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Resonance reaction

+

The goal is to study properties (level structure) of 
compound nuclei rather then the properties of the 
residual species. 

Cross section strongly 
depends on energy
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Resonance elastic scattering
Cross section in case of single isolated resonance

(spin zero particles)
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W.M. Wilson, 
E.G. Bilpuch, 
G.E. Mitchel

N.P. A 271 
(1976)
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NEW
Radioactive beams (beams of 
exotic nuclei)
Main goals:
1.To obtain information on exotic 
nuclei
2.Nuclear astrophysics
3.α clusters in exotic nuclei



InsikInsik HahnHahn
motivation (1) nuclear astrophysics



XX--ray burst and novaeray burst and novae



Resonances in exotic nuclei

8MeV

Az-1+p

Conventional nucleus Proton rich exotic

T>

AN-1+n

Az-1+p

Density of levels 
is low. Even 
simple 
considerations 
can work

Neutron rich exotic

9He? 8He+p 9Li (T=5/2)

Density of 
levels is high. 
Practically it is 
not possible to 
use theoretical 
predictions



5

Inverse geometry and thick target technique

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



M1

M2

M1

M2

E0

E1

E1=E0 (M2 –M1)2/(M2 +M1)2 ~ E0 ~Ecm
M2>>M1

Θcm=1800 E2=4E0  M1M2/ (M2 +M1)2 ~ 4E0  M1/M2~4Ecm
M1>>M2

E2=4{E0-Q (M2 +M1)/2M2} M1M2/ (M2 +M1)2 Q/E0<<1
inelastic (inversed)

elastic (conventional)

just kinematics

elastic (inversed)



ο r e c
r e c 0 2

r e c

m ME ( 0 ) = 4 E
( m + M )

Erec ≈ 3 MeV for  a resonance, corresponding 1 MeV cm energy of  the 16O+ α interaction 
(while in the conventional kinematics of  16O+ α interaction,  the corresponding energy of  α
particles at 180ο will be only 300 keV.)

Assumptions:
1.The recoil energy loss in the target is much smaller than that of the heavy ions
2. The resonant scattering is the dominant process



Resonance states in 20Ne
16O+He

1800

inelastic



MARS MARS 

•Primary beam 14N@ 12 MeV/A – K500 
Cyclotron
•Primary target LN2 cooled gas target 
H2 p=3.0 atm
•Secondary beam 14O @ 4.5 MeV/A 

14O 65MeV

14N

beam

Purity: >99%
Intensity: ~106pps



Facility LayoutFacility Layout

RADIATION EFFECTS
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LIGHT ION
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SOURCE

1 -n ECR+ +
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(14O)



Jπ Ecm [MeV] Γ [keV]

0- 0.521 23.1 ± 2.2

1- 0.721 91.1 ± 9.9

2- 0.947 3.3 ± 0.6 (l=0 2.1±0.5, l=2 1.4±0.3)

3- 1.256 14.1 ± 1.7

D.W. Lee et. al
LBNL 2007

15O+p

Phys.Rev. C 76, 024314 (2007)



15N+n
2.49





13C 11Be
1s

1p3/2

1p1/2

Problem of  7th nucleon

1s

1p3/2

2s1/2

1/2- 1/2+
1s

1p3/2

9He

(2s1/2 or 1p1/2 or? )

If our identifications are correct it is indeed remarkable that shell-model calculations 
whose parameters are optimized in the valley of stability should work so well so far 
from the valley
..since this nucleus is only produced in an exotic reaction.., it is rather unlikely that 
even the L transfers can be determined..

N.A.F.M. Poppelier et al., PL 157B, 
120 (1985)

CalculationsExperiment



Excitation function for the 10C+p elastic scattering

1800

Phys. Rev. C54 R1512 (1996)



The calculations are made for a light nucleus (A=11), starting with typical parameters: 
V0=-55 MeV; V (ls)=6 MeV; R=r0A1/3; r0 =r0 (ls)=1.2 fm;
a=a (ls)=0.6 fm, and keeping a + R=constant.

Shell model neutron binding energies versus the ratio 
of the diffuseness parameter to the radius of the potential.
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Single particle levels in A=15 and 17

d5/2
2s1/2Calculations*



Excitation functions for 14O+p elastic scattering

The solid lines are the final fits. The dotted curve in the upper panel shows the fit assuming a 1/2+

ground state and 3/2+ excited state. The dash-dotted curve shows the fit assuming a 1/2+ ground 
state and 5/2+ excited state. The second panel shows the separate contributions of s wave (dot-
dashed line) and d wave (dotted line). The dashed line in the third panel shows the best fit which 
has a diffuseness parameter of 0.64 fm.



Eur. Phys. J. A 24, 237 (2005)

18Ne+p, θ=1800 c.m.



14O(α,p)
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Excitation function for the 14O(α,2p) reaction
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12B+p 13C
T=3/2   1
T=1/2   2 

T=     1 1/2

T=3/2 and T=1/2 states can be populatedBad News

Good News    More than 10  decay channels are open for the T=1/2 states.

If everything OK, how to take into account the T=1/2  
channel? By using classical R-matrix?

σ=(Ahard sphere +AResonance)2     ??

(isobaranalogs of 13O and13B)

http://www.funutilities.com/ssavers/item/4141/Orangutan Baby 02=http:/www.funutilities.com/files/SSaver/01/01/PIC_010112_1600.cab','60314','DM_4141','PIC_010112_1600


A= 13 isobar diagram







α-cluster structure in light N≠Z nuclei

Historically the α-particle (nucleus of helium atom) model of the atomic 
nucleus was the first leading model of nuclear structure

Later the α clusters (correlated motion of two protons and two
neutrons with zero spin) were introduced…

Martin Freer
Rep. Prog. Phys. 
70 (2007) 2149



α-cluster structure in light N=Z nuclei

12C+α

16O

0+

1-

2+

4+
5-

3-

6+
7-

7.2 MeV

12.2 MeV
15N+p

The single particle limit for the resonance width, Γw
represents the maximum single particle reduced width (without 

antisymmetrization) for a particle (with reduced mass, μ. ) in a 
nuclear potential with radius R.



The Wigner Limit, ~ħ2/μR2, is an estimation of the maximum

reduced width a particle (with reduced mass μ) can have

(without antisymmetrysation) in a potential of radius R.

W. L. ~ 1 MeV for  the α widths in the light nuclei

W. L. ~ 4 MeV for  the nucleon widths in the light nuclei

Time of flight of 1 MeV n through a nucleus corresponds to ~ 6 
MeV



The no core shell-model calculations for the nucleus 12C. 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.



R ΔR

The number of nodes N for the radial
wave functions are calculated by the 
harmonic-oscillator relations as
2N + L = Σ(2ni+ li),
where L is the angular momentum of 
the cluster, while ni and li the 
corresponding shell model numbers 
for nucleons

What is 
inside ?



R, fm
5 73

80

40
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0

0.4

-0.4

0

1

10Be (α+6He)

α+6He wave function 
in a potential well 
with forbidden states

Potential 
parameters
R=2.58 fm; a=0.7 
fm; V0=-116.8 
MeV



How to obtain  from experiment data on the 
shell/cluster degree of freedom relationship

1. Single nucleon transfer reactions- relatively difficult, small cross 
section [15N(d,n) Bohne et al., NP A196, 41 (1973) ]

2. Nucleon decay of the α-cluster states in N=Z nuclei-very difficult

Are there α-cluster  states in N≠Z nuclei?
What is interplay between the shell model (nucleon) and α-cluster 
structure ?



Isobar diagram for A=18



Excitation functions for the 14C+α and 14O+α
elastic scattering

N P A148 (1970) 480--491



The excitation functions of the α+14C elastic scattering at various angles

Excitation function at 90o degrees in c.m. was taken from the literature18. Red curve is the best R-matrix fit, blue 
dashdotted curve is the best fit without very broad 0+ state at 3.7 MeV.



Moment of inertia in 18O is 
increased with respect to 
16O. 

Cluster states are more 
fragmented in 18O.

Strong splitting was not predited
in either N.Furutachi et al., 
Prog.Theor.Phys.(Kyoto) 119, 
403 (2008) or in D.Baye, 
P.Descouvemont Phys.Lett. 
146B, 285 (1984)



Resonances in the elastic α+14C channel.

Very broad Γ≈3-5 MeV
0+ state at 3.8+/-0.5 MeV 
above the α decay 
threshold was observed.



14C
α

0+ at 3.8+/-0.5 MeV (~10.0 MeV 18O excitation energy) with width 
of ~3-5 MeV is necessary to fit the α+14C data.
This width corresponds to a pure α particle state.

α halo state in 18O

Clustering phenomena in light N≠Z nuclei

COMEX3, June 2009



α+core threshold

1

2

3

4

5

MeV

12C

16O
18O

20Ne

α halo states

?

Broad 0+ states in light 
nuclei:

• 12C:          10.3 MeV; Γ~3 MeV

• 16O: 11.2 -14.5 MeV; Γ~3-5 MeV

• 18O:          10.0 MeV; Γ~3-5 MeV

• 20Ne:          8.7 MeV; Γ~1 MeV
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Thank ya’ll
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20Ne



• Introduction

New renaissance of resonance reactions studies is feed by astrophysics as well 
as by the structure of exotic nuclei

• Technique 
Thick target inverse kinematics method

• Examples

Plan of the talk



14O+α identification spectrum

7Be

p

α
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12C(p,p) excitation functions

W.J. Thompson et al., P.R.L 45, 703 (1980)13N

12C(T=0)+p(T=1/2)
13N(T=3/2)



proton decay 
modes of the 18Ne 
states



Excitation function for the 12B+p elastic scattering at 
1650.

The Rutherford scattering +L=0 resonance

The Rutherford scattering



22He, He, FaddeevFaddeev

Changbo Fu, V.Z.Goldberg, A.Mukhamedzhanov et al, 
Phys. Rev. C, 76, 021603(R) (2007)

2p decay of 8.45 MeV state in 18Ne



14O

STOP

Reaction place identification trough time of flight
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p +17F*

17F+ p

p +16O+p



Nucleosynthesis in Cosmos
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Stable
Observed Unstable

Big Bang

Stellar
evolution

rp process

s process

r process

2,771293 NNDC (BNL, 2000)3,064



12N+p

Phys.Rev. C 75, 024607 (2007) 
B.B.Skorodumov et al.



R-matrix fit. 14O+α excitation functions.
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18O Alpha cluster structure 16O Alpha cluster structure









Energy Resolution for IKTT Method
11C(50 MeV )+p, zero degree
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22He, ClusterHe, Cluster

22He, He, FaddeevFaddeev

SequentialSequential

Changbo Fu, V.Z.Goldberg, G.V. Rogachev et al, 
Phys. Rev. C, 76, 021603(R) (2007)



l=0 resonance 
in 37Cl
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Lower Limit for observation is about 
1keV
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Are inelastic resonances dangerous?   
11C(36 MeV) + p

Elastic M>m Inelastic M>m (θlab=0)
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N. Notani, S. Kubono, T. Teranishi et 
al.,Nucl. Phys. A738, 411 (2004)

18Ne

2.8

3.9
14O+α

0+

2+

17F+p

4.4
5.1

16O+2p

6.5

7.1
8.7

over 20 states



0.96

1+

1.2 2-

2+0.6

1p3/2

1d5/2
2s1/2

N12

2.4
0.6

1s

1p3/2

1p1/2

1d5/2
2s1/2

11C+p

1p1/2

1s

1.8 1-
3.1 (3-)

(2-,4-)1- ?

11C+p

0+3.5 (2+)

(1+,3+)

Spectroscopy of 12N in the 11C (3/2-) +p elastic scattering
(no simplifications)
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0+

16C+n

Energy relationship for (p, n) reactions

16C (T=2)

0+; T=2

2-
16N (T=1)

Vc-mn+mp

0.73

17C (T=5/2)

T=5/2

17N (T=3/2)1/2-

Vc-mn+mp
16C+p

16N(T=2)+n
Vc

Vc~2.7MeV

No T-allowed
nucleon decay
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Isobaric analogs of 9He in 9Li.

+ +
p 9Li

T>=5/2
T<=3/2

8He
T=2T=1/2

T=5/2
T=3/2

Decay of T=3/2 states back to
elastic channel is hindered due to
the presence of the other channels.

There are only two isospin allowed
decay channels for T=5/2 states

γ

8Li

0.98; 1+

2+



1/2-; 3/2-; 5/2+ 
1/2-; 3/2-; 5/2+ Convoluted

1/2 1/2-; +; 5/2+ 
1/2 1/2+-; ; 5/2+ Convoluted





Neutron Wall

6He

6He

TWINSOL

2H gas cell

PPACs

Neutron shield

BaF2 array 

n

CH2 target 7Li
35 MeV

TWINSOL RNB, University of Notre Dame



a) Part of the γ-ray spectrum from the 900

Ge detector. The solid curve was 
obtained with a CH2 target, the dotted 
curve was taken with a carbon target

.
b) The spectrum in the 00 Clover detector 

obtained  by subtraction of the carbon 
contribution, the dotted  curve was taken 
with a carbon target. The Compton  
background is approximated by a 
straight line as shown.

c) The final spectrum of the Doppler shifted
3.56 MeV γ-rays. The solid line shows the 

contribution from the known T=3/2, Jπ

=3/2- state in 7Li. The dotted line 
includes the effect of T=1/2 resonances.



The solid curve shows a calculation of the γ-ray spectrum including the analog of the 
7Heg.s. and a 1/2- , Eex = 3.1 MeV, Г = 6 MeV excited state. The dotted line is the 
effect from the g.s. resonance plus a state at Eex 0.6 MeV having  Г=1 MeV. 



+ +
p 7Li

Thigh=3/2
Tlow =1/2

6He
T=1T=1/2

n

6Li(3.56;0+;T=1)

6He

n

PPACs BaF2

BaF2

Neutron
wall

�(3.56)

6Li(0+) decays only by γ emission!

6Li gr. state

γ



Figure 2: a) Part of the γ-ray spectrum from the 900 Ge detector. The solid curve was obtained with a CH2
target, the dotted curve was taken with a carbon target. b) The spectrum in the 0± Clover detector obtained by 
subtraction of the carbon contribution, the dotted curve was taken with a carbon target. The Compton 
background is approximated by a straight line as shown. c) The final spectrum of the Doppler shifted 3.56 
MeV γ-rays. The solid line shows the contribution from the known T=3/2, Jπ =3/2- state in 7Li. The dotted 
line includes the effect of T=1/2 resonances.



14O 10-2

10-47Be

10-6
14O+7Be

7Be discrimination



From Radiochim. Acta 91(2003)185

(A)(B)(C)

Energy spectra of 14O
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