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NEW

Radioactive beams (beams of
exotic nucle1)

Main goals:

1.To obtain information on exotic
nuclei

2.Nuclear astrophysics
3.0 clusters in exotic nuclei
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Resonances 1n exotic nuclei

Conventional nucleus

8MeV

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

Proton rich exotic
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Neutron rich exotic
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Density of levels
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‘He? 8He+p->°Li (T=5/2)



Inverse geometry and thick target technique

Scattering chamber

detectors
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
iInverse kinematics

Methane gas




just kinematics

elastic (conventional)

E=E, M,~-M)¥M, +M,*~ E,~E M>>M,
elastic (inversed)
0.,=180°  E =4FE, MM,/ (M,+M,2 ~ 4E, M/M,~4E_ =~ M=>M,
inelastic (inversed)
E=4{E)yQ M, +M)2M,} MM,/ (M, +M,)?  Q/E;<<1



larrows resonance in the stopping beam

resanance region
e pas TR o

Distance in the gas

m re c M
( m re c¢ + M ) 2
E..~ 3 MeV for aresonance, corresponding 1 MeV cm energy of the O+ « interaction

(while in the conventional kinematics of %O+ o interaction, the corresponding energy of o
particles at 180° will be only 300 keV.)

E rec (0 °) = 4E,

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
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Momentum Achromat Recoil Separator

140 65MeV

Scale (meters)

Primary beam “N@ 12 MeV/A — K500

Cyclotron Purity: >99%
Primary target LN, cooled gastarget |ntensity: ~106pp5
H, p=3.0 atm

Secondary beam “O @ 4.5 MeV/A
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FIG. 1. An1isobaric energy level diagram for the A=16, T=1 nuclear states



. ~ 16 . . . . . 16
Table II. Comparison of "F experimental results with the isobaric analog states in "N

and with theoretical calculations in the framework of the potential model.

lle lfll_- lfll_- l]IL]U]T\--
Parameter set Parameter set #2 (a=0.75 fm)
Fx o #1 (a=0.65 i)
T 2 : T -~ b —~ 7 T
PR d C=5 PORTITIRT r LplkeV] _ ('S (-5
[MeV] [MeVikeV] I,lkeV] I [keV]
(Exp) ( Shaft)
0,120 0 0.95 (0 ) 23122 218 22 1.05 091
.397 I .96 0 190+£20 1 91.1£9.9 895 Q96 .95 ) 88
(0 2 (.93 0.422+19 2 33006 3.0 4.3 077
(1.290 3 .87 0.721+17 3 14.1+1.7 127 150 (.94

“ OXBASH calculation reported in Ref. [36].

®This work.



Problem of 7t nucleon

(2s,, or 1Ip,, or?)

Ipy, S$1/2
1p;, 1p;, 1p;,
Is Is i Is

BC 1/2- 1IBe 1/2¢ ‘He

If our identificationsarecorrect it isindeed remarkable that shell-model calculations
whose parameters are optimized in the valley of stability should work so well so far
fromthevalley . . . " .
..sincethisnucleusisonly produced in an exotic reaction.., it israther unlikely that
even the L transfers can be deter mined..

Z.9 5zt

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

______ hCalculatio S
Xperimen




Phys. Rev. C54 R1512 (1996)
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FIG. 4. The lowest energy levels for "'Be and "N,
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Excitation function for the '°C+p elastic scattering




Shell model neutron binding energies versus the ratio
of the diffuseness parameter to the radius of the potential.
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The calculations are made for a light nucleus (A=11), starting with typical parameters:
Vy=-55MeV; V (Is)=6 MeV; R=r,A'3; r, =r, (Is)=1.2 fm;
a=a (Is)=0.6 fm, and keeping a + R=constant.



Single particle levels in A=15 and 17
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Excitation functions for 'O+p elastic scattering
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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.
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¥Ne+p, 6=180° c.m.

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

F. de Oliveira Santos et al.: Study of "Na at SPIRAL
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Figure 2. Measured cross sections for tl_
“O(,p)"F reaction. The asterisk mark
is the new observation.
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Counts

Excitation function for the 1*O(a,2p) reaction
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Bad News T=3/2 and T=1/2 states can be populated

T=3/2 1 (isobaranalogs of 1*0 and'*B)

PBpIEC ) o

= 11/2

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?

o=(A +A 229

Resonance

hard sphere



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

4.878 14

'EB'fn

A= 13 1sobar diagram

— g ——

418 6790

15%

RB+P

yetle]bJgd

599 12!
.06 =317 32

405wt

39

Il.!c+|!Ha

[ T e — s

60”1! bl L
0|
2T
134
EN+p
49




do/dcl (mbvs)

1.4 1.6 1.8

1
2.2 =4
E_... (MaV)

d/diy (mbve)

ol
@
p
K

,
:
)

Figure 6: Excitation functions for '2B-+p elastic scattering measured at 165° and 150°in (c.m.). The
solid line represents the best R-matrix fit which includes six T=3/2 resonances and the absorption
phase shift (see text). Arrows on the top figure indicate excitation energies of the high-lying

resonances. The R-matrix fit was convoluted with the experimental resolution function.
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a-cluster structure in light N#Z nuclei

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

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

24Mg EESE-DEH symmetry 2551’-03,3 symmetry

Figure 5. Geometric w-particle structures predicted by Brink [63]. Note that the arrangements
reflect the number of possible bonds between c-particles predicted by Hafstad and Teller [5].

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



a-cluster structure in light N=Z nuclei

The single particle limit for the resonance width, [, ~ #?/pR?

represents the maximum single particle reduced width (without
antisymmetrization) for a particle (with reduced mass, {. ) in a
nuclear potential with radius R.

12.2 MeV|

SNp ]
72 MeV[T— 7 77

12C+q,

16O



The Wigner Limit, ~h?/uR?, is an estimation of the maximum
reduced width a particle (with reduced mass J) can have

(without antisymmetrysation) in a potential of radius R.

W. L. ~1 MeV for the a 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
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The no core shell-model calculations for the nucleus 2C. 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.



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 ¥g (R)
=0 and Y4(R — AR) =0, where R is the radius of the
nucleus and AR is the thickness of the surface layer,
i.e., a potential that confines the particle to a spherical
surface layer of thickness AR.

- The energy eigenvalues for
easily found : e
n*ntht + AL(I+1)

T EplARY T 2uRT (1)

where p is the reduced mass. Of course it is the 07

V. Z. Goldverg, V. P, Rudakov,

L V. Kurchatoy Atomic Energy Insti

(Submitted June 19, 1973) e
Yad. Fiz. 19, 503-515 (March 1974)




'%Be (a+°He)

0.4
o /\ /\ a+5He wave function

1 \/ in a potential well
04| with forbidden states

| Potential
0 | parameters
R=2.58 fm; a=0.7
| fm; V,=-116.8
40 MeV
80
1200 1L 1 |




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

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

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

Are there a-cluster states in N¥Z nuclei?
What is interplay between the shell model (nucleon) and a-cluster
structure ?
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Excitation functions for the 4C+o and *O+aq

elastic scattering
E_ (MeV)

8 10 12 14 16
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i ]
0 " ™
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The excitation functions of the a+'*C elastic scattering at various angles

Excitation function at 90° 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.
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Energy with respect to the o decay threshold in MeV

10

6+

a*

16

GS

» Moment of inertia in 180 is
Increased with respect to
160,

» Cluster states are more
fragmented in 180.

Strong splitting was not predited
in either N.Furutachi et al.,
Prog.Theor.Phys.(Kyoto) 119,
403 (2008) or in D.Baye,

GS P.Descouvemont Phys.Lett.
146B, 285 (1984)
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Resonances in the elastic a+'4C channel.

Very broad [=3-5 MeV
O0* state at 3.8+/-0.5 MeV
above the o decay
threshold was observed.
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Clustering phenomena in light N#Z nuclei

COMEXS3, June 2009

e — S EEEEEEE—

a halo state in 180

0* at 3.8+/-0.5 MeV (~10.0 MeV 80 excitation energy) with width
of ~3-5 MeV is necessary to fit the a+'4C data.
This width corresponds to a pure a particle state.

RMS radius of *C







total crossection, bn

R m atrix
J.K.Bair, J.L.C.Ford, C.M.Jones

PR 144 799 (1966)
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Plan of the talk

o 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
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SCATTERING FROM *3Ca

55

43Ca leveks “2Ca(p,p) levels
36 2 1r2- B
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Fig. 3. Comparison of the largest s- and p-wave resonances observed in *2Ca(p, p) with the levels

(and their strengths) observed in the *2Ca(d, p) reaction. The energy scales are matched by aligning

the strong §~ analogue and parent states. Despite the apparent correlation between the largest

4+~ resonances and the / = 1 parent states, attempts to match the analogues and/or analogue frag-
' ments with the appropriate parent states proved futile (see discussion in text).
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Fig. 6. the Dalitz plot of the coincident protons from the reaction "“WO(*He, 2p )"0,

The energy of protons are given i lab system.
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The Rutherford scattering +L=0 resonance

Ec.m.s. (MeV)




2He, Faddeev

------1=0; No pole
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Relative Energy (MeV)




Reaction place identification trough time of flight

STOP

AT,

Time

Distance
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POTENTIAL-MODEL RESULTS FOR THE 1/2+ STATE IN 130,
Phys.Rev. C 75, 024607 (2007)

B.B.Skorodumov et al.
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Figure 4.5. Single resonance R-matrix fits for the experimental dat
from the detector at 7.5”. The solid line shows the fit with the Distant resonances used in the R-matrix fit.
assumption of a single 1/2% resonance. A 3/2% assignment would leax
the fit shown by the dashed line. A 1/27 assignment would lead to the
fit shown by dotted curve.
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Figure 4.1. Level scheme of the mirror nuclei B and 30. The dashed

lines in the 0O level scheme represent levels from Ref. [1]. The solid

lines are the present results. On the right side of the figure, OXBASH
calculations [18] with the WBT [67] interaction are presented.
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RESONANCE PARAMETERS FOR LEVELS IN 20

N Jm Eex r

MeV MeV
1 1/2%  2.69+0.05 0.4540.1
2 (1/2,3/2)" 3.2040.05 0.08+0.03
3 (3/27) (4.55) (0.24)
4 (3/21)1 (5.00) (0.78)
5 (3/2)? (5.70) (2.00)

Distant resonances used in the R-matrix fit.



Energy Resolution for IKTT Method
HC(50 MeV )+p, zero degree
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Are 1nelastic resonances dangerous?
HC(36 MeV) +p
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Spectroscopy of N in the ''C (3/2-) +p elastic scattering

(no simplifications)
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TABLE I; Parameters of the Woods-Saxon Potential

Parameters o AT e UE
YV, -58.9 5415 -53.67"
Vi .4 6.4 6.4
I, 1.17 1.17 1.17
Iolsl) 1.17 1.17 1.17
I Cionlomb) 1.21 1.21 1.21

a 0.64 0.7l (.735
Agl 0.6 .64 0.64

Nucleon binding energy (MeV)
1727 3.270,0.105 1218 “1.200

5/at 4,140 /0,600 0.478 ~2.705

“For the s state V .=-63.27.




Energy relationship for (p, n) reactions
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Isobaric analogs of “He in °Li.

p 8He ’Li
) o T=5n
T=1/2 T=> Ly

Decay of T=3/2 states back to
elastic channel 1s hindered due to

the presence of the other channels.

6
. . He+t 7.59
There are only two 1sospin allowed

decay channels for T=5/2 states A
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Two channels multi level expression was used to make the R-matrix fit. All
notations are the same as in the article of A.M. Lane and R.G. Thomas (1958)
[ U-collision matrix, Lc —logarithmic derivative of the outgoing wave functions at
the channel radius, E,-level position, and the y,;, 1s the reduced width amplitude]
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