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Proton emission
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two-proton radioactivity

New terra incognita

NSCL

48Ni 
2p

GSI - FRS

31Ar  b3p

Digital camera picture; 
optical time projection 
chamber

PRL 111, 139903 (2013); E: PRL 111, 139903 (2013)

the feasibility of experimental observation of the 2p decay:
10-7 s < T2p < 10-1 s

67Kr          20(11) ms



Energy - angle 2D correlation

3-body model prediction Experiment
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Electromagnetic	(gamma)	decay	
Coupling between nucleons and EM field

• Electromagnetic and weak interactions can be treated as perturbations
• Emission of a g-ray is caused by the interaction of the nucleus with an external 

electromagnetic field
• Besides g-decay, electromagnetic perturbation can also induce nuclear decay 

through internal conversion whereby one of the atomic electrons is ejected. This is 
particularly important for the heavy nuclei.

• The decay can also proceed by creating an electron-positron pair (internal pair 
creation)

• Since the nuclear wave function has a definite angular momentum, the external 
EM field has to be decomposed in spherical multipoles. The quantization and 
multipole expansion of EM field is straightforward by tedious.



Electromagnetic Decay
Kinematics of photon emission

€ 

Ei = E f + Eγ + T0
recoil term

€ 

T0 ≈
Eγ
2

2M0c
2

Ei

Ef

For A=100 and Eg=1 MeV, the recoil
energy is about 5 eV. But the natural 
linewidth of the radiation is even 
smaller.

The	emission	of	photons	without	recoil	is	possible	if	one	implants	the	nucleus
in	a	lattice.	In	such	a	case,	the	recoil	is	taken	by	the	whole	lattice	and	not	by	a	single	
nucleus.	If

!ωlattice >> T0
then,	quantum-mechanically,	the	energy	of	the	emitted	gamma	radiation	takes	away	
the	total	energy	difference	(Mössbauer effect	– 1958	−	or	recoilless	nuclear	resonance	
fluorescence).
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V = −
1
c
jµA

µ

nuclear current

two polarization states

!
A(!r, t) = 1

N
b!kη
!
εηe

i(
!
k!r−ωt ) + b!kη

+ !εηe
−i(
!
k!r+ωt ){ }

!
k ,η
∑

external EM field

photon creation 
operator

!
A(!r, t) =

!
Aλµ (
!r, t)

λµ

∑ multipole expansion

The	typical	gamma-rays	in	nuclear	transitions	have	energies	less	than	10	MeV,	
corresponding	to	wave	numbers	of	the	order	k~1/20	fm-1	or	less.	The	multipole operators	
give	contributions	only	within	the	nuclear	volume.	That	is,	in	most	cases	kr<<1	and	the	
above	series	may	be	approximated	by	the	first	term	in	the	expansion	alone	(“The	long-
wavelength	limit”).	We	are	now	ready	to	calculate	the	contribution	of	each	multipole order	
to	the	transition	probability	from	an	initial	nuclear	state	to	a	final	state.

W (λ;Jiζ → J fξ ) =
8π (λ +1)k2λ+1

λ (2λ +1)!![ ]2 !
B(λ;Jiζ → J fξ )

transition probability reduced transition
probability

This	contains	both	electric	
and	magnetic	interactions

l=1,2,3…

But	what	about	l=0?



Electromagnetic Rates

B(λ;Jiζ → J fξ ) = J fM fζ Oλµ JiMiξ
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∑
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gyromagnetic factors

Selection Rules 

J f − Ji ≤ λ ≤ J f + Ji

W (λ +1)
W (λ)

~ (kR)2 large reduction in probability
with increasing multipolarity order!

POλµ (Eλ)P
-1 = (−1)λOλµ (Eλ), POλµ (Mλ)P-1 = (−1)λ+1Oλµ (Mλ)

π iπ f = (−1)
λ π iπ f = (−1)

λ+1



Magnetic transitions are weaker than electric transitions of the same multipolarity

6+

4+
E2,	(M3,	E4,…)

5+

4+
M1,	E2,	(M3,	E4,…) mixed M1+E2 transition

140Gd

A decay scheme:
E1, E2 and M1 
transitions




