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Ab initio approach to light-ion reactions

 Combining the ab initio no-core shell model (NCSM)

       with the resonating group method (RGM)
        ⇒ ab initio NCSM/RGM

• NCSM - single-particle degrees of freedom
• RGM - clusters and their relative motion

 Non-local integro-differential coupled-channel equations:

Fully implemented and tested for the case of a single-nucleon projectile (nucleon-nucleus
system). Capability to calculate bound states, scattering matrix, phase shifts, cross sections.
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Single-nucleon projectile: the norm kernel
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Single-nucleon projectile basis: the Hamiltonian kernel

−  (A-1) × − (A-1)(A-2) ×

“direct potential” “exchange potential”

+ terms containing NNN potential
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n-4He phase shifts with mSSC V8’ NN interaction

 NCSM/RGM calculation:
• mSSC V8’ NN potential

•  two-body effective interaction
Nmax=17 @ hΩ = 22 MeV
− Dotted lines Nmax=15

• 4He states: g.s. + 0+0

 p+4He calculated as well

Done with the NN potential used for UNEDF benchmarks. Other resonances still
should be included: 0- 0, 1- 0, 2- 0. To be compared to GFMC calculations.

4He
n
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Parity-inverted ground state of 11Be

 11Be
• Disappearance of N=8 magic number with

increasing N/Z ratio
• Ground state 1/2+ instead of the p-shell

expected 1/2-

 Large-scale ab initio NCSM calculations with
several accurate NN potentials do not explain
the parity inversion
• PRC 71, 043312 (2005)

 Problem:
• Extended n+10Be configurations suppressed

11Be
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n-10Be phase shifts with CD-Bonn NN interaction

n-10Be phase shifts

 Dramatic increase of
11Be 1/2+ binding energy

 NCSM/RGM calculation:
• CD-Bonn 2000 NN potential

• two-body effective interaction
Nmax=7 @ hΩ = 13 MeV

• 10Be states:

 Inversion between 1/2−   

    and 1/2+ states reproduced

10Be
n
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n-10Be & parity-inverted ground state of 11Be

 What happens?
• n-10Be wave function extends

to large distances
• Relative kinetic and potential

energies decrease in absolute
values

• The kinetic energy more
dramatically
− Net effect: Gain in binding

energy

10Be
n

-57.85-57.02-7.396.56Full

-55.03-56.66-15.0216.65Model-
space

EtotE10BeVrelTrel
NCSM
/RGM

The proper description of extended n-10Be configurations leads to parity-inverted 11Be g.s.
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n-12C scattering with mSSC V8’ NN interaction

 NCSM 12C benchmark
calculation: Egs=-86(2) MeV

 NCSM 13C calculation:
• 1/2+, 5/2+ states too high,

unbound

 NCSM/RGM 13C  calculation:

• two-body effective interaction
Nmax=7 @ hΩ = 14 MeV

• 12C states: g.s., 2+
1

− 1/2+ state bound

− 1/2-, 3/2- and 5/2+ bound

12C
n

Egs= -86(2) MeV
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n-12C scattering with mSSC V8’ NN interaction

 NCSM/RGM n+12C total
cross section dominated
by d-wave resonances
• 5/2+, 3/2+ states in 13C
• 1/2-, 3/2-, 1/2+ and 5/2+

states bound
• 5/2+, 3/2+ and 5/2-

narrow resonances
• 3/2+ broad resonance

 Scattering calculation a
much stricter test of NN
(+NNN) interactions than
the discrete state
calculation alone

12C
n
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n-16O scattering with SRG-N3LO NN potential

 16O ground state calculated within
importance-truncated NCSM
• in collaboration with R. Roth (TU

Darmstadt)
• 4p-4h up to Nmax=14 (Nmax=18

possible!?), hΩ=20 MeV
• SRG-N3LO with Λ=2.66 fm-1

− Less overbinding
• Benchmarking with full NCSM

− 16O binding energy up to Nmax=8
− Perfect agreement

 17O within ab initio NCSM/RGM
• 1/2+ bound: Eb=-0.87 MeV wrt 16O
• 5/2+ bound: Eb=-0.40 MeV wrt 16O

− Nmax=15, hΩ=20 MeV
− Only 16O ground-state included

16O
n

2p-2h

4p-4h 4p-4h +
Davidson
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n-16O scattering with SRG-N3LO NN potential

 Phase-shift convergence
reasonable

 Essential to use large Nmax
• Target wave function
• Expansion of short-range

parts of kernels
• IT NCSM for the target

makes it possible
 Need to include 16O excited

states (1p-1h…)
− IT NCSM for excited

states under way

16O
n

Combining the ab initio NCSM/RGM
with the importance-truncated NCSM
highly promising. Access to medium
mass nuclei.

Nmax=14
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n-16O scattering with SRG-N3LO NN potential

 Orthogonalized
NCSM/RGM equations:
• Non-local nucleon-

nucleus potential
− Channel dependent

• Wave functions

16O
n

Direct connection to phenomenological
reaction theory: Comparison of coupling
potentials, wave functions
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Computational issues

 The most computationally intensive:
• NCSM/RGM with the target wave function expanded in Slater

determinant basis (A>3)
− Target wave functions calculations

− Limit: Dimensions up to 108

− Antoine
− Codes developed from “Arizona” version of the MFD; MPI; up to 512 processors

− One- and two-body transition densities from the target wave functions
− TRDENS; MPI; up to 512 processors
− Memory intensive: many combinations of operators in multi-shell HO basis

(especially for eigenstates with J>0)
− The kernel calculations from the densities is less challenging

• NCSM/RGM with the target wave function expanded in Jacobi basis
(A=3-5)
− The kernel calculations

− Sofia’s code; MPI; up to 256 processors

 CS assistance sought for the TRDENS development and optimization
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Past year publications citing UNEDF

arXiv:0804.1560; submitted to PRL

arXiv:0804.3815; accepted in PLB
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Past year accomplishments and future plans

 Benchmark calculations for 7Li, 9Be and 12C with mSSC V8’ NN potential
 Development of ab initio many-body reaction theory by merging the NCSM and the RGM

• Results with NN potentials used by UNEDF collaboration
− n-4He (p-4He) with SRG-N3LO, SRG-AV18, mSSC V8’
− n-12C with mSSC V8’
− n-16O with SRG-N3LO using the importance-truncated NCSM
− Calculation of nucleon-nucleus non-local potentials

• Bottleneck: Target wave-function and two-body density calc.
 40Ca with 4p-4h IT NCSM
 Development of the TRDENS transition density code

• Used for the NCSM/RGM (one- and two-body) and other
• MPI, memory intensive, CS assistance welcome

 LLNL Grand Challenge Award: 25 kCPU hours per week

 Year 2: Further work on non-local densities
 Year 3: Deuteron projectile within NCSM/RGM; nucleon scattering on medium-mass

nuclei including excited states (IT NCSM); A=12 nuclei with chiral EFT NN+NNN
 Year 4,5: Realistic non-local potentials for nucleon-nucleus, deuteron-nucleus,

connection to phenomenological reaction theory
 High-profile science: Capture reactions - 3He(α,γ)7Be, alpha-clustering


