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Evolution of Nuclear Shell Structure
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Near stability N >> Z

• Nuclear shell gaps and hence the structure chnges for varying N/Z. 

• Isotopes with N >> Z are rich testing ground for the models. 

• Onset of deformation. 

• Disappearance of canonical magic numbers.

• Emergence of new magic numbers. 



Evolution of Nuclear Shell Structure
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~3000 known isotopes

Nature volume 486, pages 509–512 (2012)
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20
16Towards 

high N/Z

Near stability N >> Z

• Onset of deformation. 

• Disappearance of canonical magic numbers.

• Emergence of new magic numbers. 

• Systematic study to understand the evolution of nuclear  
shell structure. 

• Pinpoint different components of nuclear force. 

• Nuclear shell gaps and hence the structure chnges for varying N/Z. 

• Isotopes with N >> Z are rich testing ground for the models. 

https://www.nature.com/


Structure of 36Al and 36Si
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• Even-mass Al isotopes exhibit β-decaying isomer.

• Structure of 36Al is not well known. 
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Structure of 36Al and 36Si
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• Even-mass Al isotopes exhibit β-decaying isomer.

• Structure of 36Al is not well known. 

• Negative parity trend of even-mass Si isotope shows evidence 
of N=20 shell gap evolution.

• How about N>20? No negative parity level is known for 36Si.

• β-decay of 36Al (g.s.) will populate them. 

Experimental information from www.nndc.bnl.gov
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Experiment at FRIB

• FDSi: FRIB Decay Station initiator.

• Primary beam 48Ca impinged on a 9Be target. 

• FDSi: YSO implant detector, 11 HPGe, 15 LaBr3 and VANDLE for neutron detection.

• Scintillator and PIN for particle identification.

YSO

LaBr
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Experiment at FRIB
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36Al

36Mg

• PID from the first FRIB experiment. 

• Center of the secondary beam was 42Si.

• 36Mg and 36Al were populated whose 
β-decay descendant nuclei are not well 
known. 

H.L.Crawford et al., Phys. Rev. Lett. 129, 21250

YSO

LaBr
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• FDSi: FRIB Decay Station initiator.

• Primary beam 48Ca impinged on a 9Be target. 

• FDSi: YSO Implant detector, 11 HPGe, 15 LaBr3 and VANDLE for neutron detection.

• SiPM and PIN for particle identification.



Experiment at NSCL

• NSCL β-decay station.

• Primary beam 48Ca 
impinged on a 9Be target. 

• CeBr3 implant detector, 16 
SeGA, 15 LaBr3 detectors. 

• Two PIN detectors for 
particle identification.

• Cocktail bean center was 
33Na. 

Si PIN (x2) 

Picture credit: T. Ogunbeku.

LaBr

R.S.Lubna, ARIS June 2023, Slide 8



Particle ID (NSCL)
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Ground state spin 
0+

T1/2 =  3.9(13)* ms

N=23

Ground state 
spin not known.
T1/2 = 90(40) ms

Half-lives reported from www.nndc.bnl.gov

X-axis: Time of 
flight between the 
scintillator at the 
A1900 focal plane 
and the PIN 1.

Y-axis: energy lost 
by the ions in PIN 1.
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Time of Flight (Arb. unit)

Measured 7.2(12) ms in 
the FRIB experiment 
H.L.Crawford et al. 
Phys. Rev. Lett. 129, 
21250.   

http://www.nndc.bnl.gov/


β- decays of 36Mg and 36Al
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β- decays of 36Mg and 36Al

Preferentially populates 1+ state of 
36Al via allowed β decay
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β- decays of 36Mg and 36Al

• Valence protons in sd shell, 
neutrons in fp shell. 

• Populate opposite parity states of 
the first descendant via allowed 
β decay.

Preferentially populates 1+ state of 
36Al via allowed β decay
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β-decay of 36Mg
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β-decay of 36Mg

Peaks labeled in red are newly assigned
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• One γ-ray candidate of 36Al at 657 keV.

• Observe 36Si 2+ to g.s. transition and a new candidate at 1109 keV.   

• γ-γ coincidence confirms the 1109 keV peak belongs to 36Si.

• Observed descendants from the β-delayed neutron emissions.
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β-decay of 36Al
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β-decay of 36Al

• Observed 36Si 2+ to g.s. transition at 
1408 keV and a new candidate at 
2316 keV.

• Weak presence of the 1109 keV 
peak.
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Peaks labeled in red are newly assigned
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β-decay of 36Al

• Observed 36Si 2+ to g.s. transition at 
1408 keV and a new candidate at 
2316 keV.

• Weak presence of the 1109 keV 
peak.
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• Discrepancy in the relative intensities 
between 1109 and 1408-keV peaks.

• Absence and presence of 2316 keV peak 
in two β-decay paths. 

• Indication of a β-decaying isomer in 36Al. 



Half-lives of 36Mg and 36Al

• Half-life of 36Mg extracted as 
6.9(10) ms from the 657 keV 
γ-gated time distribution.

• Half-life extracted for 36Al 
was 14.7(10) ms and 12.0(20) 
ms from the full time 
distribution and the 2316 keV
γ-gated time distributions

• Half-life of 36Al was reported 
before as 90(40) ms.

36Mg decay half-life 36Al decay half-life

R.S.Lubna, ARIS June 2023, Slide 19
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Half-life of 36Al Isomer

• Half-life of the isomer in 36Al has been measured from the γ
transition gated time distribution. 

• From the 1408 keV gate, half-life is extracted as 6.9(11) ms.

• From the 2316 keV gate, half-life is extracted as 7.0(12) ms.

R.S.Lubna, ARIS June 2023, Slide 20
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NSCL data



Proposed  Decay Schemes of Mass A=36

• β-decay of 36Mg populates the 1+

state of 36Al which decays via 
isomeric state.

• The isomeric state decays via β-
particle and populates 2518 keV 
state of 36Si.

• β-decay of 36Al ground state 
populates 3725 keV state of 36Si.

• 3725 keV state will be of negative 
parity if populated by the allowed 
β transition.

R.S.Lubna, ARIS June 2023, Slide 21
R.S.Lubna et al., submitted to PRC

Relative ordering of g.s. and isomeric 
state in 36Al could not be determined. 



Nuclear Shell-model Predictions, 36Al

• Shell model calculations performed by using FSU interaction. 

• Unmixed 0p0h (negative) and 1p1h (positive) calculations were 
performed to predict states of 36Al.

• Predicted 2- and 4- levels closely spaced in energies, one of 
them can be the ground state.

• 1p1h excitation calculates the lowest states as 1+ with 440 keV.

EXP*𝟎𝐩𝟎𝐡 𝟏𝐩𝟏𝐡

X+

(  )
(  )

*Black: previously confirmed
Red: Suggested from this work
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1. R.S.Lubna et al., Phys. Rev. Research 2, 043342 (2019).



Nuclear Shell-model Predictions, 36Si

• Shell model calculations performed by using FSU interaction. 

• No mixing was allowed to calculate the positive and negative 
parity states. 

• The first predicted negative parity state is above 4 MeV.

• No good negative parity candidate for the 2518 keV. 

• Predicted 2+ 2686 keV level can be the theoretical counterpart 
the 2518 keV state. This can be populated by a forbidden β-
decay or fed by a state above.

*Black: previously confirmed
Red: Suggested from this work

EXP 1𝟎𝐩𝟎𝐡 𝟏𝐩𝟏𝐡

1. Experimental levels were compiled from 
https://www.nndc.bnl.gov/

2. R.S.Lubna et al., Phys. Rev. Research 2, 043342 (2019).

3725

2518
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Systematic of the Negative-parity States of Even–mass 
Si Isotopes

(    )

(    )

(    )

30Si 32Si 34Si 36Si

EXP1

FSU2

• Experimentally observed negative-parity states of 
even-mass Si isotopes compared with that predicted by 
using FSU interaction. 

• Trends are well reproduced by the calculations. 

• According to the trend, the first negative parity of 36Si 
is expected to be around 4 MeV. 

• Do we have intruder/ opposite parity states for the 
higher mass isotopes?

• Are we ready to populate them and interpret their 
structure with the existing theoretical models?

1. Experimental levels, except for that of 36Si, were compiled from 
https://www.nndc.bnl.gov/

2. R.S.Lubna et al., Phys. Rev. Research 2, 043342 (2019).

3725
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Summary

• Investigated structure of 36Al via β-
decay of 36Mg.

• Strong indication of a long-lived β-
decaying isomeric state.

• Predictions with the FSU 
interaction supports the existence 
of an isomer and well predicts the 
1+ state.  

R.S.Lubna, ARIS June 2023, Slide 25



Summary

• Investigated structure of 36Si via 
β-decay of 36Mg and 36Al.

• More precise half-life measured.

• Negative parity intruder state 
was suggested to be around 4 
MeV. 

• Theoretical predictions made for 
the systematic of Si isotopes 
supports the argument.
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• Investigated structure of 36Al via β-
decay of 36Mg.

• Strong indication of a long-lived β-
decaying isomeric state.

• Predictions with the FSU 
interaction supports the existence 
of an isomer and well predicts the 
1+ state.  



Summary

Future:

• More exciting data coimg
from FRIB, are we ready?.

• Experimental data will 
provide stringent test to the 
theoretical models as well as 
will be invaluable inputs to 
improve them.
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• Investigated structure of 36Al via β-
decay of 36Mg.

• Strong indication of a long-lived β-
decaying isomeric state.

• Predictions with the FSU 
interaction supports the existence 
of an isomer and well predicts the 
1+ state.  

• Investigated structure of 36Si via 
β-decay of 36Mg and 36Al.

• More precise half-life measured.

• Negative parity intruder state 
was suggested to be around 4 
MeV. 

• Theoretical predictions made for 
the systematic of Si isotopes 
supports the argument.



Thank You
Collaboration:
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Half-lives and Pn of 36Mg and 36Al measured at RIKEN



Half-lives of 36Mg and 36Al Isomer for 100 ms
Correlation

657 keV gate

1408 keV gate

1109 keV gate



36Mg β-delayed γ-ray spectrum (NSCL)

Background subtracted



34Mg -> 34Al -> 34Si 
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Mg and Al Half-lives Systematics

• Al isotopes also follow the trend of more exotic nuclei have shorter 
half-lives, except for 36Al. 

• The current measured half-life is far different from the previously 
measured one but falls right on the trend with the other Al isotope 
half-lives. 

The previously measured half-lives were compiled from 
https://www.nndc.bnl.gov/

• In Mg isotopes, the half-lives decreases for the increasing ratio of N/Z.

• The measured half-life in the current analysis follows the trend. 



Areas of γ-peaks

Decaying parent γ-transition Area

36Mg 1109 237
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36Al 1109 80
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• The first negative parity 3-, 4-, 5- states are dominated by the 𝟏ℏ𝝎
excitation with the dominant configuration 𝝂𝒅𝟑

𝟐

𝟏⊗ 𝝂𝒇𝟕
𝟐

𝟏

34Si: Transitional Nucleus along N = 20 

1. Phys. Rev. Research 2, 043342 (2019).
2. Phys. Rev. C 100, 034306 (2019).
3. Phys. Rev. C 86, 051301(R) (2012). 
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• Compared the experimental levels with some modern theoretical models.

• FSU, SDPF-U-MIX and VS-IMSRG well predicts the first excited 0+ and 2+ 

with the 𝟐ℏ𝝎 excitation. 



• Isotope production process during projectile fragmentation.

• Produce exotic isotopes.

• Production occurs at very high energies (~100 MeV/nucleon).

• Many isotopes are produced simultaneously.

Rare Isotopes via Projectile Fragmentation

projectile
target

Ablation Abrasion 

Projectile fragment

Cooling by evaporation

Fragment/ cocktail beam



β- decays of 36Mg and 36Al

• With N>20, both will populate the 
intruder states of the first 
descendant nuclei.

• No experimental information on 36Al 
is available except for the half-life.

• No experimental information on 36Si 
from the β-decay of 36Al is available. 
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36Si known level scheme of 
γ-transitions

The experimental level energies of 36Si were compiled from 
https://www.nndc.bnl.gov/
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β-

Strongly populates 1+ (intruder) state 
of 36Al via allowed β transition
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Populates intruder, negative parity states of 36Si 
via allowed β transition. Levels of 36Si will also be 

populated from the β decay of 36Mg. 
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