


• National Research Center 
“Kurchatov Institute”. 

• Before 1962 known under 
secret name of Laboratory #2. 
The place where the Soviet 
nuclear weapons program have 
started.

Laboratory #1 ???
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Resonance reactions with rare beams 
provide for access to low lying state in 
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The field  of the investigation
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Inverse geometry and thick target technique   
[Yad.Fiz. 52, 634 (1990);     Sov.J.Nucl.Phys. 52, 408 (1990)]

High efficiency
Good energy resolution
180 degree (c.m.) 
measurements are 
possible
Excitation function is 
continuous 
Low excitation energies 
could be measured due to 
energy amplification in 
inverse kinematics 

Methane gas

+

Scattering chamber
detectors



• v(ri,rj) is bare nucleon-nucleon interaction determined from large body of 
experimental data on nucleon-nucleon scattering, and deuteron binding 
energy.

Methods to solve (numerically) the many-body SE for atomic nuclei without 
introducing mean field have been developed during the last 15 years. No Core 
Large Basis Shell Model (NCSM), Variational Monte Carlo (VMC), Greens 
Function Monte Carlo (GFMC) and Chiral Effective Field Theory and Monte 
Carlo Lattice Simulations (ChEFT) methods are the prime examples. 

AbAb Initio ApproachInitio Approach AV18

R. Wiringa, et al., PRC 51 (1995) 38



• The nucleon-nucleon interaction is not unique.
• The “free” nucleon-nucleon interaction and nucleon-nucleon 

interaction in nuclear medium is not the same thing.
• Calculations are notoriously difficult, labor and time 

consuming. 
• Truncation is still necessary.
• Three body (four body?) interactions appear to play an 

important role!
• Only  light nuclei  can be studied  at present. 

Challenges of Challenges of abab Initio ApproachInitio Approach
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G.C. Ball, et al., PRL 31, 395 (1973) extrapolation
F. Ajzenberg-Selove, NPA 523, 1 (1991). extrapolation
G. Audi, et al., NPA 729, 337 (2003). Extrapolation
P.Maris, A.M. Shirokov, J.P. Vary PRC 81, 021301(R)(2010)
14F instability to proton decay is ~3 MeV

New nuclide, 14F
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An evident experimental solution is to add a proton to 13O



•Primary beam 14N@ 38 MeV/A – K500 
Cyclotron
•Primary target LN2 cooled gas target 
H2 p=3.0 atm

13O 8.58 ± 0.05 ms

31MeV/u

14N 

38MeV/u

Secondary beam 13O @ 31 MeV/A
Purity: ~90% Intensity: ~4x103pps

13O beam

It should be expected that a beam of extreme drip-line nuclei (like 13O) will be 
rather high energy beam and be obtained using in-flight separation.

{MARS}



Setup of the experiment
for Thick Target Inverse Kinematics Resonant Scattering

Heavy ions deposit their energy in the matter containing light elements (hydrogen 
or helium). A resonance manifests itself by a rapid increase of the recoil yield at 
the corresponding energy.



The solid line is the best fit.

The dashed line (blue) is a fit 
with 1− as the ground state 
(instead of 2−).

The dashed line (blue) is 
calculation with a second 
hypothetical 2− state at high 
energy. The dashed-dot line is a 
calculation with a 4− state at 3 
MeV (instead of 3−) and a 3−

state at 4.35 MeV (instead of 
4−). 

The dashed line is the fit without 
the 1− first excited state.

V.Z. Goldberg, et al., Phys. Lett. B 692 (2010) 307

Excitation functions for the13O+p elastic scattering



P. Maris, A.M. Shirokov, J.P. Vary, 
PRC 81, 021301(R) (2010)-JISP16

Prediction for the 
14Fgr.st was:        
ER=3 MeV

V.Z. Goldberg, et al., Phys. Lett.. B 
692 (2010) 307



14F Summary

• First experimental data on the level scheme in 
14F (the intensity of the 13O beam was~3x103

p/s) generally agree with the results of ab initio
calculations 

• However 14F appeared to be less unstable 
(~1.5 MeV) than was expected.

• The unexpected gain in stability of 14F is mainly 
related with the surprising purity of its single 
particle structure.



3/2-⊗3/2- = 0+; 1+; 2+; 3+

3/2-⊗1/2- = 1+; 2+

1s1/2

1p3/2

1p1/2

8B

1d5/2

2s1/2

Would you believe that there are the unknown low laying levels in
the lightest nuclei?



P. Navratil, et al., PRC 73, 065801 (2006) 

Structure of Structure of 88BB



Hybrid (thick/thin) target technique

Target is thick enough for 7Be 
to lose significant fraction of 
it’s energy.
But thin enough for 7Be recoils 
to make it out of the target.

7Be

p

7Be

CH2

E1 E3

E' hr+E' lr=E'0 +Q

Courtesy of Dr. G. Rogachev



Known 3+ and 2- states CANNOT explain high 
inelastic cross section!

8B(3+) => 7Be(3/2-,g.s.)  + p  with L=1
8B(3+) => 7Be(1/2-,0.43) + p  with L=3

8B(2-) => 7Be(3/2-,g.s.)  + p  with L=0
8B(2-) => 7Be(1/2-,0.43) + p  with L=2

Courtesy of Dr. G. Rogachev
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R-matrix fit requires new 0+ and 2+ states 
at 2.0 MeV and 2.55 MeV in 8B.

J.P. Mitchell, et al., PRC 82, 011601(R) (2010) 
PRC (2013)

Courtesy of Dr. G. Rogachev







8B Summary

•Study of the 7Be+p elastic and inelastic resonant 
scattering resulted in observation of new low laying 
levels: 0+ and 2+

•While the the levels were predicted by the ab initio
calculations the specific properties of the levels in 
disagreement with the theory.



The no core shell-model calculations for the 12C nucleus. The left hand 
part of the figure shows the experimental results. The calculations using 
the CD Bonn N–N interaction with increasing numbers of oscillator orbits 
are shown on the right.

Navr átil P, Vary J P and Barrett B R

Phys. Rev. Lett. 84 5728 (2000)

α-clusters and r/a beams



E. Epelbaum, et al., PRL 106, 192501 (2011)

Lattice EFT produces α-cluster like 
structures for the Hoyle and g.s. state 
of 12C

A.M. Shirokov, et al., PRC 79, 014308 (2009)

Hoyle state

Colloquium, Texas A&M University, March 2013

0+

Hoyle state is underbound in
NCSM with JISP16 by 8 MeV!

12C(g.s.)

12C(Hoyle 
state)

Alpha Clusters

H.S.



XX--ray burst and novaeray burst and novae
Break of CNO cycle







Resonances in the  α+14C interaction.

R-matrix fit of the 14C(α,n) 
excitation function.

R-matrix fit of the 14C(α,α)14C 
excitation function
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E. Johnson, G.V.Rogachev, V.Z. Goldberg et al., Eur.Phys.J. 
A 42, 135 (2009)
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Angular distribution if gated 
around 2.75+/-0.1 MeV 

The peak is at 10.16(2) MeV 
of 10Be excitation energy;
Γtot=270(30) keV

M. Freer, et al.,  

PRL 96 (2006)

P42
P32

66He+He+αα experimentexperiment



Green’s function Monte
Carlo (GFMC) algorithm
Nuclear structure of 7Be, 8B, and 7,8Li is studied within the ab initio no-core shell 
model (NCSM). 
ab initio lattice
results PRL109,252(2012);
no-core shell model PRL107,072501(2011)
Fermionic molecular
dynamics  Phys. Rev. Lett. 105, 022501(2010)
Forces two-body AV18, “two-body” +3-GISP16



Γα/Γsp=1.1+/-0.2
A.N. Kuchera, GR, et al., 
PRC 84, 054615 (2011) Γα/Γsp>1

40

6+ ?

Γα/Γsp?

I6.2/ Igs ≈ 3.2

Moment of inertia ratio for the g.s. band and band based on 
0+ at 6.2 MeV:

R6.2/Rgs ≈ 1.8

A. Dote, et al., PRC 56, 
1844 (1997)
AMD+HF approach prediction:
interalpha distance
gs 0+ 1.99 fm
6.2 MeV   0+ 3.55 fm
3.55/1.99 = 1.8 !



Clustering in Clustering in 1010BeBe
Rotational band with high moment of 
inertia built on 0+ at 6.18 MeV

10.15 MeV state reported to be 
extremely clustered [1]

Believed to be associated with α-2n-α
molecular rotational band.

Disagreement in spin-parity 
assignment for 10.15 MeV

� 4+ in [1,2]
� 3- in [3] 



66He +He +αα elastic scatteringelastic scattering

Maximum cross section for 
pure α-cluster 4+ at 2.75 MeV 
is ~400 mb. 

α-partial width >150 keV is needed to explain the observed 
cross section!

Maximum α-partial width for pure α-6He 4+ state at 2.75 
MeV is ~100 keV

300 mb

Colloquium, Texas A&M University, March 2013
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V.Z. Goldberg et al.,
Phys. Rev. C 69, 031302(R) (2004)
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Model levels in mirror nuclei
The Coulomb shift energies could be a 
valuable source of information

V0=-120 MeV V0=-84 MeV
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