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Questions

How collective features emerge from NN interactions

What is the nature of collectivities

What is the role of pairing and clustering in nuclear structure
What is the interplay between collectivities.

How collective dynamics influences reactions

Methodology

Configuration interaction approach.
Consider sd valence space: 63 matrix elements+ 3 sp. energies

Excellent agreement with experiment.
Well connected with fundamental NN-force



Empirical

sd-shell model matrix elements

G-matrix

(G TIH ||Gaju I T )

types of matrix elements

» single particle energies

» T=1 J=0 pairing

» T=0 J=1 pairing

- monopole (linear comb)

* multipole-multipole (linear comb.)



Ground state energy and role of pairing



Symmetry+nn+pp pairing
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Spherically symmetric basis



Isovector pairing
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Isovector+isoscalar pairing
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nn and pp pairing broken symmetry

ca

'
N
O
7

‘Binding Energy Loss (MeV)

0.00000

0.61667
1.23333
1.85000
2.46667

| 3.70000
245 o ’
nta nie TN ‘ 431667

4.93333
i . 0 v

Mg

b
\D
o
L
)
=
Z.
o

o
=)

T

(W )

=
I

0, 5.55000
2 2 22
I T
T ) )

~
)
(S
co
)

0 O

Isospin separated Magnetic Projection Pairing basis



full, time conjugate variational
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Sensitivity of wave functions to
two-body matrix elements



Invariant Correlational Entropy
sensitivity of wave functions to matrix elements

* Averaged density matrix  |o()\)) = (a(N)|k) |k)

) — rlu llb Qv 1 Ao x
pia = (Kla)(alk) — Za- _ = /\ 0% dN
 |ICE

I*(A) = =Tr [p™In (p)]

Advantages

*Basis independent

*Explore individual quantum states

*Needs no heat bath

*No equilibration, thermalization and particle number
conservation 1ssues.

*Probe sensitivity of states to noise 1n external parameter(s)
*Phase transitions -> peaks in ICE



Pairing phase transitions

% Phase transitions in small systems
% Phase transitions in individual quantum states
% Thermodynamics
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Is there a pairing phase transition in
mesoscopic system?

w— EP (Dair Viciation)
w— BCS | EP [pair vibration)

-t
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= EP (broken pair, 5=2)
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24Mg phase transitions
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Normal- T=0 pairing
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Pairing modes in realistic 24Mg

A. Volya, Physics Letters B 574 (2003) 27-34

T=1 pairing



24Mg phase diagram

<+ realistic nucleus
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Quartets and real alphas



Translational invariance and Center of Mass (CM)

Shell model, Glockner-Lawson procedure

Up = dpon(Rp) Vg
/ T AN
Intrinsic

SM state Center-of-mass state

vibration

Control only
Controlling CM CM quanta

Ve e d )

H = 2 Amw (BZ”LBM)



Center-of-Mass boosts

\Ijnﬁm — ¢n€m (R) \Ij,

BTand B CM quanta creation and

annihilation (vectors)

\I’n—l—lﬂm X BT ' BT‘I’fn,Em.

B]L X B oM angular momentum operator

QT[O] X [J]
Configuration Niax =0 Npax — 4
(sd)* 0.038 0.035
(p)(sd)?(pf) 0.308 0.282
(9)*(p))? 0.103 0.094
(p)?(sd)(sdg) 0.154 0.141
(5)?(sd)(sdgi) 0.000 0.005
(p)(sd)(pf)(sdg)  0.000 0.009

N =2n+ ¢

Select configuration content of NCSM wave

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

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



Approximation of Nmax=0 (s4)
Cluster coefficients for SU(3) components

Expand SU(3) 4-nucleon structure in intrinsic+ relative
all oscillator quanta of excitation are in relative motion.

@nﬁm(Ra)‘ny — ZX (I)(n 0):€m

n
1 n! 4!
4n [1,(ng!)>e 1], !

XZ _< (1,0):4m |¢n€m( a)qj@ —

Volya and Yu. M. Tchuvil’sky, Phys. Rev. C 91, 044319 (2015).

Yu. F. Smirnov and Yu. M. Tchuvil’sky, Phys. Rev. C 15, 84 (1977).

M. Ichimura, A. Arima, E. C. Halbert, and T. Terasawa, Nucl. Phys. A 204, 225 (1973).

O. F. Nemetz, V. G. Neudatchin, A. T. Rudchik, Yu. F. Smirnov, and Yu. M. Tchuvil’sky, Nucleon Clusters in Atomic
Nuclei and Multi-Nucleon Transfer Reactions (Naukova Dumka, Kiev, 1988), p. 295.



Cluster configurations

Example: alpha decay with #=0 from sd shell v,

21 way to make L=0 T=0 4-nucleon combination
Each nucleon has 2 oscillator quanta, 3 quanta total TR ] T — B
|n OSC'”ator baS|S excrta'non quanta are Conserved ............................................

We model alpha as 4-nucleons on s-shell (0s)*
Make single SU(3) operator with quantum numbers (8,0) q’?g,oym

Cluster coefficient is known analytically x7,,

8 quanta 0 quanta
motion of alphaj

N

4x2=8 quanta

/N ) é )
Gnim (1) Gnem (2)0nem (3)bnem (D)) [ D X0 @lk o im| = | Snem(Ra)| ¥,
77 VO

m-scheme state éU(B) symmetry Statej .

Volya and Yu. M. Tchuvil’'sky, Phys. Rev. C 91, 044319 (2015).

Yu. F. Smirnov and Yu. M. Tchuvil’'sky, Phys. Rev. C 15, 84 (1977).

M. Ichimura, A. Arima, E. C. Halbert, and T. Terasawa, Nucl. Phys. A 204, 225 (1973).

O. F. Nemetz, V. G. Neudatchin, A. T. Rudchik, Yu. F. Smirnov, and Yu. M. Tchuvil'sky, Nucleon Clusters in Atomic
Nuclei and Multi-Nucleon Transfer Reactions (Naukova Dumka, Kiev, 1988), p. 295.



Center-of-Mass boosts

\Ijném — ¢n€m (R) \Ij,

T CM quanta creation and
B andB annihilation (vectors)

\I’n—l—lﬂm X BT ' BT‘I’nIEm.

BT X B oM angular momentum operator

Vo = Onem (R) \Ijix — Z X'Zé (I)?'n,,O):Em

Configuration Niupawx = 0 AV 1ax — 4

(,gd)‘1 0.035 Select configuration content of NCSM wave
(p)(sd)2(pf) 0.982 functions for #He with Q = 20 MeV boosted

(p)g (p f)g 0.004 by 8 quanta (L =0).

(p)?(sd)(sdg) 0.141

()*(sd) (sdgt) 0.005

(p) (Sd) (pf) (Sdg) 0.009 K Kravvaris and A. Volya, Journal of Phys, Conf.

Proc. 863, 012016 (2017)




Quartet that corresponds to alpha cluster ¢ = ()

n X7 (8,0) (4,2) (0,4) (2,0)
4 0.02848 1.0 0.0 0.0 0.0
3 0.00697 0.561658 0.438338 0.0 0.0

2 0.00169 0.549804 0.0451847 0.3363 0.0636439
1 0.00018 0.0693304 0.735878 0.0134005 0.147418
0 0.00011 0.0693304 0.261291 0.0990471 0.0384533

L=S=T=0 (Ap)=(80), (42), (0,4), or (2,0)
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Bosonic nature of 4-nucleon operators
non-orgothogonality \

If ®T isthought of as being a boson then ®&T = 1 + N,

Up) = |®) (Bp|dd|Up) = (0|dDDTDT0) = 2

L=S=T=0
- 2 N~ o~

P U p (U p|®T W) |(0|@2PTOT|0)
(p)* (4,0) (p)® (0,4) 1.42222* 1.42222
(sd)* (8,0) | (sd)®(8,4) 0.487903 1.20213
(fp)* (12,0) | (fp)°® (16,4) 0.292411 1.41503
(sdg)* (16,0)|(sdg)® (24,4)| 0.209525 1.5278

* For p-shell the result is known analytically 64/45

Effective operators (alphas) are not ideal bosons
Cluster configurations are not orthogonal and not normalized



occupation

CM-boosted configuration from shell model perspective

0.8
0.6

0.4

Oscillator shell N

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



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).



Clustering in sd-shell nuclel

* How well it compares with experiment
» Distribution of clustering strength
» Clustering and pairing



Cluster Spectroscopic Characteristics

Traditional (old) spectroscopic factor

(Pnelpe) = (A{bnen(p) Wo YD HYE) =

<®rz€‘9—’€ Rone Z X nk

/ N

Recoil Factor Cluster Coefficient Fractional Parentage Coefficient

Normalized (new) spectroscopic factor

ve(p) = N2 04(p)

S = (il = [ o*dolun(o)l

Sum of all new SF from all parent states to a given final
state equals to the number of channels

R. Id Betan and W. Nazarewicz Phys. Rev. C 86, 034338 (2012)

S. G. Kadmenskya, S. D. Kurgalina, and Yu. M. Tchuvil’sky Phys. Part. Nucl., 38, 699-742 (2007).
R. Lovas et al. Phys. Rep. 294, No. 5 (1998) 265 — 362.

T. Fliessbach and H. J. Mang, Nucl. Phys. A 263, 75-85 (1976).

H. Feschbach et al. Ann. Phys. 41 (1967) 230 — 286







Alpha clustering in sd-shell nuclei

USDB interaction [5]
(8,0) configuration

« Old SF are small
« Old SF decrease with A

A Séexp) S(()exp) S(()exp} S(()old) S(gold) ‘Sénew]
1] 2] 3] (4] this work
“‘Ne-'°0O | 1.0 [ 054 | 1 |0.18 [0.173]|0.755
*Ne-"*0 0.37 [0.099{0.085 | 0.481
ZIMe-TNe| 0.76 | 0.42 | 0.66 | 0.11 [0.091] 0.411
““Mg-““Ne 0.20 10.077(0.068 | 0.439
2Si-2 Mg | 0.37 | 0.20 | 0.33 [0.076]0.080 | 0.526
UGi-“U Mg 0.55 [0.067]0.061 | 0.555
*45-“°Si | 1.05 | 0.55 | 0.45 [0.090]0.082 | 0.911
%5-°YSi 0.0650.062 | 0.974
% Ar->4S 0.0700.061 | 0.986
°% Ar-°*§ 1.30 [0.034|0.030| 0.997
*Ca-"Ar| 1.56 | 0.86 | 1.18 [0.043[0.037| 1
[1] T. Carey, P. Roos, N. Chant, A. Nadasen, and H. L. Chen, Phys. Rev. C 23, 576(R) (1981).
2] T. Carey, P. Roos, N. Chant, A. Nadasen, and H. L. Chen, Phys. Rev. C 29, 1273 (1984).
3] N. Anantaraman and et al., Phys. Rev. Lett. 35, 1131 (1975).
4] W. Chung, J. van Hienen, B. H. Wildenthal, and C. L. Bennett, Phys. Lett. B 79, 381 (1978).
5] B. A. Brown and W. A. Richter, Phys. Rev. C 74, 034315 (2006)




Alpha cluster spectroscopic factors in 24Mg

10°

The sd valence space is considered with USDB interaction the operator is

Theoretical calculations in SD shell
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Cummulative SF

Cumulative spectroscopic strength 24Mg
20Ne(g.s)+alpha channel.
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Interactions and symmetry of low-lying states



Classic Example: 24Mg, 8 nucleons in sd-shell

(6,5) 2,4)

(6,2) o4

Realistic Pairing (T=1) ©2
(10,0)
(7.0)

(2,7) (4,3)
(7,3) ©.1)
(8,4) 7.3)
6,2)
7,0) (46)
(10,0) Random
(1,6
o gore "
(1.6)
(0,5) 3.2)
(0,8)
(3,9)
1,3)
(4,0) USD realistic interaction
Ground state J=T=0
For 24Mg model space (5,1) 2.1) breakdown in SU(3) irreps

J=T=0 g.s. happens in 60% of cases 0.2)
only 325 such states out of 28.5k! ’ 6,2) (4,3



Classic Example: 24Mg, 8 nucleons in sd-shell

€5 (24

(6,2) (8,4)

Pairing (T=1) ©2
(10,0)
(7,0) /£

(2,7)

Realistic

(8,1)

(6,2)

"K=2" 7 (4.6)
" (4,0)
............ (08  (35)
IIK=0|| """""""""""""""
""""" o)
12]
0y 3,2)
o 1 2 3 4 5 6 7 8 9 10 11 12 13
1,3)

USD realistic interaction
Ground state J=T=0

For 2*Mg model space (5.1) 2.1) breakdown in SU(3) irreps
J=T=0 g.s. happens in 60% of cases 02) ’

only 325 such states out of 28.5k! 6,2) (4,3)



Detailed study of one alpha on sd



Clustering in 20Ne
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Clustering in 20Ne
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Clustering in 20Ne

4 0990 4 045
i Y 5
1 , E I SF SF
! 2 8360 MeV width ex th.
2 ™ 0+ 0 0 0.73
v o . neo 2+ 163 0 0.67
" B 4+ 425 0 0.62
0+ 673 19  0.47 0.46
0+ 719 3.4 002 0.10
+ . s5 2+ 742 15 019 0.12
) o 2+ 783 2 001 0.09
0+ 87 800 0.3
6+ 878 011 05 0.51
+ o T "2+ 000 800 0.86
0! 0 ot 0 0! 0

20 sd p—sd D.K. Nauruzbayev et al., Phys. Rev. C 96, 014322 (2017)
10Nejg
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Distribution of dynamic spectroscopic factors for 20 Ne — 16 O(g.s.) + a. The dashed lines
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Weak-Coupling Behavior

J §lnew) Sle)
(=0 ¢=2 £=4] (=0 =2 {=4

3/2+ 1.0 018 1.0+ 0.05 0.42 = 0.04

5/2+ 078 0.02 044 | 1.04 +0.41 o 0.32 = 0.18

7/2+ 0.9 0.4 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)



Publications:
A. Volya, V. Zelevinsky arXiv:1905.11918 [quant-ph]
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