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Resonance reactions with rare beams
provide for access to low lying state in
exotic nuclei.

Progress in Thick Target Inverse
Kinematics Studies (publications)
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ADb Initio Approach
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* v(ri,rj) is bare nucleon-nucleon mteractlon 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.



Challenges of ab Initio Approach

* 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.
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It should be expected that a beam of extreme drip-line nuclei (like 120) will be
rather high energy beam and be obtained using in-flight separation.

Primary beam “N@ 38 MeV/A — K500

Cyclotron Secondary beam 130 @ 31 MeV/A

Purity: ~90% Intensity: ~4x10°pps

Primary target LN, cooled gas tar get
H, p=3.0 atm




Setup of the experiment

for Thick Target Inverse Kinematics Resonant Scattering
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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.




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

Excitation functions for the'3O+p elastic scattering

The solid line is the best fit.

- l30+1:a Low Pressure, 0 L= 180"

CIr

The dashed line (blue) is a fit
with 17 as the ground state
(instead of 27).

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 37) and a 3~
state at 4.35 MeV (instead of

- l3~O+p High Pressure, Glab 4—)

The dashed line is the fit without
the 1~ first excited state.
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14F Summary

* First experimental data on the level scheme in
14F (the intensity of the 130 beam was~3x103
p/s) generally agree with the results of ab initio
calculations

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

« The unexpected gain in stability of *F is mainly
related with the surprising purity of its single
particle structure.
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Would you believe that there are the unknown low laying levels in
the lightest nuclei?

3/2®3/2-=0%; 1%; 2%; 3*
3/2®1/2-=1%; 2*
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Courtesy of Dr. G. Rogachev

Hybrid (thick/thin) target technique
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Target is thick enough for 'Be

to lose significant fraction of
it's energy. "Be
But thin enough for ’Be recoils

to make it out of the target.
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Courtesy of Dr. G. Rogachev

Known 3" and 2- states CANNOT explain high
Inelastic cross section!

8B(2°) => 'Be(3/2-,9.s.) + p with L=0

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

8B(3*) => "Be(1/2,0.43) + p with
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R-matrix fit requires new 0" and 2* states
at 2.0 MeV and 2.55 MeV in ¢B.
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Structure of B
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PRC82 034609 (2010)] phase shifts with experiment for the new

low-lying states in B

J.P.Mitchell, GE, et al., arxiv:1303.03317 (2013).



8B Summary

Study of the ’Be+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.
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Alpha Clusters

s, Spectral Convergence for hQ = 15 MeV
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X-ray burst and novae
Break of CNO cycle
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a-cluster structure of N#Z nuclel

Important. for astrophysics, due to breaking of CNO
cycle through “O(a,p)'’F reaction as an example;

for nuclear structure to provide for experimental
observation of the relationship between the cluster and
single particle approaches;

to use the ideas of the isQspin conservation
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1. THE SURFACE POTENTIAL MODEL

The simplest way to analyze the principal conse-
quences of a surface potential model is to consider a
potential that satisfies the boundary conditions ¥, (R)

=0 and ¥Yo(R — AR) = 0, where R is the radius of the
nucleus and AR is the thickness of the surface layer,
i.e., 2 potential that confines the particle to a spherical
surface layer of thickness AR.

- The energy e;genv'a.lues for the case AR << R can be
easily found: e S . SO

,/ i n*r* A = A*L(l+1) ) (1)

2p(AR)* 2uR* . -

e e e —

where u is the reduced mass.

V. Z. Gol'dberg, V. P. Rudakov, and'V. A. Timofeev

L V. Kurchatov Atomic Energy Institute
(Submitted June 19, 1973)

Yo T 0, 303315 (aeh 1978 The number of nodes N for the radial
wave functions are calculated by the
\ harmonic-oscillator relations as
\ 2N +L = 2(2n+ |)),

Krw where L is the angular momentum of

the cluster, while n; and |, the
corresponding shell model numbers

for nucleons

Whatis |

inside 7?7




Resonances in the o+“C interaction.

E. Johnson, G.V.Rogachev, V.Z. Goldberg et al., Eur.Phys.J.
A 42, 135 (2009)

R-matrix fit of the **C(a,a)*C

excitation function R-matrix fit of the *C(a,n)
excitation function.
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a halo state in 180

O* at 3.8+/-0.5 MeV (~10.0 MeV '80 excitation energy) with width
of ~3-5 MeV is necessary to fit the a+14C data.
This width corresponds to purely a particle state.

RMS radius of “C

FIMS radius of C +
RMS radius of o
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The spectra do differ



A=10 isobaric triplet
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SUMMARY

. Problems of the nuclear astrophysics, development of the ab initio
calculations pushed up the interest to the structure of unstable light
nuclei.

. Rare isotope beam-hydrogen resonance scattering provides for
the detailed data. It is important that the experiments are feasible at
low intensities of the rare isotope beams

. Rare isotope beam-helium, A(N=Z)+a, resonance studies are in the
very beginning. Due to the reasons [1] and the interest to specific
huclear structure of the a-cluster states, | expect these studies will be
very popular in the nearest future.

. | also expect a growing interest to the studies of analog states of the
very neutron rich nuclei using resonance scattering of neutron rich
nuclei on hydrogen. Sorry, | could not consider this problem in the
present talk
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Alpha-Cluster States in A=10

1. Potential well model predictions and the levels in '"Be,B (T=1).
2. Resonance scattering to study of T=1 levels in '°B

3. Analisys of available '"Be,B,C data ('°C —see R. J. Charity,

T. D. Wiser, K. Mercurio et al., Phys. Rev. C 80, 024306 (2009))

using shell model (A. S. Volya, continuum shell model code cosmo,
http:/Mwww.volya.net. ) and potential well model for cluster calculations

4. “He+a resonance scattering
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Comparison of GFMC calculations wlth experiment
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ANASEN

Array for Nuclear Astrophysics and Structure with Exotic Nuclei
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°He+a experiment
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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



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

Clustering in '°Be
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) | ' inertia builton 0 at 6.18 MeV

L ) e | » 10.15 MeV state reported to be
. P extremely clustered [1]

> Believed to be associated with a-2n-a

@

i molecular rotational band.
4t z
2fr » Disagreement in spin-parity
ol & ] aisignment for 10.15 MeV
I0 :5 1|0 15 zlco D 4 |n [1 ,2]
1 3 in[3]
o <D

[1] M. Freer, et al., PRL 96, 042501 (2006)
[2] M. Milin, et al., NPA 753, 263 (2005)
[3] N. Curtis, et al., PRC 64, 044604 (2001



°He +a elastic scattering

i+ 300 mb |

pure a-cluster 4* at 2.75 Me\/"f ‘ ;J”M |
is ~400 mb. /.

Vs 2 s T3 T as

of l
Maximum cross section for :_ p\mﬂﬂl‘\l HJ H}

4
CM Energy (MeV)

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

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

Colloquium, Texas A&M University, March 2013



2.99

Model levels in mirror nuclei

The Coulomb shift energies could be a
valuable source of information

V,=-120 MeV
. |-308
1.54
4+
P
0 18Ne

6+

4+

2+
O+

V,=-84 MeV
156 |s. 82
0.89 |, 22—
030 |o» }0:33 -

0* 0*

180

18Ne

V.Z. Goldberg et al.,

Phys. Rev. C 69, 031302(R) (2004)

2.2 6/2+
1 0.740 k/o+
1/2*

15C

6.4

3/2*

t
1.54 |50+
= 1/2"
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