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Clustering in light nudei
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 How matter organizes itself

* Mesoscopic physics

« Effective degrees of freedom

 Role of continuum, decay and reactions
 Practical applications
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The Nuclear Shell Model
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The Nuclear Shell Model
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E (MeV)

Configuration interactions (variational principle)

S

Alpha particle in no-core shell model

100
~N) A - ‘\-"l o 2
= e Npax = 4
—o— Nijax =6
299+ Ninax = 8 ~
_— = 90 -
4] 3
961 W O N
N,
| _— Niu:
98 - — Nmax = 8
15 20 25 30 35 [ — 20 2 30 35
hiw (MeV) hw (MeV)

JISP-16 interaction

Code at http://www.volya.net [cosmo]



http://www.volya.net

Translational invariance and Center of Mass (CM)

Shell model, Glockner-Lawson procedure
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Center-of-Mass boosts

\Ijnﬁm — ¢n€m (R) \Ij,

T CM quanta creation and
B andB annihilation (vectors)

\I’n—l—lﬂm X BT ' BT‘I’nﬁm.

BT X B cm angular momentum operator

Select configuration content of NCSM wave

functions for 4He with hQ = 20 MeV boosted
by 8 quanta (L =0).

Configuration Nopax = 0 Ny = 4
(sd)? 0.038 0.035
(p)(sd ) (pf) 0.308 0.282
(p)Y(pf) 0.103 0.094
(p)(sd)(sdg) 0.154 0.141
(p)(sd)(sdg)(pfh) 0.000 0.005
(p)(sd)(pf)(sdg) 0.000 0.009

K Kravvaris and A. Volya, Journal of
Phys, Conf. Proc. 863, 012016 (2017)



occupation

CM-boosted configuration from shell model perspective
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CM-boosted configuration from shell model perspective

(R?) = 375 (Nem + 3/2) [Dne(r)]* ~ \/<R21> —.2
| Gre(r)]?
0.5 n =10
o | n=20
'\
0.3 | n H
AOARA AN
AN




Configuration Interaction

State, equivalent to operator (polymorphism)

o) =0foy="» (1,2

{1,2,3,...A4}

Tp) = Uh|) =

Anti-symmetrized channel
wave function components
are generated by acting
with state creation operator
and forward ordering.

Code at http://www.volya.net [cosmoO]
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Configuration interaction approach and clustering

Traditional shell model configuration Cluster configuration
m-scheme
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Recolil Recoupling

e Recoupling is done with Talmi-Moshinsky brackets

Dpom = A {d)OOO(R)anEm(p)\I/,(l)\If/(Q)}



Clustering reaction basis channel

(basis states for clustering)
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Resonating group method 2Be
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Resonating group method and reactions
ZH(E),X,,,, — EZ ’\f(g,xn,
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alpha+alpha scattering phase shifts
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Experimental data from S. A. Afzal, A. A. Z. Ahmad, and S. Ali, Rev. Mod. Phys. 41, 247 (1969).
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Resonating group method 2Be results
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Spectroscopic amplitudes

parent | J" channel (U | Fe)
*Bel[4] [0 a[0] + «[0! 0.905
SBe[4] (21| «[0] + [0 0.898
SBe[4] [4T| «[0] + «[0 0.874
*Be[4] (07| «2] + a2 0.961
SBe[4] |27 | «af2] + a2 0.957
*Bel4] |47 2] + a2 0.943
OBe[4]|0T| °He[0] + [0 0.844
9Be[4]|07| °He[4] + a[0 0.820
Be[4] |21 | °He[0] + a0 0.834
9Be[4] |27 | °He[4] 4 «[O0] 0.796
12C[4] |07 |a[0] + o[0] + «[0]| 0.841
2CM[4] |07 |a[0] + a[0] + «[0]| 0.229

Spectroscopic amplitudes.



Ttriple-alpha RGM
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E (MeV)

_ 5/27(L=2) 3.63

Molecular orbits 21Ne
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Weak-Coupling Behavior

J* S (new) Slexp)
{=0 ¢=2 (=14 £ =10 £ =2 =4
3/ 2+ 1.0 (.18 1.0 £ 0.05  0.42 += 0.04
5/2+ 0.7 0.02 044 | 1.04 &£ 0.41 . 0.32 = 0.18
7/2+ 0.9 0.14 0.91 + 0.08  0.23+ 0.04
9/2+,1/2+ 0.81  0.33 0.9 + 0.05  0.29 = 0.03

N. Anantaraman, J. P. Draayer, H. E. Gove, J. Toke, and H. T. Fortune. Alpha-particle stripping to >'Ne. Phys.Rev. C18, 815 (1978); Phys.Lett. 74B, 199 (1978)

A. K. Nurmukhanbetova, V. Z. Goldberg, D. K. Nauruzbayev, M. S. Golovkov, A. Volya, Phys. Rev. C 100 (2019) 062802.



Clustering in 20Ne
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Clustering in light nudei

2" 3.0 4+ 11.4 a+ o+«
3[2 8 a8 6* 163
32 2033 o 8 -8
~27.40 0 eerermmeren, e A R
.......................... e 75
gHe3 3L12 Q 20768 8B *munnnnnghannnnn w*’
—70. o
Ge ‘He e o 4.4
& ¢ a—+p 2 4 & . o
4 .
a+n .« N
2 34
» 1S &
o+ «
a+n—+n o . 6o
ot I -92.2 0+ JL 6.0
—65.0 12
e e
1OB
. O ®
12
- @ 170
Fe
O+
a+n+n+a 0 S—SS——————————
tnan -127.6
16
808




SE

Searching for clustering strength
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Distribution of dynamic spectroscopic factors for 20 Ne — 16 O(g.s.) + a. The dashed lines
correspond to the RGM energies for each decay channel.
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Channel coupling in 130
I=1 channel
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Channel coupling in 130
I=1 channel
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Channel coupling in 130
I=1 channel
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Coupling to channels leads to structural changes
* Reduction of particle-hole mixing
 Redistribution of alpha strength (superradiance)
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Wave function realignment

Superradiance
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Observing superradiance
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Observing superradiance
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Clustering in A=18 mirror systems
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Clustering in A=18 mirror systems
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1 8Ne

E(MeV) I (keV)

9.08(1)
9.57(1)
10.58(4)
13.730(2)
9.19(3)
10.94(6)
13.4 (2)
16.9(2)

8.77(8)
11.0(1)
12.7(2)
14.8(2)
8.16
13.3(3)
14.15(21)
11.31(4)
12.9(2)
13.79(8)

1 A 7 7™\
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1062
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780
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1302
1755
1515
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3967
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845
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N1

SF
0.21(1)
0.51(5)
0.15(5)
0.2(1)
0.21(2)
0.52(3)
0.45(8)
0.3(2)

1.0(4)
0.28(7)
0.7(2)
1.02)
0.8(3)
0.37(4)
0.14(10)
0.03(2)
0.48(12)
0.14(10)

N ™ 79 H\

E (MeV)
9.19(2)
9.76(2)
10.8(3)
14.3(3)
9.79(6)
12.21(8)
12.8(3)

8.29(6)
9.35(2)
11.95(1)
12.98(4)
14.0(2)
7.11%
13.46(2)
14.77(5)
11.63(1)
13.08(1)
14.1(1)
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I' (keV)
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2.9
110
300
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NN

SF
0.20(1)
0.46(4)
0.29(4)
0.104)
0.10(3)
0.37(9)

1.56(13)

0.18(1)

0.48(13)

0.17(2)
0.32(5)
0.7(1)

0.12(1)
0.28(2)
0.13(1)
0.17(1)
0.23(2)

N 1 777745\

M. Barbui et al., “a-cluster structure of 18Ne,” Phys.
Rev. C, vol. 106, no. 5, p. 054310, Nov. 2022, doi:
10.1103/PhysRevC.106.054310.
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A. Volya, M. Barbui, V. Z. Goldberg, and G. V. Rogachev, “Superradiance in alpha clustered mirror nuclei,”
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Channel coupling in 130
I=1 channel
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Coupling to channels leads to structural changes
* Reduction of particle-hole mixing
 Redistribution of alpha strength (superradiance)
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