
Christian Forssén,
Fundamental Physics, Chalmers, Sweden

RECENT INSIGHTS FROM THE NO-CORE 
SHELL MODEL: 

FROM LIGHT NUCLEI TO COLD ATOMS

TRIUMF workshop, Vancouver, Feb. 21 - 23, 2013

Main research funding by:



Christian Forssén,
Fundamental Physics, Chalmers, Sweden

RECENT INSIGHTS FROM THE NO-CORE 
SHELL MODEL: 

FROM COLD ATOMS TO LIGHT NUCLEI

TRIUMF workshop, Vancouver, Feb. 21 - 23, 2013

Main research funding by:



C. Forssén, TRIUMF, Feb. 23, 2013

❖ Lucas Platter (ANL), Jimmy Rotureau, Mikhail Zhukov, Emil Ryberg, 
Daniel Sääf, Boris Carlsson, Jonathan Lindgren, Håkan 
Johansson (Chalmers)

❖ Petr Navrátil (TRIUMF), Robert Roth (Darmstadt), James Vary and Pieter 
Maris (Iowa), and the NCSM collaboration.

❖ Witek Nazarewicz and Nicolas Michel (UT/ORNL), Marek Ploszajczak 
(GANIL), George Papadimitriou and Bruce Barrett (UA)

❖ Andreas Ekström, Morten Hjorth Jensen (UiO, MSU), Gaute Hagen, 
Gustav Jansen, Thomas Papenbrock (ORNL/UT), Ruprecht Machleidt 
(Idaho)

❖ Nikolai Zinner, Artem Volosniev (Aarhus)

Many thanks to my collaborators

Research funded by:
• The Swedish Research Council
• European Research Council

In collaboration with: 

B. Barrett, University of Arizona, USA 

J. Rotureau, Chalmers, Sweden 

M. Ploszajczak, GANIL, France 

W. Nazarewicz and N. Michel, University of Tennessee, ORNL, USA 

A. T. Kruppa, Debrecen, Hungary 

Acknowledgments

  

C. Forssén, Chalmers University of Technology

B.R. Barrett, University of Arizona

G. Papadimitriou, University of Arizona

W.Nazarewicz, University of Tennesse/ORNL 
         N. Michel, University of Tennesse

M. Płoszajczak, GANIL



C. Forssén, TRIUMF, Feb. 23, 2013

Outline

❖ Cold atoms in deformed traps 

❖ Ab initio NCSM towards the driplines

❖ NNLO (POUNDerS) in the NCSM
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From “QCD” to Nuclei

Low-energy QCD

Nuclear Structure

Realistic, effective 
nuclear interaction

Many-body Methods

Renormalization 
Scheme

ab initio no-core shell model
‣ A-body HO model space (m scheme)
‣ Full-space Nmax energy cutoff

Realistic nuclear interaction
‣ fits scattering data
‣ chiral EFT interaction

Renormalized for truncated model space
‣ SRG flow in HO or momentum space
‣ Lee-Suzuki transformation



Cold Atoms In Deformed Traps
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Busch model

From: G. Zürn et al., Phys. Rev. Lett. 108, 075303 (2012). 

Foundations of Physics, Vol . 28, No. 4, 1998

T. Busch et al., Foundations of Physics, 
Vol . 28, No. 4, 1998. 

�(�E/2 + 1/4)

�(�E/2 + 3/4)
= �2

g

❖ Zero-range interaction

❖ Parabolic trapping 
potential

❖ Energy spectrum given 
by the Busch formula 

❖ Analytical expressions 
for wave functions 

http://link.aps.org/doi/10.1103/PhysRevLett.108.075303
http://link.aps.org/doi/10.1103/PhysRevLett.108.075303
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Heidelberg Experiment

From: G. Zürn et al., Phys. Rev. Lett. 108, 075303 (2012). 

❖ 1d system with 
repulsively interacting 
bosonic gases (Tonks- 
Girardeau regime)

❖ Two-component 
fermionic systems using 
hyperfine states of 6Li

❖ 1:10 asymmetric opto-
magnetic trap.

http://link.aps.org/doi/10.1103/PhysRevLett.108.075303
http://link.aps.org/doi/10.1103/PhysRevLett.108.075303
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Model and energy spectrum

❖ Studied 1+2, 1+3, 1+4 
systems 

❖ Hamiltonian

❖ Coupling strength

❖ LS-transformation using 
exact Busch model solution

H =
X

i�

✓
p2

2
+

1

2
x2
i�

◆
+ g

X

i�,j�̃

�(xi� � xj�̃ )

with � = ±, �̃ = ��

g / a3d
1� Ca3d/a?

Attractive →← Repulsive

1+2 system
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Densities
Ground state 1st excited state

❖ Repulsive interaction

❖ From weak to strong

❖ Non-interacting state 
corresponds to the three-fermion 
ground state in HO trap

❖ At -1/g→0, these are degenerate
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Densities and correlation densities

skip



Ab Initio Towards The Driplines
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Extremes of the (light) nuclear landscape

12 fm

7 fm

Li11

Li9

Pb208

Ca48

Proton

Neutron
Charge Radii of Lithium Isotopes 

19 Nörtershäuser et al., PRC 84 024307 (2011) 

Observables: anomalous trends

Exotic decay modes

Halo states, 
Borromean systems

Clusterization
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6He Ground-State Properties

❖ Very accurate charge-radius 
measurements using laser 
spectroscopy.

❖ Very accurate mass measurement with a Penning trap mass 
spectrometer.

❖ Several ab initio calculations

❖ Most recently by S. Bacca et al 

‣ using EIHH and Vlowk NN potential based on I-N3LO. 

‣ Study of Vlowk cutoff-dependence and observable 
correlations.

6-He references
•P. Mueller et al., Phys. Rev. Lett. 99 
(2007) 252501. 
•M. Brodeur et al. Phys. Rev. Lett. 108 
(2012) 052504 
• S. Bacca. et al. Phys. Rev. C86, (2012) 
034321
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NCSM example: Energy convergence
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4He

6He

HO basis cutoff scales

EL = E1 +�EL

with� EL = a0 exp(�2k1L)

Correction to the energy due to 
finite HO space

Extrapolations from finite HO basis
• R.J. Furnstahl et al., Phys. Rev. C 86(2012)031301R
• S. Coon et al., Phys. Rev. C 86(2012)054002
• R.J. Furnstahl et al., arXiv:1302.3815 (2013)

Previous work with Nmax / ħΩ extrapolation
• C. Forssén et al., Phys. Rev. C 77(2008)024301
• P. Maris et al., Phys. Rev. C 79 (2009)014308

N3LO, SRG (NN only, Λ = 2.0 fm-1)

⇤UV =
p
2(N + 3/2)~/b

LIR = L2 =
p
2(N + 3/2 + 2)b

http://arxiv.org/abs/1302.3815
http://arxiv.org/abs/1302.3815
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NCSM example: Energy convergence

N3LO, SRG (NN only, Λ = 2.0 fm-1)

Binding energies

4 5 6 7 8 9 10 11 12
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6He with n3lo and Lambda=2.0

UV-corrected, ⇤ : [718 - 787] MeV
⇤ : [718-787] MeV
E1 =-29.252MeV k1=0.378 fm�1

UV-corrected, ⇤ : [658 - 704] MeV

⇤ : [658-787] MeV
E1 =-29.256MeV k1=0.375 fm�1

UV-corrected, ⇤ : [609 - 650] MeV
⇤ : [609-787] MeV
E1 =-29.258MeV k1=0.376 fm�1E(6He) -29.25(1) MeV

S2n 1.01(1) MeV
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Including UV correction

EL = E1 +�EL +�E⇤UV

with� EL = a0 exp (�2k1L)

and� E⇤UV = a1 exp (�2⇤

2
UV/a

2
2)
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NCSM example: Energy convergence

N3LO, SRG (NN only, Λ = 2.0 fm-1)

4 5 6 7 8 9 10 11 12

L [fm]

�31

�30

�29

�28

�27

�26

E
gs

[M
eV

]

6He with n3lo and Lambda=2.0

UV-corrected, ⇤ : [718 - 787] MeV
⇤ : [718-787] MeV
E1 =-29.252MeV k1=0.378 fm�1

UV-corrected, ⇤ : [658 - 704] MeV
⇤ : [658-787] MeV
E1 =-29.256MeV k1=0.375 fm�1

UV-corrected, ⇤ : [609 - 650] MeV
⇤ : [609-787] MeV
E1 =-29.258MeV k1=0.376 fm�1

UV-corrected, ⇤ : [565 - 595] MeV

⇤ : [565-787] MeV
E1 =-29.269MeV k1=0.376 fm�1

UV-corrected, ⇤ : [518 - 561] MeV
⇤ : [518-787] MeV
E1 =-29.241MeV k1=0.392 fm�1

UV-corrected, ⇤ : [468 - 505] MeV
⇤ : [468-787] MeV
E1 =-29.272MeV k1=0.399 fm�1

UV-corrected, ⇤ : [382 - 441] MeV
⇤ : [382-787] MeV
E1 =-29.134MeV k1=0.422 fm�1

E(6He)=-29.25(1)
4 5 6 7 8 9 10

L [fm]

�31

�30

�29

�28

�27

�26

�25

E
gs

[M
eV

]

6He with n3lo and Lambda=2.0

UV-corrected, ⇤ : [627 - 718] MeV
⇤ : [627-718] MeV
E1 =-29.132MeV k1=0.425 fm�1

UV-corrected, ⇤ : [565 - 612] MeV
⇤ : [565-718] MeV
E1 =-29.227MeV k1=0.402 fm�1

UV-corrected, ⇤ : [518 - 561] MeV

⇤ : [518-718] MeV
E1 =-29.165MeV k1=0.414 fm�1

UV-corrected, ⇤ : [468 - 505] MeV
⇤ : [468-718] MeV
E1 =-29.155MeV k1=0.439 fm�1

UV-corrected, ⇤ : [382 - 441] MeV
⇤ : [382-718] MeV
E1 =-28.822MeV k1=0.503 fm�1

E(6He)=-29.1(2)

Nmax≤10Nmax≤14



C. Forssén, TRIUMF, Feb. 23, 2013

NCSM example: Energy convergence

N3LO, SRG (NN only, Λ = 2.0 fm-1)

4 5 6 7 8 9 10 11 12

L [fm]
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6He with n3lo and Lambda=2.0

UV-corrected, ⇤ : [718 - 787] MeV
⇤ : [718-787] MeV
E1 =-29.252MeV k1=0.378 fm�1

UV-corrected, ⇤ : [658 - 704] MeV
⇤ : [658-787] MeV
E1 =-29.256MeV k1=0.375 fm�1

UV-corrected, ⇤ : [609 - 650] MeV
⇤ : [609-787] MeV
E1 =-29.258MeV k1=0.376 fm�1

UV-corrected, ⇤ : [565 - 595] MeV

⇤ : [565-787] MeV
E1 =-29.269MeV k1=0.376 fm�1

UV-corrected, ⇤ : [518 - 561] MeV
⇤ : [518-787] MeV
E1 =-29.241MeV k1=0.392 fm�1

UV-corrected, ⇤ : [468 - 505] MeV
⇤ : [468-787] MeV
E1 =-29.272MeV k1=0.399 fm�1

UV-corrected, ⇤ : [382 - 441] MeV
⇤ : [382-787] MeV
E1 =-29.134MeV k1=0.422 fm�1

E(6He)=-29.25(1)
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6He with n3lo and Lambda=2.0

UV-corrected, ⇤ : [565 - 658] MeV
⇤ : [565-658] MeV
E1 =-28.811MeV k1=0.513 fm�1

UV-corrected, ⇤ : [505 - 561] MeV

⇤ : [505-658] MeV
E1 =-29.048MeV k1=0.446 fm�1

UV-corrected, ⇤ : [441 - 494] MeV
⇤ : [441-658] MeV
E1 =-28.908MeV k1=0.503 fm�1

E(6He)=-28.8(4)

Nmax≤8Nmax≤14
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Ab initio < 6He | 4He+n+n > overlap

N3LO, SRG 
NN only, Λ = 2.0 fm-1,
Nmax=14, HO=20 MeVL=S=1
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Ab initio < 6He | 4He+n+n > overlap

N3LO, SRG 
NN only, Λ = 2.0 fm-1,
Nmax=14, HO=20 MeV<6He (0+) | 4He (0+)+n+n>
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Cigar configuration

Di-neutron configuration
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< 6He | 4He+n+n > overlap: Nmax dependence

N3LO, SRG 
NN only, Λ = 2.0 fm-1,
Nmax=14, HO=20 MeV

<6He (0+) | 4He (0+)+n+n>
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Conclusion: 
This is a Pauli 
focusing effect
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NNLO (POUNDerS) in the NCSM
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NNLO (POUNDerS) in NCSM

❖ NNLO (POUNDerS) 
optimized to NN phase 
shifts (see A. Ekström’s talk)

❖ It is soft: 
we will show bare interaction 
results in NCSM up to A~10.

❖ Study effects on the 
structure of light nuclei

❖ Technical developments 
of shell model code ⇒
d~1.7 x 109 - one Lanczos 
iteration in 35 min on one 
node.
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4 5 6 7 8 9 10 11
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⇤ : [841-931] MeV
E1 =-27.079 MeV k1=0.554 fm�1

⇤ : [841 - 931] MeV
⇤ : [781-931] MeV
E1 =-26.946 MeV k1=0.594 fm�1

⇤ : [781 - 825] MeV
⇤ : [737-931] MeV
E1 =-26.817 MeV k1=0.567 fm�1

⇤ : [737 - 773] MeV

⇤ : [687-931] MeV
E1 =-26.68 MeV k1=0.58 fm�1

⇤ : [687 - 718] MeV
⇤ : [650-931] MeV
E1 =-26.445 MeV k1=0.549 fm�1

⇤ : [650 - 685] MeV
⇤ : [595-931] MeV
E1 =-26.22 MeV k1=0.535 fm�1

⇤ : [595 - 644] MeV

A=6 energy
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-27.10(30)

6He with NNLO (POUNDerS) -bare
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⇤ : [781-931] MeV
E1 =-26.97 MeV k1=0.571 fm�1

⇤ : [781 - 825] MeV

⇤ : [737-931] MeV
E1 =-26.856 MeV k1=0.538 fm�1

⇤ : [737 - 773] MeV
⇤ : [687-931] MeV
E1 =-26.699 MeV k1=0.563 fm�1

⇤ : [687 - 718] MeV
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⇤ : [841-931] MeV
E1 =-27.112 MeV k1=0.533 fm�1

⇤ : [841 - 931] MeV
⇤ : [781-931] MeV
E1 =-26.97 MeV k1=0.571 fm�1

⇤ : [781 - 825] MeV

⇤ : [737-931] MeV
E1 =-26.856 MeV k1=0.538 fm�1

⇤ : [737 - 773] MeV
⇤ : [687-931] MeV
E1 =-26.699 MeV k1=0.563 fm�1

⇤ : [687 - 718] MeV
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⇤ : [781-931] MeV
E1 =-26.97 MeV k1=0.571 fm�1

⇤ : [781 - 825] MeV

⇤ : [737-931] MeV
E1 =-26.856 MeV k1=0.538 fm�1

⇤ : [737 - 773] MeV
⇤ : [687-931] MeV
E1 =-26.699 MeV k1=0.563 fm�1

⇤ : [687 - 718] MeV
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⇤ : [781-931] MeV
E1 =-26.97 MeV k1=0.571 fm�1

⇤ : [781 - 825] MeV

⇤ : [737-931] MeV
E1 =-26.856 MeV k1=0.538 fm�1
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UV-corrected, ⇤ : [841 - 931] MeV
⇤ : [841-931] MeV
E1 =-27.679MeV k1=0.373 fm�1

UV-corrected, ⇤ : [781 - 825] MeV
⇤ : [781-931] MeV
E1 =-27.664MeV k1=0.38 fm�1

UV-corrected, ⇤ : [737 - 773] MeV
⇤ : [737-931] MeV
E1 =-27.648MeV k1=0.385 fm�1

UV-corrected, ⇤ : [687 - 718] MeV
⇤ : [687-931] MeV
E1 =-27.731MeV k1=0.368 fm�1

UV-corrected, ⇤ : [650 - 685] MeV
⇤ : [650-931] MeV
E1 =-27.629MeV k1=0.388 fm�1

UV-corrected, ⇤ : [595 - 644] MeV
⇤ : [595-931] MeV
E1 =-27.645MeV k1=0.386 fm�1

with ΔEUV

-27.70(10)
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A=6 radii and S2n

rpt-p(6He) [fm] S2n(6He) [fm]
Exp. 1.938(23) 0.97

NCSM (SRG Λ = 2.0 fm-1):            N3LO (EM) 1.83(1) 1.01(4)

HH (S. Bacca) (LS+Vlowk, 2.0 fm-1):  N3LO (EM)  1.804(9) ~0.8

NCSM (bare):              NNLO (POUNDerS) 1.81(1) 0.1(1)

4 5 6 7 8 9 10

L2[fm]

1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

r p
t�

p
[fm

]

6He with n2lo with k1 fixed from energy interpolation.
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FIG. 6: Correlation plot of the 6He matter radius (upper
panel) and point-proton radius (lower panel) versus two-
neutron separation energy S2n. The experimental range,
shown by the bar (see text for details), is compared to theory
based on different ab-initio methods (NCSM [16], FMD [17],
MCM [18] and our EIHH results using different NN interac-
tions only and including 3N forces fit to light nuclei (only for
GFMC [9]). Calculational error bars are shown when avail-
able.

cross sections of 6He projectiles, leading to 2.33 ± 0.04
fm; in [34] and [35] rm was measured from proton elastic
scattering in inverse kinematics leading to 2.30±0.07 fm
and 2.37± 0.05 fm, respectively. In Fig. 6(a) we present
these data as a (green) band, which spans the three values
with their associated error bars.
The charge radius rch of halo nuclei, instead, can be

precisely and accurately measured via laser spectroscopy
techniques [5, 6]. The extraction of rch from measured
isotopic shifts requires very precise mass measurements
and atomic theory calculations. The 6He charge radius
has been recently reevaluated using input from the first
direct mass measurement of this halo nucleus, leading
to rch = 2.060 ± 0.008 fm [4]. In order to compare the
experimental charge radius with theory, we convert it into
a point-proton radius rpp using [36]:

r2pp = r2ch −R2
p − (N/Z) ·R2

n − 3/(4M2
p )− r2so , (6)

where R2
p and R2

n = −0.1161(22) fm2 are the pro-
ton and neutron mean-square charge radii, respectively,
3/(4M2

p ) = 0.033 fm2 is a first-order relativistic (Darwin-
Foldy) correction [37] and r2so is a spin-orbit nuclear
charge-density correction. The latter should be calcu-

lated from ab-initio wave functions and we will discuss
our results later. Because such a calculation is not avail-
able for all the ab-initio methods, we prefer to use a com-
mon estimate for r2so in the conversion of the experimen-
tal charge radius to r2pp. In [36], the spin-orbit correction
was estimated to be −0.08 fm2 in the case of pure p3/2
halo neutrons for 6He. We conservatively took 0.08 fm2

as the corresponding error. For Rp the Review of Particle
Physics [38] value is 0.877(7) fm. Recently, Rp has been
also precisely measured from spectroscopy of muonic hy-
drogen [39] leading to 0.84184(67) fm. Using these two
values for Rp with the above mentioned spin-orbit cor-
rections in Eq. (6) we obtain rpp = 1.938± 0.023 fm and
1.953± 0.022 fm for 6He, respectively. The experimental
(green) band in Fig. 6(b) includes both values with their
errors.
In order to present a combined comparison of our re-

sults to experiment we show plots of the matter radius
rm and point-proton rpp radius versus the two-neutron
separation energy S2n. The cutoff dependence of our
EIHH results based on Vlow k chiral potentials allows us
to study the correlation between these observables, as
shown in Fig. 6. We observe that both the matter ra-
dius, in panel (a), and the point-proton radius, in panel
(b), increase when the separation energy decreases. A
smaller separation energy leads to a more extended halo
structure and thus larger rm and rpp. Even though not
unexpected, it is interesting to see that such a correlation
is obtained from a set of phase-shift-equivalent interac-
tions. The lower separation energy and larger radii are
found for Λ = 2.4 fm−1. This indicates that for larger
cutoff values the 6He nucleus is unbound, as is the case
with the Argonne v18 (AV18) potential [40].

The correlation band obtained from the EIHH results
goes through the experimental range for rm, which has
a large uncertainty, but does not go through the exper-
imental range for rpp. Due to the smaller uncertainty,
this poses a stronger test for theory. Before discussing
more the comparison between theory and experiment, we
also show the results of other ab-initio calculations. The
GFMC energies [9] are the only existing converged calcu-
lations with 3N forces. Here, the employed phenomeno-
logical potentials are constrained to reproduce the prop-
erties of light nuclei, including 6He. In [9] it is explained
that the GFMC method does not reproduce the radii of
halo nuclei as precisely as energies and spectra of light
nuclei, hence the different points in Fig. 6(b). The scat-
ter in Fig. 6(b) gives some measure of the uncertainty
in the GFMC method as well as an uncertainty in the
3N force models used [the IL2 and IL6 three-body forces
were used with the AV18 NN potential] [9].
Calculations with NN forces only include the FMD re-

sults based on the UCOM potential plus a phenomenolog-
ical correction to account for three-body physics (which
we denote with UCOM∗) [17], the NCSM results based
on the CD-Bonn and INOY potentials [16], and varia-
tional MCM results based on the Minnesota (MN) and
MN with spin-orbit (MN-LS) potentials [18]. Figure 6

hr2iL ⇡ hr2i1
⇥
1� (c0�

3 + c1�)e
��

⇤

with � ⌘ 2k1L
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10B ground state

❖ Realistic NN interactions predict the 
incorrect ground-state spin of 10B

❖ It has been shown that NNN terms in 
the Hamiltonian are needed to 
remedy this situation.

❖ With the NNLO (POUNDerS) NN 
interaction we find a very small gap 
between the 3+,1+ levels.
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Figure 7. 10B excitation spectra as function of the basis-space size Nmax with the chiral NN (left)
and NN+NNN (right) interactions compared to experiment. The isospin of the states not explicitly
depicted is T = 0. The HO frequencies of h̄! = 14 MeV (left) and 15 MeV (right) were used.
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Figure 8. States dominated by p-shell configurations for 10B, 11B, 12C and 13C calculated at
Nmax = 6 using h̄! = 15 MeV (14 MeV for 10 B). Most of the eigenstates are isospin T = 0 or
1/2; the isospin label is explicitly shown only for states with T = 1 or 3/2. The excitation energy
scales are in MeV.

In figure 7, we present the excitation spectra of 10B, as a function of Nmax, for both the
chiral NN+NNN and the chiral NN interactions alone. In both cases, the convergence with
increasing Nmax is quite reasonable for the low-lying states. Similar convergence rates are
obtained for our other p-shell nuclei calculations.

A remarkable feature of the 10B results is the observation that the chiral NN interaction
alone predicts the incorrect ground-state spin of 10B. The experimental value is 3+0, while the
calculated one is 1+0. On the other hand, once we also include the chiral NNN interaction
in the Hamiltonian, which is actually required by the χEFT, the correct ground-state spin is
predicted. Further, once we select the cD value, as discussed above, i.e. cD = −1, we also
obtain the two lowest 1+0 states in the experimental order.

We display in figure 8 the natural-parity excitation spectra of four nuclei in the middle
of the p-shell with both the NN and the NN+NNN effective interactions from the χEFT. The
results shown are obtained in the largest basis spaces achieved to date for these nuclei with the
NNN interactions, Nmax = 6 (6h̄!). Overall, the NNN interaction contributes significantly to

20

From: P. Navrátil et al., Phys. Rev. Lett. 99(2007)042501. 
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10B ground state
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10B ground state
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10B ground state assignment
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Technical developments

Glenn no. 5
Opteron 6220 (4 sockets, 32 cores, 512 GB)

❖ Antoine employs the (smaller) p/n 
subspaces:
MB state i = qp + rn

❖ MB matrix generated on-the-fly. 
MatVec operations the largest 
bottleneck.

❖ New version: PANTOINE
M * x = y, split into subsets
(M1 + M2 + ...) * x = y

❖ Shared memory / multithread 
Close to theoretical max of Miter / s 
on multicore.

❖ Timing: qprn used in average 31.8 of 
32 cores on Glenn no. 5
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Technical developments

Nmax=10 for 10B ⇒ d ~ 1.7 x 109  

Ground state obtained in seven hours on one node.
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Conclusion and Outlook

❖ Effective interactions for cold atoms in deformed traps 

❖ Introduction of UV and IR scales; optimization of run sequence
‣ BUT still need several large Nmax computations
‣ Technical development - pAntoine

❖ Microscopic description of clustering
‣ Calculate core swelling: rpp

‣ Study projection on HH basis

❖ First results from NNLO (POUNDerS) in the NCSM
‣ Soft - bare interaction used
‣ 10B(1+,3+) states almost degenerate


