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Location of the Neutron Drip line at Fluorine and Neon

D.S. Ahn et al., Phys. Rev. Lett. 123, 212501  (2019)

This work confirmed that 31F and 34Ne are the heaviest bound isotopes of fluorine and neon, 

respectively.

Recent Experimental results of exotic nuclei from RIKEN

Drip line of O was confirmed 20 yrs ago !!!Location of drip line !!!

Why ab initio ?

More details about drip line: N. Tsunoda, T.  Otsuka et al., Nature 587, 66 (2020).
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• No Core Shell Model

• Green Function Monte Carlo

• Many-Body Perturbation 

Theory

• ….

Modern Many-Body Methods

Ab Initio Theory

OLS

NCSM with core:

• Coupled Cluster Theory (CCEI)

• In Medium Similarity 

Renormalization Group (IM-SRG)

Different types of realistic NN interactions for NCSM

Based on Meson Exchange:

❑ Argonne potentials

Local potential – av8’, av18

❑ Bonn potential

Non-local, Charge dependent-CDB2K

❑ INOY- Inside Non Local Outside Yukawa tail.

Based on  𝝌EFT (Chiral effective field theory) :

Potentials are guided by QCD, softer potentials.

❑ N2LO (Next-to-next leading order)

❑ N3LO (Next-to-next-to-next leading order)

When we use interactions (AV18,CDB2K, INOY etc.) that generate strong

short range correlation, we get a problem with convergence. So, we need a

normalization procedure that softens the interaction.
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PHQ=0 𝐻𝑒𝑓𝑓 = 𝑃𝑒−𝑠𝐻𝑒𝑠𝑃

𝑆 = arctanh(𝜔 − 𝜔+)

Unitary transformation:

Where anti-Hermitian operator
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No Core Shell Model

Relative kinetic energy Two nucleon interaction ( including Coulomb part)

We add H.O. center-of-mass term

The starting Hamiltonian 

6Li
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Addition of the HO Hamiltonian does not affect the system properties

Full Hilbert space

P-space (finite) Q-space (infinite)

P + Q =1

P-space projection operator Q-space projection operator

Effective shell model Hamiltonian:

Finally, we subtract the C.M. Hamiltonian Hc.m. and include the Lawson projection term to shift the 

spurious C.M. excitations.
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Review: B. R. Barrett, P. Navrátil and J. P. Vary, Prog. Part. Nucl. Phys. 69, 131 (2013)



Nmax

6LiPositive Parity (Natural Parity)  >>>  Nmax=0,2,4…

Negative Parity (Unnatural Parity)  >>>  Nmax=1,3,5…

In NCSM calculations, there are two variational parameters: harmonic oscillator (HO) frequency (Ω) 

and truncation parameter Nmax. 

Maximum number of HO quanta in many-body HO basis space above the unperturbed A-nucleons 

configuration.

In NCSM, all nucleons are treated as active, which means there is no assumption of an inert core.
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No Core Shell Model Study of  18-23O and 18-24F isotopes

Step I

Step II

First time such heavy calculations are done !

A. Saxena and P.C. Srivastava,  J. Phys. G: Nucl. Part. Phys. 47, 055113 (2020) 

Matrix size (N X N)

We need large RAM and 10-TB HDD to perform

no core shell model  calculations

(Fitted)

Nmax 6 3.40 x108

Nmax 8 1.22 x 1010

Not possible with fitted interaction

12 Days for Nmax = 6  



A. Saxena and P.C. Srivastava,  J. Phys. G: Nucl. Part. Phys. 47, 055113 (2020) 



Ab-initio no-core shell model study of 10−14B isotopes

with realistic NN interactions 
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Maximum basis sizes up to which we reached is Nmax = 10 for 10B, Namx=8 for 11,12,13B and

Nmax=6 for 14B with m-scheme dimensions up to 1.7 billion. 

..Contrary to the experimental observation of 3+, when the AV8’ potential is used, indicating the 

need for true three-body forces.



Ground state energy of  10B:



❑ Reproduces the correct g.s. 3+ with the INOY interaction. INOY is a two-body interaction but also

has the effect of three-body forces via short range and nonlocal character. 

❑ Unable to reproduce the correct g.s. as 3+ with the CDB2K, N3LO and N2LO_opt interactions.

P. Choudhary, P.C. Srivastava and P. Navratil,  Phys. Rev. C 102, 044309 (2020)



❑ Reproduces the correct g.s. with all four interactions using NCSM.

❑ We get correct excited states up to ~ 7 MeV with all interactions except the N3LO.

❑ For N3LO interaction, 3/2− and 1/2− states are almost degenerate, while the INOY gives a splitting

close to the experiment. This splitting depends on the strength of the spin-orbit interaction, which is 

The apparently largest for INOY interaction.
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Electromagnetic properties of boron isotopes



Transition strengths of 10B

❑ The convergence of the 𝑩(𝑴𝟏; 𝟐𝟏
+ → 𝟑𝟏

+)result is obtained at smaller ℏ𝛀 and lower 

Nmax.

❑ B(E2) value varies even for the larger value of the Nmax parameter.

❑ Magnetic dipole moments converge quickly and accurately since they have no "r" 

dependence. 

❑ Quadrupole moment Q converges slowly because of its " 𝑟2 " dependence. 

❑ Hence, Q is much more difficult to compute because of the huge model spaces 

required in order to convergence and also obtain the correct result.



Observables dependence on A:

Fig: G.s. energy, quadrupole and magnetic moment dependence on the mass number of B isotopes.



Point-proton radii of 10B

Fig: Variation of 𝒓𝒑 for 10B with HO  frequency for Nmax=2 to 10, 

corresponding to the INOY, N3LO and  CDB2K Interactions.

❑ 𝒓𝒑 from INOY, CDB2K and N3LO

comes out to be 2.14fm, 2.30fm and

2.36 fm, respectively.

Last term is Darwin-Foldy term related to 

Relativistic correction in natural units.

𝑹𝒑
𝟐 = 𝟎. 𝟖𝟕𝟕𝟓 𝟓𝟏 𝒇𝒎𝟐

𝑹𝒏
𝟐 = −𝟎. 𝟏𝟏𝟒𝟗 𝟐𝟕 𝒇𝒎𝟐

𝟑ℏ𝟐

𝟒𝒎𝒑
𝟐𝒄𝟐

= 𝟎. 𝟎𝟑𝟑 𝒇𝒎𝟐
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We have calculated the energy spectra for neutron-rich 18−22N isotopes using the no-core shell model.



Conclusions and Future Work :

❑ NCSM results for O and F isotopes. First such heavy calculations are done.

❑ NCSM study for B, C, N, O, F and Ne  isotopes including radii.

❑ We need higher Nmax calculation for quadrupole moment.

❑ Further our aim is to locate drip line beyond O with NCSM.

❑ It is possible to support different experimental group with NCSM for lighter nuclei.

❑ Future: Quantum computing maybe one option to diagonalize the matrices for NCSM 

study of medium mass nuclei. 

❑ To study beta decay using NCSM.
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