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NEEC
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


• 核结构的研究、核天体物理的研究


• 通过调控电⼦与原⼦来调控原⼦核


• 核能触发 (Isomer triggering)：新型核能


• 核钟 (Nuclear clock) 相关研究
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NEEC IC
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Isomer triggering

Why NEEC?
• NEEC有望⽤于触发同核异能素

能量释放：新型核能

Isomer: long-lived excited state of nuclei

X-ray
pulse

Nuclear target Laser stage - 
Photoexcitation

1 Plasma stage - NEEC2

NucleusElectronNucleus

激光等离⼦体


XFEL NEEC >> XFEL 直接光激发 (105)


强激光 NEEC >> XFEL NEEC (106)

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)
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Why NEEC?
⾸个NEEC实验迹象在2018年被报道


离⼦束-固体靶相互作⽤


93mMo同核异能素衰变
C. J. Chiara et al., Nature 554, 216 (2018)

⾸个NEEC实验迹象的理论分析？


通过电⼦波函数的改变来影响NEEC？


— 涡旋电⼦束
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First Claimed NEEC evidence

⾸次实验观测NEEC


• 93mMo 衰变


• 


• 没有相关的NEEC理论计算


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

Pexc = 0.01
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Wu, Keitel, Pálffy, Phys. Rev. Lett. 122, 212501 (2019)



NEEC 截⾯
NEEC 截⾯
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• Coulomb interaction (E transitions)

Hen = ∫ d3rn
ρn( ⃗rn)

⃗re − ⃗rn

• Magnetic Hamiltonian (M transitions)

Hmagn = −
1
c

⃗α ∫ d3rn

⃗jn( ⃗rn)

⃗r − ⃗rn

Matrix elements

• Nuclear via reduced transition 
probability B(E/ML)

• Electronic wavefunctions 

   Bound electrons: GRASP92



First Claimed NEEC evidence
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Wu, Keitel, Pálffy, Phys. Rev. Lett. 122, 212501 (2019)

NEEC⼏率

P = ∑
q,α

∫ fqϕσα
q dt

NEEC截⾯
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First Claimed NEEC evidence
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Wu, Keitel, Pálffy, Phys. Rev. Lett. 122, 212501 (2019)
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• Convolution approximation for swift 
Particle (CasP) code


Schiwietz, Grande, Phys. Rev. A 84, 052703 (2011)


• Semi-empirical formula


Javanainen, Nucl. Instr. Meth. B 285, 158 (2012)

−
dEion

dx
=

4πZ2
pe4

mev2
NZtL

Gaussian distribution with  and width


(i) A general fitting formula by 
Nikolaev and Dmitriev (ND)


Phys. Lett. A 28, 277 (1968)


(ii) A multi-parameter least-square fit 
by Schiwietz and Grande (SG)


Nucl. Instr. Meth. B 175-177, 125 (2001)

q̄



First Claimed NEEC evidence
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Wu, Keitel, Pálffy, Phys. Rev. Lett. 122, 212501 (2019)

考虑648个通道


L, M, N, O 壳层

NEEC理论计算

• NEEC probability 


• NEEC probability in Pb target 

P ∼ 10−11 ≪ Pexc = 0.01

≈ 5 × 10−11

Pα
q = neSα

q (Eq,α)
mi

me

1

−( Eion

dx )
Eion

q,α

P = ∑
q,α

fq(Eion
q,α)Pα

q (Eion
q,α)



First Claimed NEEC evidence
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S. Guo et al., Nature 594, E1 (2021)

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

93mMo产⽣和衰变观测区域没有有效分离从⽽可能引起污染？



First Claimed NEEC evidence
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使⽤Isomer Beam重新观测NEEC

S. Guo, B. Ding, X. H. Zhou, Y. B. Wu, ……, Y. H. Zhang, Phys. Rev. Lett. 128, 242502 (2022)

12C(86Kr, 5n)93mMo


93mMo离⼦能量：460 MeV


分离93mMo产⽣和衰变观测区域


低伽⻢本底


激发⼏率上限： 


NEEC⼏率理论⽐值：


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

Pexc < 2 × 10−5

10 m9876543210
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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
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Electron vortex beams carry orbital angular momentum (OAM)
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NEEC-涡旋电⼦束
电⼦波函数

ψ(r) = ∫
d2p⊥

(2π)2
aζm(p⊥)upeip⋅r

aζm(p⊥) = (−i)meimαp 2π/ζδ( |p⊥ | − ζ)

m: vortex quantum number related to OAM
p = (p⊥, pz) = (ζ cos αp, ζ sin αp, pz)

ψ+ 1
2
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Wu, Gargiulo, Carbone, Keitel, Pálffy, Phys. Rev. Lett. 128, 162501 (2022)
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NEEC-涡旋电⼦束
NEEC - 平⾯波

σneec =
2π2

p2
YneecLd(E − Ed)

Yneec = Ya ∑
κ

Yb

NEEC - 涡旋电⼦

σneec =
2π2

p2

2p
Jz

YneecLd(E − Ed)

Yneec =
ζb2

2 ∫
2π

0 ∫
2π

0

dαp

2π
dαk

2π
eim(αp−αk)Yp,k

neec 0F1(2; u)

Yp,k
neec = Ya ∑

κ,ml

Yb

2l + 1
Y*lml

(θk, φk)Ylml
(θp, φp)

u = − b2ζ2[1 − cos(αk − αp)]/2

Transitions of electric multipolarity L

Ya =
4π2(2Jd + 1)

(2Ji + 1)(2L + 1)2

Bρi

R2(L+2)
0

; Yb = [C( jd L j;
1
2

0
1
2

)]
2

|RL,κd,κ |2

Transitions of magnetic multipolarity L

Ya =
4π2(2Jd + 1)

(2Ji + 1)L2(2L + 1)2
Bρi; Yb = (2j + 1)(κd + κ)2(

jd j L
1
2 − 1

2 0)
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Wu, Gargiulo, Carbone, Keitel, Pálffy, Phys. Rev. Lett. 128, 162501 (2022)
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NEEC-涡旋电⼦束

●

●

● ●

● ●

●

● ●

● ●

● ●

●

●

● ●

● ●

●

● ●

● ●

● ●

●

●

● ●

● ●

●

● ●

● ●

● ●

���/� ���/� ���/� ���/� ���/� ���/� � ��/�
��

���

���

���

���

���
���/� ���/� ���/� ���/� ���/� � ��/�

������� �����

� �
(�
� �)

/�
�(�
� �)

� = �
� = �
� = �

(�)

◦

◦

◦
◦

◦ ◦

◦

◦
◦

◦ ◦ ◦ ◦

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

���/� ���/� ���/� ���/� ���/� ���/� � ��/�

���

���

��

�

��-�

��-�

��-�

���/� ���/� ���/� ���/� ���/� � ��/�
��

�

��-�

��-�

��-�

��-�

��-�

������� �����

� �
(�
� �)

/�
�(�

� �
/�
)

� �
(�
� �)

[�
��

]

(�) � = �

��(���) / ��(���/�)
�� [���]

� � � � �

93mMo E2 跃迁

ζ = pz; ζb = 1

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

152mEu M1 跃迁
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总结

⾸个NEEC实验迹象 — 离⼦束-固体靶


• NEEC⼏率  (⾸个NEEC实验迹象)


• 离⼦能量偏低、低伽⻢本底条件下重新测量： 


NEEC — 涡旋电⼦束-离⼦束


•相⽐于平⾯波，涡旋电⼦束可以使NEEC截⾯提⾼2-6个数量级


• 通过电⼦波函数的改变影响原⼦核能级的跃迁

P ∼ 10−11 ≪ Pexc = 0.01

Pexc < 2 × 10−5
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谢谢⼤家！


