a-clu_ster structure of neutron rich
nuclei between °0 and ?°Ne.

Many-body correlations, phase transitions, and clustering: how to identify and quantify them?

CEA Saclay

V.Z. Goldberg September 10 2026
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Advantage

Perfect energy resolution (3-
5 keV) provided by

electrostatic accelerators
Disadvantage

Very thin target, many small steps
of the beam energy

Selectivity: (Fo/lot)?2 Analysis is terrible.

Conventional resonant scattering
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T.P.Marvin and P.P.Singh Nucl.Phys. A180 (1972) 282
Energy levels of 50 between 10.0 and 17.1 Mev excitation




(5LI1,d) and (”Li,t) a cluster transfer reactions

Advantage
Selectivity ~ S factor
Disadvantage
Li break up and many parameter analysis

d-a correlations in reactions induced by °Li
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“Experimental” approach to the problem of the alpha clusterization

Consider a potential in Schrédinger equation that satisfies the boundary conditions yo(R)= 0 and yo( R - AR) = 0 where R
is the radius of the nucleus and AR is the thickness of the surface layer, lL.e., a potential that confines the particle to a
spherical surface layer of thickness AR. For the limiting case AR < R, the energy eigenvalues can be obtained analytically

BE— ,n2ﬂ.2h2 hzl (l -+ ]_) V. Z. Gol'dberg, V. P. Rudakov, and V. A. Timofeev
o 2#(AR)2 + 2“R2 Yad. Fu. 19, 503-515(March 1974)
7~ 20.9
M=0.8 MeV - 6+
2 Reduced widths for a decay to
3- | the first excited state in 12C
1- 9.6 4+ ' 1+ 13.66 MeV 02=1 .02
1.6 0+ a+12C 0+12C 4 g3 g 2> 3-13.14 MeV L=1 02=0.58
28 2 et 2+ 1.6 =—=234"  313.26 MeV L=1 02=0.20
0" | o 4+13.87 MeV L=2 ©62=0.19
' 4+ 14.51 MeV L=2 02=0.47
+ — 2
20 0+ 13.61 MeV L=2 64=0.07
160 | 160 R.J. deBoer, A.Boeltzig, K.T.Macom et al., Phys.Rev. C103, 065801 (2021)

Investigation of secondary y-ray angular distributions using °N(p,a,y)’C*



o + 12C elastic scattering
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J.John, J.P. Aldridge, R.H.Davis Phys.Rev. 181,1455 (1969)

Surface potential
Us(1 + exp [(r— RBy)/a])~*, r>Ro
U(T) - r <Ro

o »
V.Z.Goldberg, K.A.Gridnev, V.M.Semenov Bull. Acad.Sci.USSR, Phys.Ser. 38,
No.12, 52 (1974) a-Cluster Levels in °0 and *°Ne, and the Surface Potential Well
Mode

A.L Baz, V. Z. Goldberg, N. Z. Darwisch, et al. A Potential for Alpha-Particle—
Nucleus Scattering Lettere al Nuovo Cimento 18, No. 7 (12 February 1977).

160 levels

J* E,, (MeV) E,, (MeV) I, (MeV) I'y MeV) R, (fm)
o* 6.05 6.05 3.100
1~ 9.60 9.61 510 L 60 460 3.310
%* 6.92 6.92 3.040
3" 11.60 11.56 800 100 930 3.200
4* 10.35 10.35 27 4+ 4 21 2.942
5 14.60 14.61 480 4100 600 2.955
6* 16.30 16.20 360 -+ 40 315 2.784
7 20.88 20.80 655 - 70 660 2.690
0F 11.26 10.70 2500 2900 2.440

Comparison of Two Surface Potentials
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Thick Target Inverse Kinematics

Very high efficiency, low background,
continuous excitation functions

Disadvantage
Modest energy resolution, restricted angular region

etectors

Methane gas

Helium

408
V.Z.Goldberg Int. Conf. Clustering Phenomena in
Atoms and Nucl.

K.P.Artemov et al., Sov. J. Nucl. Phys., 52 (1990)
1991 Springer Ser. Nucl and Particle Phys. 366
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E.D. Johnson, G.V. Rogachev, V.Z. Goldberg, Eur.Phys.J. A 42, 135 (2009) ‘“'d e T lgi!sz - 1;155
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170 spectroscopy using 3C(a,a) resonant elastic scatterin

The detailed excitation functions for 13C(a,a) elastic scattering and the additional
TTIK measurements were analyzed using the R matrix approach.

2
€:0:
050 075 €= Li€i 2‘
Zi ei
11.60 3
10.00 p— 5/2"
10.36FxxXxXxXXXXXXX 4+ 923 7/2
O 11 Fxxxxxxxx T/2—
O === == 1 8.97 % x x x 9427
8.00F - == -~ 1/27
7.49F - = = = = - 3/2
716 2C 4+ o 672 - 0. 3/2.* 3G 4 o
692t 2+
6.05 0"
575 - c--eenes 5/27
4.14 YO +n
4.02 p—m— 1/2-
170 5/2+

IGO 0+
a cluster states in '°0 and '70.
The centroid experimental energies used for a cluster states in 17O, the length of the lii
is proportional to the sum of the reduced widths for the shown spin

V. Z. Goldberg, A. K. Nurmukhanbetova, A. Volya et al., Phys. Rev C in print
M. Heil, R. Detwiler, R. E. Azuma at al., Phys. Rev. C78, 025803 (2008).

] .‘- I.. 1 L} T £ [4]
" (a) 56.21 : Fit 1

L 912

L (d)127.5° ¢

L (e) 140.25° .

_ (h) IW\/\’\'/\.L\_\

T T L) T
Present work

(i) 180°

8.5 9 9.5 10 10.5
E*(70), MeV



a cluster states in light nuclei
Centroids of a cluster states are shown 45

for 17180 and '°F nuclei

2 E.iX0Bai

- Zeai

E

Z_%r0.75

For the 80 nuclei, the excitation energies

energies are shown on left ordinate.
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Alpha clusters in mirror nuclei
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V.Z. Goldberg, A.K.Nurmukhabetova, A.Volya et al., PHYS. REV. C 105, 014615 (2022)
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Summary

Alpha cluster structure is an exciting research field.

1 Alpha-cluster structure does not disappear in light N# Z nuclei. The sum of the reduced widths for the corresponding
levels in these nuclei is close to the reduced widths of the analogous alpha-cluster states in '°O, while the centroids

of the excitation energies of the alpha-cluster states in N# Z nuclei form quasi-rotational bands.

2 There is no theoretical description of the alpha cluster structure in light nuclei especially at high excitation energies.
The distribution of a-cluster states present a natural challenge for theory. A new challenge is associated with the
description of Coulomb shifts in mirror nuclei.

3 All major experimental methods remain important, but improvements are needed to provide more detailed data

at high excitation energies as well as in the regions close to the alpha threshold and below it.

4 Resonance reactions with radioactive beams are expected to be very important for extending our knowledge of cluster

structure into new regions of nuclei and for obtaining new data on Coulomb shifts.

Merci de votre attention
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Alexandr Volya Grigorii Rogachev

Aliya Nurnukhabetova



Summary
Alpha cluster structure is an exciting research field.

1. Alpha-cluster structure is persistent in N# Z nuclei; it distributed over larger number of states while centroids of these statesof these statesr
2. There is no good theoretical description of the alpha cluster structure especially at high excitation energies.

New results stimulated various theoretical activity in the field.

3. We expect the modifications for the methods.

4. Development of experimental studies of the alpha cluster structure using rare beams is expected

Merci de votre attention

Grigorii Rogachev

Alexandr Volya

Aliya Nurn*khaetova

Thank you



Study of the unbound nucleus ''N by elastic resonance scattering

RF PPAC

"\
10C from

LISE3

Number of publications

NG

The experimental arrangement used in the
resonance scattering experiment.

10 4

€+ Array of
Si-detectors

TTIK publications

1IN

L. Axelsson, M. J. G. Borge, S. Fayans et al., Phys.Rev. C54, R1511 (1996)

From the fragmentation products a secondary beam of 10C, with kinetic energy of 110
MeV and energy spread AE ~1.5 MeV was extracted using the LISE3 spectrometer. The
beam intensity ~after a 220 mm thick Be degrader was about 7x103 pps. The beam of
10C, separated in the LISE3 spectrometer, enters the scattering chamber via an 80
mg/cm? kapton window. The target gas is CH 4 with a pressure chosen to stop the
carbon ions in front of the central detector.
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6*13.6

a+14C
6.22 MeV
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