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Direct two-proton emission

● Known g.s. 2p emitters:
      45Fe, 48Ni, 54Zn, 67Kr

● Oishi 2025: Entanglement of 2p (2n)
● Zhao et al. 2023: Simultaneous 2α
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● Final state not directly determined 
by intermediate configurations

} Theory
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Sequential two-proton emission
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● Competition between direct and 
sequential?

● Quantum interference…?

● Final state momenta determined by 
sequences of on-shell configurations
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Beta-delayed charged particle emission

● Z > N: IAS can be populated
● ~1 MeV above threshold: 

Charged particle emission 
dominates gamma radiation 

● Isospin-mixing can spread BF 
from IAS to other states
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Beta-delayed charged particle emission

● Z > N: IAS can be populated
● ~1 MeV above threshold: 

Charged particle emission 
dominates gamma radiation 

● Isospin-mixing can spread BF 
from IAS to other states

● Sufficiently exotic emitters 
undergo multi-particle breakup

● How similar is 2p emission 
to α emission?



INPC 2025 6

Beta-delayed charged particle emission
25 experimentally
feasible* β2p precursors
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Beta-delayed charged particle emission

25 experimentally

feasible* β2p precursors

*) 2p B.R. ~ 70%

Coulomb barrier
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The prime candidate: 22Al – Theory

1p
~50%

2p
~50%

“2He”
~1%

α
~1%

2p and α 
similar B.R.}
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The prime candidate: 22Al – Experiment

Y.T. Wang et al. Phys. Lett. B784 (2018) 12

“2He”
29(13)%

In-flight
@ RIBLL1
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A different experimental approach: 31Ar
H.O.U. Fynbo et al. Nucl. Phys. A677 (2000) 38

No “2He”

Stopped beam
@ ISOLDE/CERN

31Ar
β2p

IAS to 2nd ex.
IAS to 1st ex.

IAS to g.s.
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Stopped Beams at FRIB: 22Al and 26P

Experiment in June 2023
1st Stopped Beam Experiment at FRIB

- Primary beam 36Ar
- Production target 12C
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Stopped Beams at FRIB: 22Al and 26P

Experiment in June 2023
1st Stopped Beam Experiment at FRIB

- Primary beam 36Ar
- Production target 12C
- Cooling of in-flight beam in Gas Stopper

ISOL-like

beam quality!
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Stopped Beam Setup at FRIB: 22Al and 26P

Experiment in June 2023
1st Stopped Beam Experiment at FRIB

- Primary beam 36Ar
- Production target 12C
- Cooling of in-flight beam in Gas Stopper

Silicon cube :
- 6 ΔE-E silicon detectors
         ΔE: 16x16 DSSSDs
- 42 % of 4π for p/α
- 18 % of 4π for 2p
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Stopped Beam Setup at FRIB: 22Al and 26P

Experiment in June 2023
1st Stopped Beam Experiment at FRIB

- Primary beam 36Ar
- Production target 12C
- Cooling of in-flight beam in Gas Stopper

Silicon cube :
- 6 ΔE-E silicon detectors
         ΔE: 16x16 DSSSDs
- 42 % of 4π for p/α
- 18 % of 4π for 2p



INPC 2025 15

22Al: β2p

33 h beam time
- 9•103 pps expected
-            7 pps delivered

- 1.2•105  1p events
- 2.4•103 2p events
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22Al: β2p

33 h beam time
- 9•103 pps expected
-            7 pps delivered

- 1.2•105  1p events
- 2.4•103 2p events

Pile-up and 
dead time 

not a 
concern!
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22Al: β2p
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22Al: β2p

6.5 MeV

Nu
cl.

 D
at

a S
he

et
s: 

21
Na

Etc. … ↓
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22Al: βα

First observation of βα from IAS
to g.s. in alpha daughter
settles 22Al spin/parity assignment: 4+

(The alternative 3+ is ruled out)

Proposed 

halo structure

of 22 Al g.s. 

unfeasible...
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22Al: β1p, β2p, βα

Exp @ FRIB SM 1990

β1p 42(10)% ~50%

β2p 35(2)% ~50%

βα 23(2)% ~1%

β”2He” <2% ~1%

Clarifications and 
many new 2p branches!

No indication of “2He”

However, large α branch...

Things needed:
- Refinements of present analyses
- More statistics...
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Outlook

The search for 
statistically significant 
direct β2p is now possible

22Al 2.4•103 pps
22Si 10~20 pps
23Si 4•102 pps
26P 1~2•103 

pps27S 80 pps

Present yields at FRIB:

✓Measured
✓Estimated

22Al
22,23Si

26P
27S

31Ar

New theoretical evaluations welcome!



Thanks to all collaborators!Thanks to all collaborators!
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26P: b2p                                   31h beam time
 5 103 pps expected
      30 pps delivered
2.3 105   1p events
8.0 103 2p events
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26P: b2p                                   
J.J. Liu et al. Phys.Rev.Lett. 129 (2022) 242502
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b-delayed multi-particle emission

31Ar b2p

22Al b2p

26P b2p

12B b3a

9C bp2a12N b3a

8He btna

Also b2n, b3n, b2an, bap, ban 
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Rare Ion Beam Production

Constrained by 
cross sections at ...

Constrained by 
chemistry at ...

ISOL Target Target + Ion 
Source

In-
flight Target Gas gell

In-Flight for implantation in stacks of 
Si detectors is error-prone, 
interpretation-wise
ISOL-like method is necessary!
Low-energy beam challenges:
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What else can we do?
Tremenduous resoultion in charged 
particle spectra

- Credit to beam quality from
Gas Stopping Area
- Credit to MAGISOL’s decades
of experience and expertise
with Si-cube setups

Data on 21Mg and 25Si also taken for 
calibration and contamination analyses
Can improve decay schemes, level 
assignments, etc.

21Mg βp singles

(See also NIM A 1055:168531, 2023)
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Sequential 2p kinematics

Q2p determined from E1, E2, Θ2p:

For sequential decay, we have

i.e. 1st emitted proton generally follows 
straight line of slope ~1, with offset 
determined by energy release of 2nd proton, Q2
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Eur. Phys. J. A61 (2025) 87
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