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同核异能态

picture from Nature

• 核结构研究、核天体物理研究


• 同核异能态诱导衰变：新型核能


• 核钟相关研究


• ……



电⼦俘获致核激发
NEEC: Nuclear Excitation by Electron Capture • 1976年在理论上提出


• 2018年⾸个实验迹象被报道


• 核结构研究、核天体物理研究


• 通过调控电⼦和原⼦来调控原⼦核


• 同核异能态诱导衰变：新型核能


• 核钟相关研究
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NEEC IC

NEEC关键要素


• 离⼦的束缚电⼦空位


• 符合共振条件的电⼦

物理情形


重离⼦储存环


电⼦束离⼦阱

……

核反应


等离⼦体
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同核异能态诱导衰变

• NEEC有望⽤于触发同核异能态能量释放：

新型核能

同核异能态诱导衰变

X-ray
pulse

Nuclear target Laser stage - 
Photoexcitation

1 Plasma stage - NEEC2

NucleusElectronNucleus

XFEL NEEC >> XFEL 直接光激发 (105)


强激光 NEEC >> XFEL NEEC (106)


Nexc ∼ 1/s

Gunst, Litvinov, Keitel, Pálffy, Phys. Rev. Lett. 112, 082501(2014)

Gunst, Wu, Kumar, Keitel, Pálffy, Phys. Plasmas 22, 112706 (2015)

Wu, Gunst, Keitel, Pálffy, Phys. Rev. Lett. 120, 052504 (2018)

Gunst, Wu, Keitel, Pálffy, Phys. Rev. E 97, 063205 (2018)

Wu, Keitel, Pálffy, Phys. Rev. A 100, 063420 (2019)



Wu, Gargiulo, Carbone, Keitel, Pálffy, Phys. Rev. Lett. 128, 162501 (2022)
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通过调节电⼦波函数来操纵原⼦核?

NEEC-涡旋电⼦束

Electron 
plane wave

Electron 
vortex beam

Forked mask

(a)

Ion
b

(b)

NEEC

(c)
17/2+

2429.80

21/2+

2424.95

13/2+

2161.90

5/2+

0

93Mo isomer depletion

GW

IS

F

GS

E2
E2

decay cascade

ζ

αp

p

px

py
pz

pz

涡旋电⼦携带轨道⾓动量

ψ(r) = ∫
d2p⊥

(2π)2
aζm(p⊥)upeip⋅r

aζm(p⊥) = (−i)meimαpδ( |p⊥ | − ζ)/ζ

m: vortex quantum number

p = (p⊥, pz) = (ζ cos αp, ζ sin αp, pz)



Wu, Gargiulo, Carbone, Keitel, Pálffy, Phys. Rev. Lett. 128, 162501 (2022)
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NEEC-涡旋电⼦束
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93mMo E2 跃迁

ζ = pz; ζb = 1

152mEu M1 跃迁

Eu isomer triggering152

1-
65.2969

0-
45.5998

3-
0

T

IS

GS

M1
E2

nlj Sp(b eV) Sv(b eV)

m = 3

Sv(b eV)

m = 5

2s1/2 8.05*10-4 1.14*10-3 1.14*10-3

2p1/2 7.85*10-5 1.35*10-3 3.34*10-3

2p3/2 1.25*10-5 4.21*10-4 7.61*10-3
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First claimed NEEC evidence

⾸次实验观测NEEC


• 93mMo 衰变


• 


C. J. Chiara et al., Nature 554, 216 (2018)

Pexc = 0.01
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NEEC 理论计算


• NEEC probability  by 

about 8 orders of magnitude

         Y. Wu et al., Phys. Rev. Lett. 122, 212501 (2019)


         J. Rzadkiewicz et al., Phys. Rev. Lett. 127, 042501 (2021)


         J. Rzadkiewicz et al., Phys. Rev. C 108, L031302 (2023)

≪ Pexc = 0.01

本底分析


• 93mMo产⽣和衰变观测区域没有有效分

离从⽽可能引起污染？


           S. Guo et al., Nature 594, E1 (2021)


           C. J. Chiara et al., Nature 594, E3 (2021)



12
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Guo et al., Phys. Rev. Lett. 128, 242502 (2022)

93mMo离⼦能量：460 MeV


分离93mMo产⽣和衰变观测区域


激发⼏率上限： 


NEEC⼏率理论⽐值：


P(460 MeV)/P(840 MeV) ~ 8%

Pexc < 2 × 10−5

使⽤Isomer Beam观测
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Ding et al., Phys. Rev. Lett. in press

更⾼离⼦能量

使⽤isomer beam进⾏第⼆次观测

更⾼纯度 更⾼精度

使⽤Isomer Beam观测
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NEEC的确定的观测


• 干净和可控的实验环境


• NEEC过程的控制和调控

电⼦和离⼦态的调控和确定


EBIT和储存环


特征信号

电⼦俘获致核激发
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Zhao, Pálffy, Keitel, Wu, Phys. Rev. C 110, 014330 (2024)
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229mTh-电⼦俘获致核激发
229Th nucleus

5/2+
29.19

0
5/2+

3/2+
0.008

M1 + E2
M1 + E2

SE

IS

GS

• 229mTh的产⽣


• NEEC特征信号


recombined ion

x-ray photon (atomic transition)

gamma photon (30 ns delay)

Storage 
ring
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electron 
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electron 
target



Chen, Wang, Wu, Phys. Lett. B 869, 139858 (2025)
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229mTh-投影壳模型



B. Tu et al., Phys. Rev. C 112, 054307 (2025)
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EBIT + Penning trap

EBIT Penning trap
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• EBIT中产⽣同核异能素


• 潘宁阱观测同核异能素

Background clean
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总结

•NEEC可以在同核异能态的产⽣与诱导衰变中起重要作⽤


•NEEC过程的明确的观测是亟待解决的问题


•涡旋电⼦可以对NEEC过程产⽣显著影响


•同核异能态的产⽣可以为NEEC观测提供信号

20

谢谢⼤家！


