¨ κ0

1 = −28,0/A Ô´¥·-
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�¨¸. 4. ‘±μ·μ¸É¨ �‡Œ Ö¤·μ³ 90Zr

⎛
⎝Λ(E) =

∑
k:Ek<E

Λ(Ek)

⎞
⎠. ‘¶²μÏ´Ò³¨ ²¨´¨Ö³¨

¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30); ¶Ê´±É¨·´Ò³¨ Å ¸ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ (31); a) ¶μ ¢¸¥³ Jπ; ¡) 1−-¸μ¸ÉμÖ´¨e; ¢) 1+-¸μ¸ÉμÖ´¨e

£¨Ö ˆ�‘ ¶μ²ÊÎ ¥É¸Ö · ¢´μ° 18,94 ŒÔ‚, a ¶·¨ κ01
1 = −23,0/A Ô´¥·£¨Ö ƒ’-

·¥§μ´ ´¸  · ¢´Ö¥É¸Ö 19,71 ŒÔ‚. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥-
´¨Ö Å 18,8 [57] ¨ 19,2 ŒÔ‚. �·¨ ÔÉμ³ ¡μ²¥¥ 80 % ¢¸¥° ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢
· ¸¶μ²μ¦¥´μ ¢ ³ ±¸¨³Ê³¥ ·¥§μ´ ´¸ . � ¸Î¥ÉÒ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30) ¶μ± -
§Ò¢ ÕÉ, ÎÉμ ¶·¨ κ01

1 = −0,43/A Ô´¥·£¨Ö ±μ²²¥±É¨¢´μ£μ 1+-¸μ¸ÉμÖ´¨Ö ¶μ²Ê-
Î ¥É¸Ö · ¢´μ° 16,85 ŒÔ‚. �·¨ ÔÉμ³ ¢ μ¡² ¸É¨ ·¥§μ´ ´¸  ´ Ìμ¤¨É¸Ö μ±μ²μ
¶μ²μ¢¨´Ò ¢¸¥° ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢,   ¡μ²¥¥ 30 % ¥¥ ¸¤¢¨£ ÕÉ¸Ö ´  ¸μ¸ÉμÖ´¨Ö
1+, · ¸¶μ²μ¦¥´´Ò¥ ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨°. �É¨ ¢Ò¸μ±μ¢μ§¡Ê-
¦¤¥´´Ò¥ 1+-¸μ¸ÉμÖ´¨Ö μÉ¢¥É¸É¢¥´´Ò É ±¦¥ §  Éμ, ÎÉμ Ô´¥·£¨Ö £¨£ ´É¸±μ£μ
ƒ’-·¥§μ´ ´¸  μ¸É ´¥É¸Ö ³¥´ÓÏ¥ 18 ŒÔ‚ ¤ ¦¥ ¶·¨ Ê¤¢μ¥´¨¨ |κ01

1 |. ‚¶·μÎ¥³,
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’ ¡²¨Í  4. ‘±μ·μ¸É¨ �‡Œ (¢ 105 ¸−1) Ö¤·μ³ 208Pb, ¶·μ¸Ê³³¨·μ¢ ´´Ò¥ ¶μ ¸μ¸Éμ-
Ö´¨Ö³ ¸ μ¶·¥¤¥²¥´´Ò³¨ ¸¶¨´ ³¨ ¨ Î¥É´μ¸ÉÖ³¨, Jπ . ‚Éμ·Ò¥ ¸É·μ±¨ ¶μ± §Ò¢ ÕÉ
μÉ´μ¸¨É¥²Ó´Ò° ¢±² ¤ ¢ Λtot (¢ %)

κLJ
1 A

Šμ´¥Î´Ò¥ ¸μ¸ÉμÖ´¨Ö, Jπ �μ²´ Ö

0+ 0− 1+ 1− 2+ 2− 3+ 3− ¸±μ·μ¸ÉÓ

f(r) = dU/dr

Ä0,23 15,7 3,1 70,5 33,8 29,7 29,5 10,4 5,8 198,6
7,9 1,6 35,5 17,0 15,0 14,9 5,2 2,9 100,0

Ä0,33 15,7 2,7 72,5 33,1 26,9 31,8 9,5 4,9 197,2
8,0 1,4 36,8 16,8 13,7 16,1 4,8 2,5 100,0

Ä0,43 15,7 2,4 71,9 32,6 25,0 33,2 9,0 4,3 194,2
8,1 1,2 37,0 16,8 12,9 17,1 4,6 2,2 100,0

fL(r) = rL

Ä23,0 13,5 2,8 46,9 23,8 33,7 19,9 11,0 8,0 159,5
8,5 1,7 29,4 14,9 21,1 12,4 6,9 5,0 100,0

Ä25,0 13,5 2,6 46,7 23,3 33,0 19,8 10,7 7,8 157,4
8,6 1,7 29,7 14,8 21,0 12,6 6,8 5,0 100,0

Ä28,0 13,5 2,4 46,5 22,6 32,0 19,6 10,3 7,5 154,5
8,7 1,6 30,1 14,7 20,7 12,7 6,7 4,9 100,0

¢ · ¸Î¥É Ì [43] ¶μ²μ¦¥´¨¥ ƒ’-·¥§μ´ ´¸ , ¢ÒÎ¨¸²¥´´μ¥ ¢ �‘”, É ±¦¥ μ± § -
²μ¸Ó ³¥´ÓÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ §´ Î¥´¨Ö. Š·μ³¥ Éμ£μ, ´ ³¨ ¡Ò² ¢Ò¶μ²´¥´
· ¸Î¥É ¸ μ¤´μÎ ¸É¨Î´Ò³¨ Ô´¥·£¨Ö³¨ ¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨, ¢ÒÎ¨¸²¥´´Ò³¨
¶μ ³¥Éμ¤Ê • ·É·¨Ä”μ±  ¸ ¸¨² ³¨ ‘±¨·³ . „²Ö ÔÉμ° Í¥²¨ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´ 
¶·μ£· ³³  HAFOMN, μ¶Ê¡²¨±μ¢ ´´ Ö ¢ [58]. � ¸Î¥É ¢ �‘” ¸ μ¤´μÎ ¸É¨Î´Ò³¨
Ô´¥·£¨Ö³¨ ¨ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ ³¥Éμ¤¥ • ·É·¨Ä”μ± ,
¨ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30) ¶·¨ Ê± § ´´ÒÌ ±μ´¸É ´É Ì κ01

1 ¨ κ21
1 ¶· ¢¨²Ó´μ

¢μ¸¶·μ¨§¢μ¤¨É Ô´¥·£¨Õ ƒ’-·¥§μ´ ´¸ , ¶·¨ ÔÉμ³ É ±¦¥ μ¡· §ÊÕÉ¸Ö ¢Ò¸μ±μ²¥-
¦ Ð¨¥ ¸μ¸ÉμÖ´¨Ö 1+, ´  ±μÉμ·Ò¥ ¶·¨Ìμ¤¨É¸Ö §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ¢¸¥° ¸¨²Ò
σt−-¶¥·¥Ìμ¤μ¢.

�±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ Λtot ¢ 208Pb · ¢´μ 135 · 105 ¸−1 [56]. ’ -
±¨³ μ¡· §μ³, É¥μ·¥É¨Î¥¸±¨¥ §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¸ ± ¦¤Ò³ ¨§ · ¸¸³μÉ·¥´-
´ÒÌ μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¸¨²Ó´μ § ¢ÒÏ ÕÉ ¶μ²´ÊÕ ¸±μ·μ¸ÉÓ. �¤´ ±μ
μ¸É ÉμÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ÕÉ ¢μ§´¨±´μ¢¥´¨¥ ¢Ò¸μ±μ-
²¥¦ Ð¨Ì ±μ²²¥±É¨¢´ÒÌ ¸μ¸ÉμÖ´¨°, ¤ ÕÉ ´ ¨¡μ²ÓÏ¥¥ · §²¨Î¨¥ ³¥¦¤Ê É¥μ-
·¥É¨Î¥¸±¨³¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¶μ²´Ò³¨ ¸±μ·μ¸ÉÖ³¨ �‡Œ. �μ²´Ò¥
¸±μ·μ¸É¨, ¢ÒÎ¨¸²¥´´Ò¥ ¸ Ì ·É·¨-Ëμ±μ¢¸±¨³¨ μ¤´μÎ ¸É¨Î´Ò³¨ Ô´¥·£¨Ö³¨ ¨
¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¨ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30), μ± § ²¨¸Ó ÎÊÉÓ ¢ÒÏ¥ ¸±μ-
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�¨¸. 5. ‘±μ·μ¸É¨ �‡Œ Ö¤·μ³ 208Pb. ‘¶²μÏ´Ò³¨ ²¨´¨Ö³¨ ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (30); ¶Ê´±É¨·´Ò³¨ Å ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ (31); a) ¶μ ¢¸¥³
Jπ ; ¡) 1−-¸μ¸ÉμÖ´¨e; ¢) 1+-¸μ¸ÉμÖ´¨e

·μ¸É¥°, ¶μ²ÊÎ¥´´ÒÌ ¸ É¥³ ¦¥ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨ μ¤´μÎ ¸É¨Î´Ò³¨ ¸¶¥±É· ³¨
¶μÉ¥´Í¨ ²μ¢ ‘ ±¸μ´ Ä‚Ê¤¸ .

‡�Š‹�—…�ˆ…

1. ‘· ¢´¥´¨¥ Ô´¥·£¥É¨Î¥¸±¨-¢§¢¥Ï¥´´ÒÌ ³μ³¥´Éμ¢ ¸¨²μ¢ÒÌ ËÊ´±Í¨°,
¢ÒÎ¨¸²¥´´ÒÌ ¢ μ¡ÒÎ´μ³ ¨ ¢Éμ·μ³ ¶·¨¡²¨¦¥´¨ÖÌ ¸²ÊÎ °´ÒÌ Ë §, ¶μ± §Ò-
¢ ¥É, ÎÉμ ¢μ§³μ¦´Ò° ¶¥·¥´μ¸ §´ Î¨É¥²Ó´μ° Î ¸É¨ ¸¨²Ò Î ¸É¨Î´μ-¤Ò·μÎ´ÒÌ
¶¥·¥Ìμ¤μ¢ ¢ μ¡² ¸ÉÓ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö, ¢Ò§¢ ´´Ò° ¢§ ¨³μ¤¥°-
¸É¢¨¥³ ³¥¦¤Ê ±μ´Ë¨£Ê· Í¨Ö³¨ (1p−1h) ¨ (2p−2h), μ¡Ö§ É¥²Ó´μ ¤μ²¦¥´ ¸μ-
¶·μ¢μ¦¤ ÉÓ¸Ö ·¥§±¨³ Ê¢¥²¨Î¥´¨¥³ ¸¨²Ò, ¶·¨Ìμ¤ÖÐ¥°¸Ö ´  ¸μ¸ÉμÖ´¨Ö ¸ ³ -
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²Ò³¨ Ô´¥·£¨Ö³¨ ¢μ§¡Ê¦¤¥´¨Ö ¨ Ê³¥´ÓÏ¥´¨¥³ ÔÉ¨Ì Ô´¥·£¨°. ‚μ§´¨± ÕÐ Ö
¶·¨ ÔÉμ³ É¥μ·¥É¨Î¥¸± Ö ¸¨²μ¢ Ö ËÊ´±Í¨Ö ƒ’-¶¥·¥Ìμ¤μ¢ ¶μ²´μ¸ÉÓÕ ¶·μÉ¨¢μ-
·¥Î¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³. �μÔÉμ³Ê ÔËË¥±É ¶μ¤ ¢²¥´¨Ö ¸¨²Ò ƒ’-
¶¥·¥Ìμ¤μ¢ ¤μ²¦¥´ É¥μ·¥É¨Î¥¸±¨ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ¸Ö §  ¸Î¥É ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê Î ¸É¨Î´μ-¤Ò·μÎ´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨. �·¨ ÔÉμ³ ¨§ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ÔË-
Ë¥±É  ¶μ¤ ¢²¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¸²¥¤Ê¥É, ÎÉμ μ¸É ÉμÎ´Ò¥ ¸¶¨´-¨§μ¸¶¨-
´μ¢Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤μ²¦´Ò ¨´É¥´¸¨¢´μ ¶¥·¥³¥Ï¨¢ ÉÓ Î ¸É¨Î´μ-¤Ò·μÎ´Ò¥
¢μ§¡Ê¦¤¥´¨Ö ³¥¦¤Ê · §´Ò³¨ £² ¢´Ò³¨ μ¡μ²μÎ± ³¨. ’ ± Ö μ¸μ¡¥´´μ¸ÉÓ μ¸É -
ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¤μ²¦´  ¶·μÖ¢²ÖÉÓ¸Ö ¨ ¢ ¤·Ê£¨Ì ¶·μÍ¥¸¸ Ì, ¸μ¶·μ¢μ-
¦¤ ¥³ÒÌ ¸¶¨´-¨§μ¸¶¨´μ¢Ò³¨ ¶¥·¥Ìμ¤ ³¨.

2. �μ± § ´μ, ÎÉμ § Ì¢ É ³Õμ´μ¢  Éμ³´Ò³¨ Ö¤· ³¨ ¶·μ¨¸Ìμ¤¨É, ¢ μ¸´μ¢-
´μ³, ¡² £μ¤ ·Ö ¸¶¨´-³Ê²ÓÉ¨¶μ²Ó´Ò³ Ö¤¥·´Ò³ ¶¥·¥Ìμ¤ ³. �μÔÉμ³Ê ¶·¥¤¸É -
¢²Ö¥É §´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸ ¢μ¶·μ¸ μ Éμ³, ± ±¨³ μ¡· §μ³ · §²¨Î´Ò¥ μ¸É -
ÉμÎ´Ò¥ Ö¤¥·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸± §Ò¢ ÕÉ¸Ö ´  É¥μ·¥É¨Î¥¸±¨Ì ¶μ²´ÒÌ ¸±μ-
·μ¸ÉÖÌ �‡Œ. ˆ§ ¶·¨¢¥¤¥´´ÒÌ ¢ μ¡§μ·¥ ¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉμ ¢ μ¡² ¸É¨ ¸·¥¤´¨Ì
Ö¤¥· (58,60,62Ni, 90Zr, 116−124Sn) · ¸Î¥ÉÒ ¸ · §´Ò³¨ μ¸É ÉμÎ´Ò³¨ ¢§ ¨³μ¤¥°-
¸É¢¨Ö³¨ ¤ ÕÉ ¶· ±É¨Î¥¸±¨ μ¤¨´ ±μ¢Ò¥ §´ Î¥´¨Ö ¶μ²´ÒÌ ¸±μ·μ¸É¥° �‡Œ, ±μ-
Éμ·Ò¥ Ìμ·μÏμ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ ÉÖ¦¥²ÒÌ Ö¤· Ì
(140Ce ¨ 208Pb) É¥μ·¥É¨Î¥¸±¨¥ ¶μ²´Ò¥ ¸±μ·μ¸É¨ �‡Œ § ¢¨¸ÖÉ μÉ ¨¸¶μ²Ó§μ-
¢ ´´ÒÌ ¢ · ¸Î¥É Ì μ¸É ÉμÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, ¨ ¶·¨ ÔÉμ³ §´ Î¨É¥²Ó´μ ¶·¥-
¢ÒÏ ÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö. � ¨¡μ²ÓÏ¥¥ · §²¨Î¨¥ ³¥¦¤Ê É¥μ·¨¥°
¨ Ô±¸¶¥·¨³¥´Éμ³ ¶μ²ÊÎ ¥É¸Ö ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ Éμ£μ μ¸É ÉμÎ´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö, ±μÉμ·μ¥ ¶μ§¢μ²Ö¥É ¢μ¸¶·μ¨§¢¥¸É¨ ¶¥·¥³¥Ð¥´¨¥ ¸¨²Ò ƒ’-·¥§μ´ ´¸μ¢ ¢
μ¡² ¸ÉÓ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¢μ§¡Ê¦¤¥´¨Ö. ’ ±¨³ μ¡· §μ³, ¢ μ¡² ¸É¨ ÉÖ¦¥²ÒÌ
Ö¤¥· ¤ ´´Ò¥ μ¡ μ¸´μ¢´ÒÌ Î¥·É Ì · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¶μ Ô´¥·-
£¨Ö³ ¢μ§¡Ê¦¤¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ´ ¶·Ö³ÊÕ ¨§ ¸¥Î¥´¨° ·¥ ±Í¨° (p, n) ¨ (n, p)
¨ ±μ¸¢¥´´μ (Î¥·¥§ μ¸É ÉμÎ´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö) ¨§ ¶μ²´ÒÌ ¸±μ·μ¸É¥° �‡Œ,
¶·μÉ¨¢μ·¥Î É ¤·Ê£ ¤·Ê£Ê.

3. ‘μ¶μ¸É ¢²¥´¨¥ Ì · ±É¥·¨¸É¨± ¨§μ¢¥±Éμ·´ÒÌ ¶¥·¥Ìμ¤μ¢ 0+ → 1+,
´ ¡²Õ¤ ¥³ÒÌ ¢ ·¥ ±Í¨ÖÌ 28Si(μ, νμ)28Al, 28Si(e, e′)28Si ¨ 28Si(p, n)28P, ¶μ-
± §Ò¢ ¥É, ÎÉμ · ¸Î¥ÉÒ ¸ ®¶·¥μ¡· §μ¢ ´´Ò³¨¯ ¢μ²´μ¢Ò³¨ ËÊ´±Í¨Ö³¨ Ìμ·μÏμ
¢μ¸¶·μ¨§¢μ¤ÖÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¶ ·Í¨ ²Ó´ÒÌ ¸±μ·μ¸É¥° �‡Œ,
¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ¸É¥° ³ £´¨É´ÒÌ ¤¨¶μ²Ó´ÒÌ ¶¥·¥Ìμ¤μ¢, ´μ §´ Î¨É¥²Ó´μ
¶¥·¥μÍ¥´¨¢ ÕÉ ¶·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ ƒ’-¶¥·¥Ìμ¤μ¢.

�·μ¢¥¤¥´´Ò°  ´ ²¨§ £μ¢μ·¨É μ Éμ³, ÎÉμ ¤ ´´Ò¥ μ¡ μ¸´μ¢´ÒÌ Î¥·É Ì · ¸-
¶·¥¤¥²¥´¨Ö ¸¨²Ò ƒ’-¶¥·¥Ìμ¤μ¢ ¶μ Ô´¥·£¨Ö³ ¢μ§¡Ê¦¤¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¨§ ·¥-
 ±Í¨° É¨¶  (p, n) ¨ (n, p) ¨ ¨§ ¸±μ·μ¸É¥° �‡Œ, ¶·μÉ¨¢μ·¥Î É ¤·Ê£ ¤·Ê£Ê.
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