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ˆ§ÊÎ¥´Ò ¸É·Ê±ÉÊ·  ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ¨ ´¥ ¤¨ ¡ É¨Î¥¸±¨¥ ÔËË¥±ÉÒ, ¶·μÖ¢²ÖÕÐ¨¥¸Ö ¢
Ô´¥·£¨ÖÌ ¨ ¢¥·μÖÉ´μ¸ÉÖÌ Ô²¥±É·μ³ £´¨É´ÒÌ ¶¥·¥Ìμ¤μ¢, ¢ · ³± Ì Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨, ÊÎ¨-
ÉÒ¢ ÕÐ¥° ±μ·¨μ²¨¸μ¢μ ¸³¥Ï¨¢ ´¨¥ ´¨§±μ²¥¦ Ð¨Ì ¸μ¸ÉμÖ´¨° ·μÉ Í¨μ´´ÒÌ ¶μ²μ¸ ¶μ²μ¦¨É¥²Ó´μ°
Î¥É´μ¸É¨. ‚ÒÎ¨¸²¥´Ò Ô´¥·£¨¨ ¨ ¸É·Ê±ÉÊ·  ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. ’¥μ·¥-
É¨Î¥¸±¨¥ §´ Î¥´¨Ö Ô´¥·£¨° Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¤ ´´Ò³¨ Ô±¸¶¥·¨³¥´É . �μ± § ´μ,
ÎÉμ ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨ÖÌ ¢¨¡· Í¨μ´´ÒÌ ¸μ¸ÉμÖ´¨° ÔËË¥±É ¸³¥Ï¨¢ ´¨Ö ¨£· ¥É § ³¥É´ÊÕ ·μ²Ó.
‚ÒÎ¨¸²¥´Ò ¢¥·μÖÉ´μ¸É¨ E2- ¨ M1-¶¥·¥Ìμ¤μ¢. ‚ÒÎ¨¸²¥´´Ò¥ §´ Î¥´¨Ö μÉ´μÏ¥´¨° E2-¶¥·¥Ìμ¤μ¢
¨ ±μÔËË¨Í¨¥´Éμ¢ ¸³¥Ï¨¢ ´¨Ö ³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¨§ ¸μ¸ÉμÖ´¨° ¶¥·¢μ° ¨ ¢Éμ·μ° β- ¨ γ-
¢¨¡· Í¨μ´´ÒÌ ¶μ²μ¸ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

Structure of excited states and nonadiabatic effects manifested in energies and probabilities of
electromagnetic transitions are studied in the framework of the phenomenological model taking into
account the Coriolis mixing of the low-lying states of positive parity in the rotational bands. Energies
and structure of the wave functions of the excited states are calculated. The theoretical values of energies
are in agreement with the experimental data. The mixing effect is demonstrated to play an important role
in the wave functions of vibrational states. The probabilities of E2 and M1 transitions are calculated.
The theoretical values of ratios and multipole-mixing coefˇcients δ(E2/M1) of transitions from the
ˇrst and second β- and γ-vibrational bands are compared with the available experimental data.

PACS: 21.10.Re, 21.60.Ev, 23.20.Gq

‚‚…„…�ˆ…

‡  ¶μ¸²¥¤´¨¥ £μ¤Ò ´ ±μ¶²¥´ ¡μ£ ÉÒ° Ô±¸¶¥·¨³¥´É ²Ó´Ò° ³ É¥·¨ ² μ¡ Ê·μ¢´ÖÌ ¤¥Ëμ·-
³¨·μ¢ ´´ÒÌ Ö¤¥· 176,178Hf [1Ä8]. ‚ ´¨Ì μ¡´ ·Ê¦¥´Ò ¤μ¸É ÉμÎ´μ · §¢¨ÉÒ¥ ·μÉ Í¨μ´´Ò¥
¶μ²μ¸Ò. �μÉ Í¨μ´´Ò¥ Ê·μ¢´¨ ¸ ´¨§±¨³¨ ¸¶¨´ ³¨ ¶μ²ÊÎ¥´Ò ¶·¨ · ¸¶ ¤¥ ³ É¥·¨´¸±¨Ì
Ö¤¥· 176Lu, 176Ta, 178Lu, 178Ta ¸μμÉ¢¥É¸É¢¥´´μ. “·μ¢´¨ ¸ ¢Ò¸μ±¨³¨ ¸¶¨´ ³¨ Ê¸É ´μ¢²¥´Ò
¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. �¥·¢Ò¥ ´¥·μÉ Í¨μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¨³¥ÕÉ Kπ = 0+ ¨²¨ Kπ = 2+

¨ · ¸¶μ²μ¦¥´Ò ¡²¨§±μ ¤·Ê£ ± ¤·Ê£Ê. ‘μ£² ¸´μ ¢¨¡· Í¨μ´´μ° ³μ¤¥²¨ ¤μ²¦´Ò ´ ¡²Õ-
¤ ÉÓ¸Ö μ¤´μËμ´μ´´Ò¥ β-¢¨¡· Í¨μ´´Ò° Ê·μ¢¥´Ó ¸ Kπ = 0+ ¨ γ-¢¨¡· Í¨μ´´Ò° Ê·μ¢¥´Ó ¸
Kπ = 2+. • · ±É¥·´μ° Î¥·Éμ° γ-¶μ²μ¸Ò ¢ ¤ ´´ÒÌ Ö¤· Ì Ö¢²Ö¥É¸Ö ¥¥ § ³¥É´μ¥ ¸¨£´ ÉÊ·-
´μ¥ · ¸Ð¥¶²¥´¨¥, É. ¥. Î¥É´μ-´¥Î¥É´Ò° ¸¤¢¨£ Ê·μ¢´¥°. ˆ³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥

1E-mail: usmanov1956.56@mail.ru
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¤ ´´Ò¥ Ê± §Ò¢ ÕÉ ´  ÔËË¥±ÉÒ ´¥ ¤¨ ¡ É¨Î´μ¸É¨ ¢ Ô´¥·£¨ÖÌ ¨ ³¥¦¶μ²μ¸´ÒÌ Ô²¥±É·μ³ £-
´¨É´ÒÌ ¶¥·¥Ìμ¤ Ì. ‘ ÔÉ¨³ ¸¢Ö§ ´Ò ¶ · ³¥É·Ò ¸³¥Ï¨¢ ´¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¸μ¸ÉμÖ´¨°
´¨§±μ²¥¦ Ð¨Ì ·μÉ Í¨μ´´ÒÌ ¶μ²μ¸.

‚ ¤ ´´μ° · ¡μÉ¥ ¨¸¸²¥¤μ¢ ´Ò ¸¢μ°¸É¢  ´¨§±μ²¥¦ Ð¨Ì ¸μ¸ÉμÖ´¨° ¢ÒÏ¥¶¥·¥Î¨¸²¥´-
´ÒÌ Ö¤¥· ¢ · ³± Ì Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ [9], ¢ ±μÉμ·μ° ÊÎ¨ÉÒ¢ ¥É¸Ö ±μ·¨μ²¨¸μ¢μ
¸³¥Ï¨¢ ´¨¥ Ê·μ¢´¥° ¸²¥¤ÊÕÐ¨Ì ·μÉ Í¨μ´´ÒÌ ¶μ²μ¸: μ¸´μ¢´μ° (0+

1 )-, β1(0+
2 )-, β2(0+

3 )-,
γ(2+)- ¨ Kπ = 1+-·μÉ Í¨μ´´ÒÌ ¶μ²μ¸.

� ³¨ ¢ÒÎ¨¸²¥´Ò Ô´¥·£¨¨ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É´μ¸É¨, ¶·μ¢¥¤¥´μ ¨Ì ¸· ¢-
´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¡¸Ê¦¤ ¥É¸Ö ¸É·Ê±ÉÊ·  ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥°.
ˆ¸¸²¥¤μ¢ ´μ ¢²¨Ö´¨¥ ÔËË¥±É  ¸³¥Ï¨¢ ´¨Ö ´  ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨¥ Ì · ±É¥·¨¸É¨±¨ ¢μ§-
¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°.

1. Œ�„…‹œ

„²Ö ¨§ÊÎ¥´¨Ö ¸¢μ°¸É¢ ±μ²²¥±É¨¢´ÒÌ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É´μ¸É¨ ¢ ¨§μÉμ¶ Ì
Hf ´ ³¨ ¨¸¶μ²Ó§μ¢ ´  Ë¥´μ³¥´μ²μ£¨Î¥¸± Ö ³μ¤¥²Ó [9], ¢ ±μÉμ·μ° ÊÎ¨ÉÒ¢ ¥É¸Ö ¸³¥Ï¨¢ -
´¨¥ Ê·μ¢´¥° gr-, β1-, β2-, γ- ¨ Kπ = 1+-¶μ²μ¸. ‚ · ³± Ì ¤ ´´μ° ³μ¤¥²¨ £ ³¨²ÓÉμ´¨ ´
Ö¤·  § ¶¨¸Ò¢ ¥É¸Ö ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

H = Hrot + HKK′ , (1)

HKK′ = ωKδK,K′ − ωrot(I)(jx)KK′χ(I, K)δK,K′+1, (2)

£¤¥ (jx)K,K′ = 〈K |jx|K ′〉 Å ³ É·¨Î´Ò° Ô²¥³¥´É (³. Ô.) ±μ·¨μ²¨¸μ¢  ¢§ ¨³μ¤¥°¸É¢¨Ö
³¥¦¤Ê ¸μ¸ÉμÖ´¨Ö³¨ ·μÉ Í¨μ´´ÒÌ ¶μ²μ¸; ωrot(I) Å Ê£²μ¢ Ö Î ¸ÉμÉ  ¢· Ð¥´¨Ö μ¸Éμ¢ 
(ωrot(I) = dEcor(I)/dI), ωK Å Ô´¥·£¨¨ μ¸´μ¢ ´¨° ¶μ²μ¸ ¨

χ(I, 0) = 1, χ(I, 1) =
[
1 − 2

I(I + 1)

]1/2

.

‘μ¡¸É¢¥´´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö £ ³¨²ÓÉμ´¨ ´  ¨³¥¥É ¢¨¤

|IMK〉 =

√
2I + 1
16π2

×

×
{
√

2ψI
gr,KDI

M,0(θ) +
∑
K′

ψI
K′,K√

1 + δK′,0

[
DI

M,K′(θ)b+
K′ + (−1)I+K′

DI
M,−K′(θ)b+

−K′

]}
|0〉.

(3)

‡¤¥¸Ó ΨJ
K,K′ Å  ³¶²¨ÉÊ¤Ò ¸³¥Ï¨¢ ´¨Ö ¡ §¨¸´ÒÌ ¸μ¸ÉμÖ´¨°.

�¥Ï¨¢ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥· 

HK,νΨI
K,ν = εI

νΨI
K,ν, (4)

μ¶·¥¤¥²Ö¥³ ¸μ¡¸É¢¥´´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¨ Ô´¥·£¨¨ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ°
Î¥É´μ¸É¨.
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�μ²´ Ö Ô´¥·£¨Ö ¸μ¸ÉμÖ´¨Ö μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ°

Eν(I) = Erot(I) + εν(I). (5)

�´¥·£¨Õ ¢· Ð ÕÐ¥£μ¸Ö μ¸Éμ¢  Erot(I) μ¶·¥¤¥²Ö¥³, ¨¸¶μ²Ó§ÊÖ ¶ · ³¥É·¨§ Í¨Õ • ··¨¸ 
¤²Ö Ô´¥·£¨¨ ¨ Ê£²μ¢μ£μ ³μ³¥´É ,

Erot(I) =
1
2
J0ω

2
rot(I) +

3
4
J1ω

4
rot(I), (6)√

I(I + 1) = J0ωrot(I) + J1ω
3
rot(I). (7)

£¤¥ J0 ¨ J1 Å ¨´¥·Í¨μ´´Ò¥ ¶ · ³¥É·Ò ¢· Ð ÕÐ¥£μ¸Ö μ¸Éμ¢ .
“£²μ¢ÊÕ Î ¸ÉμÉÊ ¢· Ð¥´¨Ö μ¸Éμ¢  ωrot(I) ´ Ìμ¤¨³, ·¥Ï Ö ±Ê¡¨Î¥¸±μ¥ μÉ´μ¸¨É¥²Ó´μ

ωrot(I) Ê· ¢´¥´¨¥ (7). �Éμ Ê· ¢´¥´¨¥ ¨³¥¥É ¤¢  ³´¨³ÒÌ ¨ μ¤´μ ¤¥°¸É¢¨É¥²Ó´μ¥ ·¥Ï¥´¨Ö.
„¥°¸É¢¨É¥²Ó´Ò³ ·¥Ï¥´¨¥³ Ö¢²Ö¥É¸Ö §´ Î¥´¨¥ Ê£²μ¢μ° Î ¸ÉμÉÒ ¢· Ð¥´¨Ö ωrot(I) ¶·¨
¤ ´´μ³ ¸¶¨´¥ I , ¨³¥ÕÐ¥¥ ¢¨¤

ωrot(I) =

⎧⎪⎨
⎪⎩

Ĩ

2J1
+

⎡
⎣( J0

3J1

)3

+

(
Ĩ

2J1

)2
⎤
⎦

1/2
⎫⎪⎬
⎪⎭

1/3

+

⎧⎪⎨
⎪⎩

Ĩ

2J1
−

⎡
⎣( J0

3J1

)3

+

(
Ĩ

2J1

)2
⎤
⎦

1/2
⎫⎪⎬
⎪⎭

1/3

.

(8)
£¤¥ Ĩ =

√
I(I + 1).

2. ‘�…Š’�› ��…�ƒˆ‰ ˆ ‘’�“Š’“�� ‘�‘’�Ÿ�ˆ‰

�·¨ μ¶¨¸ ´¨¨ ¸¶¥±É·  ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É´μ¸É¨ ¶ · ³¥É·Ò ³μ¤¥²¨ ¶μ¤¡¨-
· ²¨¸Ó ¸²¥¤ÊÕÐ¨³ μ¡· §μ³.

‘μ£² ¸´μ [10] ³Ò ¶·¥¤¶μ² £ ²¨, ÎÉμ ¶·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ ¸¶¨´  Ô´¥·£¨Ö ¢· Ð ÕÐ¥-
£μ¸Ö μ¸Éμ¢  ¸μ¢¶ ¤ ¥É ¸ Ô´¥·£¨¥° μ¸´μ¢´μ° ·μÉ Í¨μ´´μ° ¶μ²μ¸Ò. �μÔÉμ³Ê ¨´¥·Í¨μ´´Ò¥
¶ · ³¥É·Ò ¢· Ð ÕÐ¥£μ¸Ö μ¸Éμ¢  J0 ¨ J1 μ¶·¥¤¥²Ö²¨¸Ó ¶μ Ëμ·³Ê²¥ (6) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨° μ¸´μ¢´μ° ·μÉ Í¨μ´´μ° ¶μ²μ¸Ò ¤μ I � 10�, ¶·¥¤-
¸É ¢²¥´´ÒÌ ¢ É ¡². 1. ‡ ¢¨¸¨³μ¸ÉÓ ¨´¥·Í¨μ´´ÒÌ ¶ · ³¥É·μ¢ Î¥É´ÒÌ ¨§μÉμ¶μ¢ Hf ¨ W μÉ
Î¨¸²  ´Ê±²μ´μ¢ μ¡¸Ê¦¤ ² ¸Ó ¢ · ¡μÉ¥ [11].

�´¥·£¨¨ μ¸´μ¢ ´¨° gr-, β1-, β2-¶μ²μ¸ ¡Ò²¨ ¢§ÖÉÒ ¨§ Ô±¸¶¥·¨³¥´É , É ± ± ± μ´¨ ´¥
¢μ§³ÊÐ¥´Ò ±μ·¨μ²¨¸μ¢Ò³¨ ¸¨² ³¨ ¶·¨ I = 0.

’ ¡²¨Í  1. � · ³¥É·Ò, ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ · ¸Î¥É Ì ¤²Ö ¨§μÉμ¶μ¢ Hf

A J0 J1 ω1 ωγ (jx)gr,1 (jx)β1,1 (jx)β2,1 (jx)γ,1

176 33,70 92,26 1,64 1,25 0,68 1,52 0,50 0,25

178 31,95 71,88 3,0 1,08 0,68 2,49 4,76 0,64

�·¨³¥Î ´¨¥. J0, J1 Å ¨´¥·Í¨μ´´Ò¥ ¶ · ³¥É·Ò ¢· Ð ÕÐ¥£μ¸Ö μ¸Éμ¢  (�2/ŒÔ‚,
�

4/ŒÔ‚3); ωK Å ¶ · ³¥É·Ò £μ²μ¢´ÒÌ Ô´¥·£¨° ¶μ²μ¸ (ŒÔ‚); (jx)KK′ Å ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ±μ·¨μ²¨¸μ¢  ¢§ ¨³μ¤¥°¸É¢¨Ö.
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‘¢μ¡μ¤´Ò³¨ ¶ · ³¥É· ³¨ ³μ¤¥²¨ Ö¢²ÖÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ 〈K| jx |K ′ ± 1〉,  
É ±¦¥ Ô´¥·£¨¨ μ¸´μ¢ ´¨° γ- ¨ Kπ = 1+-¶μ²μ¸ (ωγ ¨ ω1), ±μÉμ·Ò¥ ¶μ¤¡¨· ²¨¸Ó ¶μ ³¥-
Éμ¤Ê ´ ¨³¥´ÓÏ¨Ì ±¢ ¤· Éμ¢ ¨§ Ê¸²μ¢¨Ö ´ ¨²ÊÎÏ¥£μ ¸μ£² ¸¨Ö É¥μ·¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¸
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �μ¤μ¡· ´´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ ³μ¤¥²¨ ¶·¥¤¸É ¢²¥´Ò
¢ É ¡². 1. �  ·¨¸. 1 ¨ 2 ¶·¨¢¥¤¥´Ò É¥μ·¥É¨Î¥¸±¨¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ô´¥·£¨¨ Ê·μ¢-
´¥° ¨§μÉμ¶μ¢ 176,178Hf ¸μμÉ¢¥É¸É¢¥´´μ. ‚¨¤´μ, ÎÉμ ³μ¤¥²Ó ± Î¥¸É¢¥´´μ ¢μ¸¶·μ¨§¢μ¤¨É
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨°.

�¨¸. 1. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨ É¥μ·¥É¨Î¥¸±μ£μ ¸¶¥±É·μ¢ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É-

´μ¸É¨ ¤²Ö 176Hf

�¨¸. 2. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨ É¥μ·¥É¨Î¥¸±μ£μ ¸¶¥±É·μ¢ ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É-
´μ¸É¨ ¤²Ö 178Hf
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‚ Ô±¸¶¥·¨³¥´É¥ ¶μ Ö¤¥·´μ° ·¥§μ´ ´¸´μ° Ë²Êμ·¥¸Í¥´Í¨¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¢μ§¡Ê-
¦¤¥´¨Ö 2,4Ä4,1 ŒÔ‚ ¢ 176Hf ¡Ò²¨ μ¡´ ·Ê¦¥´Ò ¡μ²¥¥ 18 ¸μ¸ÉμÖ´¨° ¸ Kπ = 1+ ¨ ¨§³¥·¥´Ò
Ô´¥·£¨¨ Eγ ¨ ¨´É¥´¸¨¢´μ¸É¨ Iγ γ-¶¥·¥Ìμ¤μ¢,   É ±¦¥ §´ Î¥´¨Ö B(M1) [8]. ‚ ´ Ï¨Ì
· ¸Î¥É Ì ¶·¨¸ÊÉ¸É¢Ê¥É Éμ²Ó±μ μ¤´μ ¸μ¸ÉμÖ´¨¥ ¸ Kπ = 1+, É. ¥. ¢²¨Ö´¨¥ ¢¸¥Ì ¸μ¸ÉμÖ´¨°
Kπ = 1+ ´  ´¨§±μ²¥¦ Ð¨¥ Ê·μ¢´¨ ¸±μ´Í¥´É·¨·μ¢ ´μ ¢ μ¤´μ³ ¸μ¸ÉμÖ´¨¨, ¢±²ÕÎ¥´´μ³
¢ ´ Ï ³μ¤¥²Ó´Ò° £ ³¨²ÓÉμ´¨ ´. ‚ · ¡μÉ¥ [12] ¡Ò² ¶·μ¢¥¤¥´ É¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ ¤²Ö
Ö¤·  166Er ¢ · ³± Ì ³¨±·μ¸±μ¶¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö RPA ¸ ÉμÎ´Ò³ ¢Ò¤¥²¥´¨¥³ ¤Ê-
Ìμ¢ÒÌ ¶·¨³¥¸¥°, ¢Ò§¢ ´´ÒÌ ´ ·ÊÏ¥´¨¥³ ·μÉ Í¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨ £ ³¨²ÓÉμ´¨ ´ .
	Ò²  ¨§ÊÎ¥´  ±μ··¥²ÖÍ¨Ö ³¥¦¤Ê ±μ²²¥±É¨¢´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ 1+ ¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´-
É ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö Šμ·¨μ²¨¸ . 	Ò²μ ¶μ± § ´μ, ÎÉμ 1+-¸μ¸ÉμÖ´¨Ö ¤ ÕÉ ±μ£¥·¥´É´Ò°
¢±² ¤ ¢ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ E2-¶¥·¥Ìμ¤μ¢.

�ËË¥±ÉÒ, ¸¢Ö§ ´´Ò¥ ¸μ ¢§ ¨³μ¤¥°¸É¢¨¥³ Šμ·¨μ²¨¸ , ¤¥³μ´¸É·¨·ÊÕÉ¸Ö É ±¦¥ ¢ É ¡². 2
¨ 3, £¤¥ ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ  ³¶²¨ÉÊ¤Ò ΨI

K,K′ ¸³¥Ï¨¢ ÕÐ¨Ì¸Ö ¸μ¸ÉμÖ´¨° μÉ Ê£²μ¢μ£μ
³μ³¥´É  I ¤²Ö β1-, β2-, γ- ¨ Kπ = 1+-¶μ²μ¸. ˆ§ É ¡²¨Í ¢¨¤´μ, ÎÉμ ¢ ¤ ´´ÒÌ Ö¤· Ì
¸¨²Ó´μ ¶·μÖ¢²Ö¥É¸Ö ¸³¥Ï¨¢ ´¨¥ ¶μ²μ¸, ÎÉμ ¤μ²¦´μ ¸± §Ò¢ ÉÓ¸Ö ´  ¸¶¥±É·μ¸±μ¶¨Î¥¸±¨Ì
Ì · ±É¥·¨¸É¨± Ì ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨°. ‚ É ¡². 2 ¨ 3 ´¥ ¶·¨¢¥¤¥´Ò Î¨¸²¥´´Ò¥ §´ -
Î¥´¨Ö ±μ³¶μ´¥´ÉÒ ΨI

K,gr μ¸´μ¢´μ° ¶μ²μ¸Ò ¢ ¸μ¸ÉμÖ´¨ÖÌ ¤·Ê£¨Ì K-¶μ²μ¸, É ± ± ± ¨Ì
³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¨§ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨

∑
ν

(ΨI
K,ν)2 = 1.

’ ¡²¨Í  2. ‘É·Ê±ÉÊ·  ¸μ¸ÉμÖ´¨° β1-, β2-, γ- ¨ 1+-¶μ²μ¸ 176Hf

I
ΨI

β1,K ΨI
β2,K

β1 β2 1+ γ β1 β2 1+ γ

2 0,9880 0,0247 0,1518 0,0097 Ä0,1001 0,9839 0,1479 Ä0,0093
4 0,9647 0,0634 0,2537 0,0275 Ä0,3456 0,9164 0,1993 Ä0,0321
6 0,9384 0,0975 0,3278 0,0418 Ä0,5972 0,7818 0,1723 Ä0,0475
8 0,9146 0,1226 0,3800 0,0514 Ä0,7239 0,6747 0,1341 Ä0,0514
10 0,8947 0,1403 0,4170 0,0577 Ä0,7804 0,6135 0,1086 Ä0,0517
12 0,8785 0,1528 0,4438 0,0620 Ä0,8092 0,5778 0,0922 Ä0,0514
14 0,8652 0,1620 0,4638 0,0650 Ä0,8260 0,5554 0,0810 Ä0,0511
16 0,8542 0,1689 0,4791 0,0671 Ä0,8367 0,5403 0,0729 Ä0,0508

ΨI
γ,K ΨI

1+,K

2 0,0126 Ä0,0106 Ä0,0169 0,9997 Ä0,1497 Ä0,0684 0,9860 Ä0,0178
3 Å Å 0,0292 0,9996 Å Å 0,9996 Ä0,0922
4 0,0381 Ä0,0316 Ä0,0286 Ä0,9984 Ä0,2453 Ä0,1098 0,9620 Ä0,0335
5 Å Å 0,0471 0,9989 Å Å 0,9989 Ä0,0471
6 0,0611 Ä0,0501 Ä0,0329 Ä0,9963 Ä0,3127 Ä0,1369 0,9378 Ä0,0433
7 Å Å 0,0626 0,9980 Å Å 0,9980 Ä0,0626
8 0,0786 Ä0,0640 Ä0,0337 Ä0,9943 Ä0,3599 Ä0,1544 0,9171 Ä0,0497
9 Å Å 0,0762 0,9971 Å Å 0,9971 Ä0,0762
10 0,0912 Ä0,0740 Ä0,0331 Ä0,9925 Ä0,3937 Ä0,1661 0,9003 Ä0,0540
11 Å Å 0,0882 0,9961 Å Å 0,9961 Ä0,0882
12 0,1005 Ä0,0811 Ä0,0320 Ä0,9911 Ä0,4187 Ä0,1741 0,8867 Ä0,0571
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’ ¡²¨Í  3. ‘É·Ê±ÉÊ·  ¸μ¸ÉμÖ´¨° β1-, β2-, γ- ¨ 1+-¶μ²μ¸ 178Hf

I
ΨI

β1,K ΨI
β2,K

β1 β2 1+ γ β1 β2 1+ γ

2 0,9924 0,0880 0,0850 Ä0,0158 Ä0,1001 0,9839 0,1479 Ä0,0093
4 0,9267 0,3041 0,1901 Ä0,1116 Ä0,3456 0,9164 0,1993 Ä0,0321
6 Ä0,5052 Ä0,3018 Ä0,1626 0,7919 Ä0,5972 0,7818 0,1723 Ä0,0475
8 Ä0,1901 Ä0,1193 Ä0,0524 0,9731 Ä0,7239 0,6747 0,1341 Ä0,0514
10 Ä0,139 Ä0,0878 Ä0,0327 0,9858 Ä0,7804 0,6135 0,1086 Ä0,0517
12 Ä0,1201 Ä0,0760 Ä0,0249 0,9895 Ä0,8092 0,5778 0,0922 Ä0,0514
14 Ä0,1105 Ä0,0700 Ä0,0206 0,9912 Ä0,8260 0,5554 0,0810 Ä0,0511
16 Ä0,1047 Ä0,0664 Ä0,0179 0,9921 Ä0,8367 0,5403 0,0729 Ä0,0508

ΨI
γ,K ΨI

1+,K

2 0,0140 0,0090 0,0125 0,9998 Ä0,0708 Ä0,1555 0,9852 Ä0,0099
3 Å Å 0,0162 0,9999 Å Å 0,9999 Ä0,0162
4 0,0907 0,0589 0,0462 0,9931 Ä0,1163 Ä0,2535 0,9599 Ä0,019
5 Å Å 0,0262 0,9997 Å Å 0,9997 Ä0,0262
6 0,6049 0,4406 0,2636 0,6083 Ä0,1487 Ä0,3215 0,9345 Ä0,0251
7 Å Å 0,0349 0,9994 Å Å 0,9994 Ä0,0349
8 0,6405 0,2228 0,3794 0,6278 Ä0,1716 Ä0,3683 0,9128 Ä0,0294
9 Å Å 0,0426 0,9991 Å Å 0,9991 Ä0,0426
10 0,5793 0,1560 0,4267 0,6733 Ä0,1882 Ä0,4013 0,8952 Ä0,0325
11 Å Å 0,0495 0,9988 Å Å 0,9988 Ä0,0495
12 0,5377 0,1301 0,4568 0,6900 Ä0,2007 Ä0,4254 0,8810 Ä0,0348

� ¤μ μÉ³¥É¨ÉÓ, ÎÉμ Ë §   ³¶²¨ÉÊ¤Ò ΨI
K,gr ¢¸¥£¤  Ö¢²Ö¥É¸Ö μÉ·¨Í É¥²Ó´μ°, ÎÉμ ¨£· ¥É

¢ ¦´ÊÕ ·μ²Ó ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¢¥·μÖÉ´μ¸É¥° Ô²¥±É·μ³ £´¨É´ÒÌ ¶¥·¥Ìμ¤μ¢.

3. �‹…Š’�ˆ—…‘Šˆ… Š‚�„�“��‹œ�›…
ˆ Œ�ƒ�ˆ’�›… „ˆ��‹œ�›… �…�…•�„›

ˆ¸¶μ²Ó§ÊÖ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (4),
³Ò · ¸¸Î¨É ²¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·μÖÉ´μ¸É¨ E2-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° IiKi ´  Ê·μ¢´¨ Ifgr
μ¸´μ¢´μ° ¶μ²μ¸Ò [9]:

B(E2; IiKi → Ifgr) =

{√
5

16π
eQ0

[
ψ

If
gr,grψ

Ii

gr,Ki
C

If 0
Ii0;20

+

+
∑

n

ψ
If

Kn,grψ
Ii

Kn,Ki
C

If Kn

IiKn;20

]
+
√

2

[
ψ

If
gr,gr

∑
n

(−1)KnmKnψIi

Kn,Ki√
1 + δKn,0

×

×C
If 0
IiKn;2−Kn

+ ψIi

gr,Ki

∑
n

mKnψ
If

Kn,gr√
1 + δKn,0

C
If Kn

Ii0;2Kn

]}2

. (9)

‡¤¥¸Ó mK = 〈gr |m̂(E2)|Kπ〉 (Kπ = 0+, 2+ ¨ 1+) Å ±μ´¸É ´ÉÒ, §´ Î¥´¨Ö ±μÉμ·ÒÌ
μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ; Q0 Å ¢´ÊÉ·¥´´¨° ±¢ ¤·Ê¶μ²Ó´Ò° ³μ³¥´É

Ö¤· ; C
If Kf

IiKi;2(Ki+Kf ) Å ±μÔËË¨Í¨¥´ÉÒ Š²¥¡Ï Äƒμ·¤ ´ .
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‚  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö ¶·¨¢¥¤¥´´μ° ¢¥·μÖÉ´μ¸É¨ E2-¶¥·¥Ìμ¤μ¢ ¨§ β- ¨
γ-¢¨¡· Í¨μ´´ÒÌ ¶μ²μ¸ ¨³¥¥³

Brot(E2; Iiβ → Ifgr) =
∣∣∣mβC

If 0
Ii0;20

∣∣∣2 , (10)

Brot(E2; Iiγ → Ifgr) = 2
∣∣∣mγC

If 0
Ii2;2−2

∣∣∣2 , (11)

ÎÉμ ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ mβ1 ¨ mγ , ¨¸¶μ²Ó§ÊÖ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [13]. �¤´ ±μ ¢ ¸²ÊÎ ¥, ±μ£¤  ¶μ²μ¸Ò · ¸¶μ²μ¦¥´Ò ¡²¨§±μ ¤·Ê£ ± ¤·Ê£Ê, μ´¨
§ ³¥É´μ ¸³¥Ï¨¢ ÕÉ¸Ö ¤ ¦¥ ¶·¨ I = 2, ¨ ¤²Ö Éμ£μ, ÎÉμ¡Ò μ¶¨¸ ÉÓ B(E2; 2β1 → 0gr)
¨ B(E2; 2γ → 0gr), ¶·¨Ìμ¤¨É¸Ö ¸²¥£±  ¢ ·Ó¨·μ¢ ÉÓ §´ Î¥´¨Ö mβ1 ¨ mγ . � · ³¥-
É·Ò m1 ¨ mβ2 μ¶·¥¤¥²Ö²¨¸Ó ¨§ ´ ¨²ÊÎÏ¥£μ ¸μ£² ¸¨Ö ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° μÉ´μÏ¥-
´¨° R.

IK = B(E2; IK → I1gr)/B(E2; IK → I2gr) E2-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° β1- ¨
γ-¢¨¡· Í¨μ´´ÒÌ ¶μ²μ¸ ¸ Ô±¸¶¥·¨³¥´Éμ³. ˆ¸¶μ²Ó§μ¢ ´´Ò¥ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ¢¥·μÖÉ´μ¸É¥°
E2-¶¥·¥Ìμ¤μ¢ §´ Î¥´¨Ö ¶ · ³¥É·μ¢ mK ¶·¨¢¥¤¥´Ò ¢ É ¡². 4. �É³¥É¨³, ÎÉμ §´ Î¥´¨Ö
¢´ÊÉ·¥´´¥£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ³¥´É  Q0 ¡· ²¨¸Ó ¨§ Ô±¸¶¥·¨³¥´É  [13].

‚ É ¡². 5 ¶·¥¤¸É ¢²¥´Ò ¢ÒÎ¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ [13] §´ Î¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ
¢¥·μÖÉ´μ¸É¥° E2-¶¥·¥Ìμ¤μ¢ ¨§ 2+-¸μ¸ÉμÖ´¨° β1- ¨ γ-¢¨¡· Í¨μ´´ÒÌ ¶μ²μ¸.

‚ É ¡². 6 ¶·¥¤¸É ¢²¥´Ò ¢ÒÎ¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ [1Ä7] §´ Î¥´¨Ö μÉ´μÏ¥-
´¨° R.

IK = B(E2; IK → I1gr)/B(E2; IK → I2gr) ¤²Ö E2-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° β1-
¨ γ-¢¨¡· Í¨μ´´ÒÌ ¶μ²μ¸. ‡¤¥¸Ó ¦¥ ¤ ´Ò §´ Î¥´¨Ö μÉ´μÏ¥´¨°, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ ¶· ¢¨²Ê
�² £¨. � ¸Ìμ¦¤¥´¨¥ ¢ÒÎ¨¸²¥´´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ §´ Î¥´¨° RIK ¤²Ö Ö¤·  176Hf
¤μ¢μ²Ó´μ § ³¥É´μ ± ± ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° γ-¶μ²μ¸Ò ¸ Î¥É´Ò³¨, É ± ¨ ´¥Î¥É´Ò³¨
¸¶¨´ ³¨. �Éμ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¢ ¤ ´´μ³ Ö¤·¥ ¨³¥¥É¸Ö ·μÉ Í¨μ´´ Ö ¶μ²μ¸  ¸ Kπ = 3+,
±μÉμ· Ö ¡²¨§±μ · ¸¶μ²μ¦¥´  ± γ-¶μ²μ¸¥. �É  ¶μ²μ¸  ´¥ ¡Ò²  ¢±²ÕÎ¥´  ¢ ¡ §¨¸´Ò¥ ¸μ-
¸ÉμÖ´¨Ö ´ Ï¥£μ £ ³¨²ÓÉμ´¨ ´ . ‚ · ¡μÉ¥ [14] ¡Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ¢ · ³± Ì ³μ¤¥²¨
¤¢ÊÌ¶μ²μ¸´μ£μ ±μ·¨μ²¨¸μ¢  ¸³¥Ï¨¢ ´¨Ö ¨ ¨§ÊÎ¥´μ ¢²¨Ö´¨¥ ¸³¥Ï¨¢ ´¨Ö ¸μ¸ÉμÖ´¨° ¶μ-
²μ¸Ò Kπ = 3+ ´  ¸¨£´ ÉÊ·´μ¥ · ¸Ð¥¶²¥´¨¥ Ê·μ¢´¥° γ-¶μ²μ¸Ò. 	Ò²μ ¡Ò ¨´É¥·¥¸´μ
¨¸¸²¥¤μ¢ ÉÓ ¢²¨Ö´¨¥ ¸³¥Ï¨¢ ´¨Ö ¸ ¶μ²μ¸μ° Kπ = 3+ ´  Ô²¥±É·μ³ £´¨É´Ò¥ ¸¢μ°¸É¢ 
γ-¶μ²μ¸Ò.

’ ¡²¨Í  4. ‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ mK ¨ ¢´ÊÉ·¥´´¥£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ³¥´É  Q0,
¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ · ¸Î¥É Ì (¢ ¥¤¨´¨Í Ì e·Ë³2)

A mβ1 mβ2 m1 mγ Q0 [13]

176 Ä17,0 Ä5,0 20 Ä25,1 723(6)

178 15,5 13,0 Ä13,0 9,2 698(4)

’ ¡²¨Í  5. ‚¥·μÖÉ´μ¸É¨ E2-¶¥·¥Ìμ¤μ¢ ¨§ 2+-¸μ¸ÉμÖ´¨° β1- ¨ γ-¶μ²μ¸

A
B(E2; 2β1 → 0gr), (e2·Ë³4) B(E2; 2γ → 0gr), (e2·Ë³4)

�±¸¶. [13] ’¥μ·. �±¸¶. [13] ’¥μ·.

176 60 (10) 40 252(25) 244

178 50 (5) 55 34(3) 32
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’ ¡²¨Í  6. �É´μÏ¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ¸É¥° E2-¶¥·¥Ìμ¤μ¢
R.

IK = B(E2; IK → I1gr)/B(E2; IK → I2gr)

IK I1gr I2gr
176Hf 178Hf

�² £ 
�±¸¶. ’¥μ·. �±¸¶. ’¥μ·.

2+β1 2+gr 0+gr
1,84(69) [1]

1,59 10,0(25) [6] 1,16 1,43
3,3(7) [2]

1,24(86) [1]
2+β1 4+gr 2+gr 2,2(2) [2] 2,87 1,13(87) [6] 1,22 1,8

1,73(42) [3]

4+β1 4+gr 2+gr 1,38(16) [3] 1,13 > 42,8 [6] 0,34 0,91

4+β1 6+gr 4+gr 3,1(10) [3] 3,77 0,56(23) [6] 0,72 1,75

6+β1 6+gr 4+gr 1,89(30) [3] 1,12 Å 0,27 0,81

6+β1 8+gr 6+gr 2,89(81) [3] 4,63 Å 0,25 1,69

1,61(33) [6]
2+γ 2+gr 0+gr 1,28(21) [4] 1,50 1,63(10) [6] 1,61 1,43

1,45(20) [5]

2+γ 4+gr 2+gr Å 0,05
0,11(6) [6]

0,055 0,05
0,064(9) [5]

3+γ 4+gr 2+gr
0,61(23) [4]

0,43
0,46(8) [6]

0,47 0,40
0,72(25) [7] 0,56(8) [5]

4+γ 4+gr 2+gr 3,33
5,9(10) [6]

5,5 2,94
5,6(10) [5]

4+γ 6+gr 4+gr Å 0,08 0,29(8) [6] 0,53 0,086

5+γ 6+gr 4+gr 1,03(30) [7] 0,67
0,66(26) [6]

0,74 0,57
0,89(17) [5]

6+γ 6+gr 4+gr 2,22(60) [7] 4,48 4,76(206) [6] 4,91 3,7

7+γ 8+gr 6+gr 1,97(45) [7] 0,77 Å 0,94 0,67

‚ Ö¤·¥ 178Hf ¢ §´ Î¥´¨ÖÌ μÉ´μÏ¥´¨° RIK ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° ¸ ´¥Î¥É´Ò³¨
¸¶¨´ ³¨ I γ-¶μ²μ¸Ò ´¥ ¤¨ ¡ É¨Î´μ¸ÉÓ ¶·μÖ¢²Ö¥É¸Ö ´¥ μÎ¥´Ó ¸¨²Ó´μ. �¥ ¤¨ ¡ É¨Î´μ¸ÉÓ
¸ÊÐ¥¸É¢¥´´  ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° ¸ Î¥É´Ò³¨ I . � ¶·¨³¥·, μÉ´μÏ¥´¨¥ RÔ±¸¶

4γ ¢ ¤¢ 

· §  μÉ²¨Î ¥É¸Ö μÉ RA
4γ ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨Ö I = 4. �ÉμÉ Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É

μ Éμ³, ÎÉμ γ-¶μ²μ¸  ¢ ¡μ²ÓÏ¥° ¸É¥¶¥´¨ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¶μ²μ¸ ³¨, ¨³¥ÕÐ¨³¨ ±¢ ´Éμ¢ÊÕ
Ì · ±É¥·¨¸É¨±Ê Kπ = 0+. „¥°¸É¢¨É¥²Ó´μ, ¢ ¤ ´´μ³ Ö¤·¥ ± γ-¶μ²μ¸¥ ¡²¨§±μ · ¸¶μ²μ¦¥´ 
β1(Kπ = 0+

2 )-¶μ²μ¸ , ¨ ¨§ É ¡². 3 ¢¨¤´μ, ÎÉμ, ´ Î¨´ Ö ¸μ ¸¶¨´  I � 6, ¶·μ¨¸Ìμ¤¨É
¸¨²Ó´ Ö £¨¡·¨¤¨§ Í¨Ö ¸μ¸ÉμÖ´¨° β1- ¨ γ-¶μ²μ¸.

„ ²¥¥, ¢ÒÎ¨¸²Ö²¨¸Ó ±μÔËË¨Í¨¥´ÉÒ ¸³¥¸¨ ³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¤²Ö ¶¥·¥Ìμ¤μ¢
IiKi → Ifgr ¨§ ¸μ¸ÉμÖ´¨° Ki = βν-, γ- ¨ 1+-¶μ²μ¸

δ(IiKi → IfKf ) = 0,834Eγ(ŒÔ‚)
〈IfKf ‖m̂(E2)‖ IiKi〉
〈IfKf ‖m̂(M1)‖ IiKi〉

(
e · b
μ0

)
. (12)
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�·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ M1-¶¥·¥Ìμ¤μ¢ ¢ Ëμ·³Ê²¥ (12) μ¶·¥¤¥²Ö²¨¸Ó ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³ [9]:

〈I ′gr ‖m̂(M1)‖ IK〉 =

√
3(2I + 1)

4π
×

×
(

2∑
K1=1

(gK1 − gR)K1ΨI
K1,KΨI′

K1,grC
I′K1
IK1;10

+
√

6
10

m′
1Ψ

I′

gr,grΨ
I
1,KCI′0

I1;1−1

)
. (13)

‚ÒÎ¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ [5, 13, 15, 16] §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¸³¥¸¨ ³Ê²Ó-
É¨¶μ²¥° δ(E2/M1) ¨§ ¸μ¸ÉμÖ´¨° βν - ¨ Kπ = 1+-¶μ²μ¸ ¶·¨¢¥¤¥´Ò ¢ É ¡². 7. �É³¥É¨³,
ÎÉμ ¢ Ëμ·³Ê²¥ (13) μ¸´μ¢´μ° ¢±² ¤ ¢ ¶·¨¢¥¤¥´´Ò¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ³¥¦¶μ²μ¸´ÒÌ
¶¥·¥Ìμ¤μ¢ ¤ ¥É ¶μ¸²¥¤´¨° Î²¥´. �·¨¸ÊÉ¸É¢ÊÕÐ¨° §¤¥¸Ó ¶ · ³¥É· m′

1 = 1,9μÖ μ¶·¥¤¥-
²Ö²¸Ö ¨§ Ê¸²μ¢¨Ö Ìμ·μÏ¥£μ ¸μ£² ¸¨Ö ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ ¸³¥¸¨ ³Ê²Ó-
É¨¶μ²¥° δÉ¥μ· ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ δÔ±¸¶. ˆ§ ¨Ì ¸· ¢´¥´¨Ö ¢¨¤´μ, ÎÉμ ¨¸-
¶μ²Ó§μ¢ ´´ Ö ³μ¤¥²Ó [9] ¸ μ¤´¨³ ¶ · ³¥É·μ³ ¤²Ö μ¶¥· Éμ·  M1-¶¥·¥Ìμ¤  ¤ ¥É Ìμ·μÏ¥¥
μ¶¨¸ ´¨¥ ±μÔËË¨Í¨¥´Éμ¢ ¸³¥Ï¨¢ ´¨Ö δ(E2/M1) ¤²Ö β1 → gr- ¨ β2 → gr-¶¥·¥Ìμ¤μ¢.
ˆ§ Ô±¸¶¥·¨³¥´É  [15] ¨§¢¥¸É´μ μÉ´μÏ¥´¨¥ ¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ¸É¥° M1-¶¥·¥Ìμ¤μ¢
RÔ±¸¶ = B(M1; 11+ → 2gr)/B(M1; 11+ → 0gr) = 0,41(8). � Ï · ¸Î¥É ¤ ¥É ¤²Ö ´¥£μ
¡²¨§±μ¥ §´ Î¥´¨¥ RÉ¥μ· = 0,52.

�É³¥É¨³, ÎÉμ ¢  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ M1-¶¥·¥Ìμ¤Ò ¨§ ¸μ¸ÉμÖ´¨° βν- ¨ γ-
¶μ²μ¸ ´  Ê·μ¢´¨ μ¸´μ¢´μ° ¶μ²μ¸Ò · ¢´Ò ´Ê²Õ (¸³. Ëμ·³Ê²Ê (13)). ‚ · ³± Ì ¤ ´´μ°
³μ¤¥²¨ M1-¶¥·¥Ìμ¤Ò ¨§ ¸μ¸ÉμÖ´¨° βν- ¨ γ-¶μ²μ¸ ¶μÖ¢²ÖÕÉ¸Ö ¡² £μ¤ ·Ö 1+-±μ³¶μ´¥´É¥
¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨ÖÌ ¸μ¸ÉμÖ´¨° βν- ¨ γ-¶μ²μ¸.

‚ Ö¤·¥ 176Hf, ¢μ-¶¥·¢ÒÌ, ¢ ¸μ¸ÉμÖ´¨ÖÌ β1-¶μ²μ¸Ò 1+-±μ³¶μ´¥´É  ´  ¶μ·Ö¤μ± ¡μ²ÓÏ¥,
Î¥³ ¢ ¸μ¸ÉμÖ´¨ÖÌ γ-¶μ²μ¸Ò (¸³. É ¡². 2). �Éμ ¶·¨¢μ¤¨É ± ¡μ²¥¥ ¸¨²Ó´Ò³ M1-¶¥·¥Ìμ¤ ³
¨§ ¸μ¸ÉμÖ´¨° ¶μ²μ¸Ò β1 ¶μ ¸· ¢´¥´¨Õ ¸ γ-¶μ²μ¸μ°. ‚μ-¢Éμ·ÒÌ, ¢ ¤ ´´μ³ Ö¤·¥ ¢¥-
·μÖÉ´μ¸É¨ E2-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° γ-¶μ²μ¸Ò Ö¢²ÖÕÉ¸Ö ¡μ²¥¥ §´ Î¨³Ò³¨, Î¥³ ¨§
β1-¶μ²μ¸Ò. �μÔÉμ³Ê M1-¶¥·¥Ìμ¤Ò ¨§ ¸μ¸ÉμÖ´¨° β1-¶μ²μ¸Ò ³μ£ÊÉ ±μ´±Ê·¨·μ¢ ÉÓ ¸
E2-¶¥·¥Ìμ¤ ³¨. �¡ ÔÉμ³ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¢ÒÎ¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö

’ ¡²¨Í  7. ŠμÔËË¨Í¨¥´ÉÒ ¸³¥¸¨ ³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¤²Ö 176Hf

IiKi IfKf Eγ, ŒÔ‚ δÔ±¸¶ δÉ¥μ·

|δ| = 2,4 [15, 16]
2β1 2gr 1,1383 � 4,4 ¨²¨ [13] 3,06

0,08 � δ � −30

4β1 4gr 1,100
|δ| � 0,7 [15]

1,59|δ| = 1,5 [16]

6β1 6gr 1,0316 |δ| = 1,1 [16] 1,1

8β1 8gr 0,9347 |δ| = 0,84 [16] 0,81

10β1 10gr 0,8137 |δ| = 0,61 [16] 0,62

2β2 2gr 1,2910 0,41(4) [13] 2,28

21+ 2gr 1,8237 < −14 ¨²¨ > 17,5 [5] Ä0,71
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±μÔËË¨Í¨¥´Éμ¢ ¸³¥¸¨ ³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° β1-¶μ²μ¸Ò
(¸³. É ¡². 7).

‡�Š‹	—…�ˆ…

‚ ¤ ´´μ° · ¡μÉ¥ ¢ · ³± Ì Ë¥´μ³¥´μ²μ£¨Î¥¸±μ° ³μ¤¥²¨ ¨§ÊÎ¥´Ò ´¥ ¤¨ ¡ É¨Î¥¸±¨¥
ÔËË¥±ÉÒ, ¶·μÖ¢²ÖÕÐ¨¥¸Ö ¢ Ô´¥·£¨ÖÌ ¨ ¢¥·μÖÉ´μ¸ÉÖÌ Ô²¥±É·μ³ £´¨É´ÒÌ ¶¥·¥Ìμ¤μ¢ ¢ ¨§μ-
Éμ¶ Ì 176,178Hf. ‚ÒÎ¨¸²¥´Ò Ô´¥·£¨¨ ´¨§±μ²¥¦ Ð¨Ì ¸μ¸ÉμÖ´¨° ¶μ²μ¦¨É¥²Ó´μ° Î¥É´μ¸É¨,
μÉ´μÏ¥´¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢¥·μÖÉ´μ¸É¥° ±¢ ¤·Ê¶μ²Ó´ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¶¥·¥Ìμ¤μ¢ ¨ ¸³¥¸¨
³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° βν - ¨ γ-¶μ²μ¸, ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ-
·¨É¥²Ó´μ ¸μ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

�¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éμ¢ ¤²Ö 176,178Hf ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ´¥μ¡Ìμ¤¨³μ¸É¨ ÊÎ¨ÉÒ¢ ÉÓ
±μ·¨μ²¨¸μ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸μ¸ÉμÖ´¨° ´¨§±μ²¥¦ Ð¨Ì ¶μ²μ¸ ¸ 1+-Ê·μ¢´Ö³¨. �μ± § ´μ,
ÎÉμ ¨³¥´´μ ¢§ ¨³μ¤¥°¸É¢¨¥ Šμ·¨μ²¨¸  μÉ¢¥Î ¥É §  ¸¤¢¨£¨ Ê·μ¢´¥° ¢ ¶μ²μ¸ Ì ¸ Kπ = 0+

¨ 2+.
‚ Ö¤·¥ 176Hf ¢¥·μÖÉ´μ¸É¨ E2-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° γ-¶μ²μ¸Ò ¡μ²ÓÏ¥, Î¥³ ¨§ ¸μ¸Éμ-

Ö´¨° β1-¶μ²μ¸Ò. �μÔÉμ³Ê M1-¶¥·¥Ìμ¤Ò ¨§ ¸μ¸ÉμÖ´¨° β1-¶μ²μ¸Ò ¢¶μ²´¥ ±μ´±Ê·¨·ÊÕÉ ¸
E2-¶¥·¥Ìμ¤ ³¨. �μ¤É¢¥·¦¤¥´¨¥³ ÔÉμ£μ ¢Ò¢μ¤  Ö¢²ÖÕÉ¸Ö ¢ÒÎ¨¸²¥´´Ò¥ ¨ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¸³¥¸¨ ³Ê²ÓÉ¨¶μ²¥° δ(E2/M1) ¤²Ö ¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨°
β1-¶μ²μ¸Ò.

�·μ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¤²Ö 178Hf ¶μ± § ²¨ ¢μ§³μ¦´μ¸ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¤·Ê£¨Ì ¸μ¸Éμ-
Ö´¨° Kπ = 1+. �μÔÉμ³Ê ¶·¥¤¸É ¢²Ö¥É¸Ö ¨´É¥·¥¸´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥
É ±¨Ì Ê·μ¢´¥° ¨ M1-¶¥·¥Ìμ¤μ¢ ¨§ ¸μ¸ÉμÖ´¨° βν- ¨ γ-¶μ²μ¸ ¢ ¤ ´´μ³ Ö¤·¥ ¤²Ö ¶·μ¢¥·±¨
´ Ï¨Ì ¢Ò¢μ¤μ¢.
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