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Probing exotic structure using one-nucleon transfer 
reactions



ÁOverarching questions of nuclear physics

----- Migration of shell gaps and magic numbers

ÁUnderstanding of exotic nuclei ----- Examples: Be isotopes
ü

11Be negative parity states

ü
12Be intruder states and single-particle configuration mixing

ÅResonances in weakly-bound nuclei and the role of continuum
ü

12Be resonances with intruder configurations 

ÁInstrumentation for transfer reactions 

ÁApproaching the nuclear force : N-N effective interaction ----- Example:22F 1d5/2-orbital

ÁOpportunities with FRIB
üCommissioning of the AT-TPC and SOLARIS using long-lived beams
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Overarching questions of nuclear physics
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ÁWhere do nuclei and elements come from? 

ÁWhat combinations of neutrons and protons can form a bound atomic nucleus? 

ÁNew experimental insights on rare nuclei to guide theoretical developments.

ÁIntegration low-energy nuclear experiments and theory with knowledge from 
astrophysics and computational science.

2015 Long Range Plan Reaching for the 

Horizon https://science.energy.gov/np/nsac/.



ÁWhat is the nature of the nuclear force that binds 
protons and neutrons into stable nuclei and rare 
isotopes?

ÁWhat is the origin of simple patterns in complex nuclei?

ÁAdvanced understanding of the nature of weakly-
bound nuclei by measurement of exotic and dripline 
nuclei

ÁDetermine shell structure and test configuration 
interaction theories

ÁMeasure resonances in weakly-bound nuclei and test 
the role of continuum

Overarching questions of nuclear physics
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The Science of FRIB, et al.



Migration of Shell Gaps and Magic Numbers
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Tools to study the evolution of shells / N-N-interaction



ÁSingle-neutron adding probes vacancies (# of holes)

ÁSingle-neutron removal probes occupancies (# of particles)

Probing the occupancy and vacancy of the orbitals
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Quenching factor:

J. P. Schiffer et. al., PRL 108,022501(2012)

B. P. Kay et. al., PRL 111.042502 (2013)

ÁConstant value of 0.4~0.7 across all nuclei using consistent optical model parameters

ÁThe Macfarlane-French sum rules can be used to normalize the spectroscopic factors

From B. P. Kay



Kinematics: normal vs. inverse
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Challenges of inverse-kinematics 

using radioactive beam :

Particle identification at low energies

Energy dependence with respect to 

laboratory angles

Kinematic compression at forward 

c.m. angles

Weaker beam intensity

Typically leading to poor resolution 



Approaching the nuclear force : N-N effective interaction
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21F(d,p)22F

21F 10 AMeV



Approaching the nuclear force : N-N effective interaction
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J. Chen et al. Phys. Rev. C 98, 014325 (2018)
N=14 shell gap in 22F : 1.63(6) MeV

Lower limit for N=16 shell gap: 3.27(6) MeV
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Matrix elements in the 1d5/2 orbital:



ÁHalo, Borromean nuclei, three body system, intruder states

ÁNew experimental insights on rare nuclei to challenge theoretical predictions.

Understanding of exotic nuclei
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Examples: Be isotopes
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ab-initio method

N = 8

Shell model Cluster model

Nilsson model



11Be negative parity states 
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(d, 3He)11Be12B

ÁNeutron loosely bound       Sn = 0.504 MeV

ÁLarger radius                       R = 2.91 fm

Á
10Be core + n(2s1/2)

Ág. s. 1/2+

ÁFirst excited: 1/2-



ÁTesting of various theories

11Be negative parity states 
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ÁNeutron loosely bound       Sn = 0.504 MeV

ÁLarger radius                       R = 2.91 fm

Á
10Be core + n(2s1/2)

Ág.s. 1/2+

Shell model Nilsson model 

Variational Monte Carlo calculations (VMC)

11Be

Not a pure 

strong 

coupling 

picture

J. Chen et al. Phys. Rev. C 100, 064314 (2019)



12Be intruder states and single-particle configuration mixing
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ÅBreakdown of conventional magic number N=8

ÅIsomeric state 02
+        331(12) ns  

E0 decay: e+e- pair creation   511keV ɔ~83(2)%

11Be(d,p)12Be

J. Chen, J. L. Lou,et al. RCNP E407

10Be 10Be 10Be

2s1/2
1p1/21d5/2



ÁQuenching Factor:

12Be intruder states and single-particle configuration mixing
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12Be

11Be

10Be

charge-exchange : ɔ1= 0.24 and ɔ2= 0.59

=0.55(10)

ADWA calculation

Ratio of 2s1/2 intensity:

(2s1/2) (2s1/2)(1p1/2) (1p1/2)(1d5/2) (1d5/2)



12Be intruder states and single-particle configuration mixing
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J.Chen et al . Phys. Rev. C 94, 064620 (2016)

J.Chen et al . Phys. Rev. C 93,034623 (2016)

ÅThe g. s. of 12Be is dominated by a d-wave 

intruder configuration

ÅDramatic change compared to 11Be

ÅPossibly due to stronger pairing in d5/2-orbital

ÅDeformation lowered d5/2-orbital energy

Lower 1d5/2 single-

particle energy by 

0.5 MeV

J.Chen et al. Phys. Rev. C 98, 014616 (2018)

J.Chen et al . Phys. Lett. B 781 (2018) 412 ͠416 

2

experiment experimenttheory theory



ÁOverarching questions of nuclear physics

----- Migration of Shell Gaps and Magic Numbers

ÁUnderstanding of exotic nuclei ----- Examples: Be isotopes
ü

11Be negative parity states

ü
12Be intruder states and single-particle configuration mixing

ÅResonances in weakly-bound nuclei and the role of continuum

ü
12Be resonance with intruder configurations 

ÁInstrumentation for transfer reactions

ÁApproaching the nuclear force : N-N effective interaction ----- Example:22F 1d5/2-orbital

ÁOpportunities with FRIB
üCommissioning of the AT-TPC and SOLARIS using long-lived beams

Outline
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ÁBreakdown of N=8              1p-1h across the N=8

ÁNeutrons in 2s1/2 and 1p1/2 1- and 0- states

ÁPrevious measurements ruled out a bound 0- state

12Be unbound states 
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ÁOne state just above the Sn

ÁOne state above the S2n, but 
has >80% 1n-decay 

12Be unbound states 
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11Be

10Be
12Be



ÁBoth are l =1, limit the possibility to 0-,1-,2-

ÁBoth have a dominant decay branching ratio to 11Be+n

ÁGamow coupled-channel approach 

Resonances in 12Be and the role of continuum
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S. M. Wang, et al. Phys. Rev. C 99, 054302 (2019)

S=0.78(30)

S=0.25(6)

10Be (deformed)

DWBA calculation by H. T. Fortune

Vincent-Fortune technique



Resonances in  12Be and the role of continuum
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4.44 MeV

3.21 MeV

core+nucleon+nucleon

GCC approach



ÁTwo-nucleon density distributions

Ág.s: mixture of a dineutron structure  
and a cigar-like configuration

Á02+ state: halo structure like the 11Li 
g.s.

Á0- and 11- states: two valence 
neutrons are less correlated

Three-body GCC approach
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1p-1h resonances in 11Li: experimentally observed dipole resonances


