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Abstract

In the Cluster-Nucleon Configuration Interaction Model (CNCIM) presented
in this work, the many-body cluster techniques are adopted for use in advanced
shell model approaches including the modern ab initio schemes. The CNCIM is
facilitated by the SU(3) symmetry which allows us to built orthogonal cluster
channel wave functions with Pauli exclusion principle being taken into account.
Multiple results concerning « spectroscopic factors for ground state to ground
state transfers in sd-shell nuclei, and for transfers from low-lying and highly
excited states in '°0 and '“Be are presented. The results are in good agreement
with experimental data. Clustering properties of the light nuclei are discussed
and some predictions are made. We view our results as an important proof of
the principle, showing that modern high performance computing permits studies
of clustering within configuration interaction approaches.
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1 Introduction

Clustering is an important feature of nuclei. The phenomenon has been investigated
extensively over at least half-a-century and a large body of experimental data on
this topic is available. Reaction techniques highlighting the clustering properties
are being continuously improved. In particular, thick *He target inverse kinematics
technique [1,2] has recently provided a large amount of data concerning complicated
a-particle resonance spectra [3-5].

Theoretical challenges on the subject of nuclear clustering include ab initio ap-
proach to nuclear structure, emergence of many-body correlations and many-body
forces, nuclear reactions involving cluster knock-out, transfer and decay, as well as
many questions in astrophysics. Multiple theoretical techniques have been put for-
ward to study nuclear clustering; some selected ones can be found in Refs. [6-10] as
well as in a broad review Clusters in Nuclei series [11]. However, many of these tech-
niques, such as, a symmetry based approach found in Ref. [12], focus on the structure
of highly clustered nuclear states where cluster degrees of freedom are introduced
by construction. Moreover, connection to experimental results is often made using
observables that are not directly related to clustering, such as nuclear moments of iner-
tia, quadrupole moments, gamma-transitions, etc. This strategy may be inadequate
for drawing conclusions about nuclear clustering based on experimental evidences.
The current presentation focuses on the Cluster-Nucleon Configuration Interaction
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Model (CNCIM) and its potential to bridge the gap between experimental results
and clustering theory.

Nuclear shell model, which is also generally known as the configuration interaction
(CI) method, is broadly used in studies of quantum many-body systems. It is a well
established microscopic approach, where, within the same formalism, high quality
description and good predictive power are obtained for numerous single-particle and
collective nuclear properties [13-16]. In the nuclear shell model, cluster degrees of
freedom are not introduced explicitly. This makes the shell model an ideal tool to
study weakly clustered states and to address questions related to emergence of cluster-
ing and interplay of cluster and single nucleon degrees of freedom. Recent advances in
computational techniques and exponential growth of computational power [13,17,18]
facilitate work in this direction.

Shell-model microscopic approach to clustering has been extensively developed in
the past [19-27]; it represents the path combining both microscopic single-nucleon and
collective symmetry based properties of nuclear dynamics. In the CNCIM we advance
the shell model approach by targeting the cluster spectroscopic characteristics, by
implementing the orthogonality conditions model for description of exit and entrance
cluster channels, by utilizing the SU(3) symmetry and some other algebraic properties
inherent to the harmonic oscillator basis. This report provides a current summary of
our recent results, see also Refs. [5,28-30].

2 Formalism

Shell model configuration interaction approach
and SU(3)-symmetric structures

In the shell model approach, the many-nucleon states

o) =wio)= > (1,2...A]%)aldl.. al\J0) (1)
{1,2,3,...,A}

are linear combinations of configurations, which are Slater determinants of single-
particle states 1 = {n,l,j, m}. These single-particle states are built from the radial
harmonic oscillator wave function (WF) ¢, 1, (r) = (#]1) = (r|al|0) with angular mo-
mentum and spin variables coupled to total angular momentum j. The operator aJ{
is the nucleon creation operator in the second quantization. The numeric coeffi-
cient (1,2...A|¥) in Eq. (1) determines the weight of each Slater determinant in the
linear superposition.

In our work clustering is approached using multi-nucleon structures related to a
certain irreducible representation of the SU(3) group. In the present paper we discuss
alpha clustering, therefore we construct four-nucleon states

|D(n,0):0) = B, 0).10) = {0 }[f] = [4](n,0) : L, S =0, T = 0). (2)

Here {n;"} denotes a configuration where «; is the number of particles in the major
oscillator shell n;; L, S, and T are orbital, spin, and isospin quantum numbers; (A, u)
is the SU(3) Elliott’s symbol; and the Young frame [f] classifies the permutation sym-
metry. The states in Eq. (2) are constructed by diagonalization of linear combinations
of the SU(3) Casimir operator of the second rank, L?, T?  S2, and other operators as
needed in the basis of four-nucleon shell-model states.

A direct correspondence between states |¥) and creation and annihilation opera-
tors UT and ¥ of the second quantization facilitates evaluation of the overlap integrals
involved in fractional parentage coefficients (FPCs)

Far = (Vp|A{ @000 ¥p}) = (01Wp{® (1004 ¥D}"0). (3)
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Table 1: Selected FPCs and channel norms for SU(3) states. All WF and operators
are for L = 0.

Up o (0 p |0 B) | (0|22d®t(0)
(p)® (0,4) (p)* (4,0) 1.42222* 1.42222
(sd)8 (8,4) (sd)* (8,0) 0.487903 1.20213
(fp)®(16,4)  (fp)*(12,0) 0.292411 1.41503
(sdg)® (24,4) (sdg)* (16,0) 0.209525 1.5278

*For the p shell this result agrees with the value of 64/45 = 1.42222 found in Ref. [31].

Here A is the antisymmetrization operator and |¥p) and |¥p) are arbitrary states of
type (1).

The FPCs for some selected states of SU(3) symmetry are shown in Table 1. The
channel norms shown in the last column, provide a measure of bosonic enhancement.
Indeed, if a four-nucleon L = 0 operator ®f = @In,o):o is thought of as a boson cre-
ation operator then ®®T = 1+ N, where N, is the boson number operator. Therefore
for ideal bosons the norm of the one-boson channel state (0|®®®T®7|0) should be 2.
The numbers in the last column are less than 2, showing that the four-nucleon config-
urations are not true bosons. These objects are comprised of fermions, and residual
Pauli blocking effects are noticeable. The blocking effects are naturally reduced for
larger shells, which brings the norm closer to 2.

Cluster form factors and spectroscopic factors

The cluster form factor (CFF), also commonly known as the spectroscopic amplitude,

/
oulp) = (Wil afw, Ly, (0,0w ) (@)
is one of the most basic measures of clustering. In Eq. (4), U5, ¥/5, and ¥/, are WFs
of the parent (P), the daughter (D) and the a-cluster, respectively, which are internal,
translationally invariant, and free of the center of mass (c. m.) coordinate. Here and
in what follows we use primed notation to distinguish these WFs from those of the
shell model type (1) that implicitly depend on the c¢. m. motion. The coordinate p
is the Jacobi radial coordinate of the relative cluster —daughter nucleus motion; a
proper coupling to a relative angular momentum [ is established.

In our shell model calculations the parent and daughter states are computed im-
plementing a Glockner—Lawson procedure [32] leading the c. m. motion being in the
lowest oscillator state ¢go(R). The oscillator frequency in harmonic oscillator WF
depends in the usual way on the mass number. In order to describe a channels we
assume that the a-particle’s translationally invariant WF is represented by the lowest
four-nucleon oscillator function written through the Jacobi coordinates:

Wy =A=' =0,[f] = 4\ p) = (0,00: L=0,S=0,T=0). (5)

Therefore in the WF |<I>(n10):l) we are interested in a component that includes the in-
trinsic 4-nucleon state (5) with the c. m. variable being in the oscillator state @, (Rq).
This component, referred to as cluster coefficient, is known analytically [21,22,33],

1 n! 4!

T LD [od )

Xt = (P .0yl oni(Ra) V) = \/
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The following steps (see also Refs. [20-22,24]) include expansion of the parent
state using FPC (3) and recoupling the c¢. m. variables R, and Rp into their relative
coordinate p and the parent c. m. coordinate Rp where the corresponding recoupling
coefficient (known as recoil factor) is

Ry = (=1)"[(mp +ma)/mp] "/,
This leads to the expansion of the CFF (4) in oscillator states,

¢l(P) = chl (pnl(p)a Cni = Xt Fri Ran. (7)

In the past it was common to identify the CFF in Eq. (7) with the observable spec-
troscopic factors (SFs) & = Y, [Crui|>. However, it was argued in Refs. [34,35] that
the matching of ¢;(p) with the two-body cluster-nucleus solution is not appropriate.
Instead, one should use the channel WF in the form of the Resonating Group Model
or, for an easier reduction to the two-body problem, in the form of the Orthogonality
Condition Model (OCM) [36]. Therefore the CFF should be redefined as

Ji(p) = N2 u(p), (8)
where the norm operator

Fi(p) = / Nl p)n(p)02d’

contains the overlap norm kernel

Nito' ) = (A wpw, v @ | 4 {wpe v, @ ). o)

The validity and importance of this new definition are discussed in details in
Refs. [10,37]. We construct and diagonalize the norm kernel operator as a matrix in
oscillator basis

<50n/l|~/\71|90nl> =R RnXn1Xm <~/2l {q)(n’,O):l \IID} |~/Zl {(I)(n,O):l \IID}>- (10)
This leads to a new definition of the SF:

S = / Rdpl i) = % Nikl ’;ww Cot

where |kl) is an eigenvector and Ny, is an eigenvalue of the norm kernel M|kzl> =
Nyi|kl), both corresponding to angular momentum /. In this form the SFs are nor-
malized; for any given parent nucleus the sum of all SFs for a given partial wave [ and
to a particular daughter state equals to the number of channels (characterized by dif-
ferent values of n in four-nucleon functions @, o).;) involved. In the one-channel case
(such an example is considered in the next section), using completeness of the parent
states ) . |[Wp, )( ¥Up,| = 1, the single diagonal matrix element for the norm (10) can
be expressed as

2

, (11)

Nu =RoX0 D (Fu) =) S, (12a)

thus
St=S8i/Y 8 = (F* Y (Fu) (12b)
We refer to the technique outlined here as the Cluster-Nucleon Configuration

Interaction Model (CNCIM), and in the following section we demonstrate some of its
applications. Additional details can be found in Refs. [5,29,30].
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3 Applications

Study of the ground state a-clustering in sd-shell nuclei

Transfer and knock-out reactions, such as the ones discussed in Refs. [38—41], provide a
wealth of information on « strengths in low-lying states of sd-shell nuclei. Theoretical
values of the corresponding SFs obtained in various papers are well-correlated [23,25].
The summary of these results as well as those from our calculations are presented
in Table 2. In our calculations of a-particle SFs for ground state to ground state
transitions the USDB Hamiltonian [42] was used. The basis is restricted by the
sd shell. Within this model only one four-nucleon operator with SU(3) quantum
numbers (8,0) contributes, and therefore the relationship (12) holds.

Prior to discussing the results in Table 2, let us clarify some problems associated
with evaluation of the absolute values of experimental SFs. First, some problems
emerge from poor knowledge of the imaginary part of nucleus-nucleus potential for the
types of reactions involved. Second, transfer reactions usually determine only relative
values of the SFs, while for knock-out reactions absolute values are commonly provided
in the literature (see Table 2, columns 2, 3). Therefore in Table 2 all values evaluated
in transfer reactions are normalized to the value of the SF in 2°Ne (column 4). Given
that the experimental absolute value of SF in 2°Ne according to Ref. [43] is very close
to 1.0, the remaining relative SF's in column 4 may be interpreted as the absolute
ones. Both types of experiments are nevertheless consistent in the general pattern of
variation of relative values of SFs with the increase in nuclear mass.

A comparison of theoretical values [23,25] with the experimental data highlights
some problems. First, the theoretical SF's are several times smaller than the measured
ones; in certain cases the discrepancy is more than one order of magnitude. To
demonstrate this in Table 2 we include the non-renormalized theoretical values of
SFs from Ref. [23]. In analogy with the approach taken in experiments with transfer
reactions, it is a common practice to renormalize theoretical data using the value
of the a-particle SF in 2°Ne; and yet this practice needs some rigorous justification.
Second, even after the renormalization, the tendency for the values of SFs to decrease
rapidly while going from 2°Ne to 4°Ca, is not confirmed by the data.

Our results, shown in the last (7th) column in Table 2, appear to resolve the
above mentioned long standing theoretical problems in a natural way. Indeed, the

Table 2: Ground state to ground state a-particle SFs, “new” Sy and “old” &y and the
experimental SFs extracted from the cross sections of (p, pa) [43,44] and (°Li,d) [45]
reactions, traditional Sy obtained in Ref. [23] and in the current work, and “new”
SFs Sgev.

Ap—Ap  §°P [43]  Sewp [44] SerP [45] Sy [23]  So o

20Ne-160 1.0 0.54 1 0.18  0.173 0.755
2Ne-180 0.37 0.099  0.085 0.481
24Mg-2Ne 0.76 0.42 0.66 0.11  0.091 0.411
26Mg-22Ne 0.20 0.077  0.068 0.439
28Gi-24Mg 0.37 0.20 0.33 0.076  0.080 0.526
30Gi-26Mg 0.55 0.067  0.061 0.555
328 28Gi 1.05 0.55 0.45 0.090  0.082 0.911
315.30Gi 0.065 0.062 0.974
36 Ar-328 0.070  0.061 0.986
38 Ar-348 1.30 0.034  0.030 0.997

40Ca-36Ar 1.56 0.86 1.18 0.043  0.037 1
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agreement between absolute SFs found in experiment (columns 2-4) and those from
CNCIM (column 7) is good without any renormalization. This includes the trend of
SF's to drop down towards the middle of the sd shell and to increase at the edges.
The values of the traditional spectroscopic factors obtained by us (column 6) and
the ones presented in Ref. [23] (column 5) are close, thus showing that renormalization
of the channel WFs proposed by Fliessbach is the main reason for this improvement.

Study of a-clustering in %O

A more advanced investigation using CNCIM is summarized in Table 3. Here we
examine a-clustering of the ground and multiple excited states in 16O relative to
channels involving '2C nucleus in the ground state. Both parent and daughter sys-
tems are treated in the unrestricted p-sd configuration space with effective interaction
Hamiltonian from Ref. [17]. In Ref. [17] Utsuno and collaborators suggest that this
effective Hamiltonian describes well the multi-particle correlations in 60O, thus mak-
ing it an ideal choice for exploring clustering. The p-sd valence space allows for the
following SU(3)-classified four-nucleon configurations:

|(I)(n,0):l> = |(Op)q(25 - 1d)4_q [4](77‘7 0) :,85=0,T= 0)) (13)
where g =0,1..4;n =8¢ l=n,n—2,...,10or 0; and 7 = (—1)".

A broad part of the low-lying °0O spectrum is examined in our study. For over 60
states the experimentally known characteristics that include spin, parity and a-decay
reduced widths 62 turned out to be reasonably described by our model. Focusing
on clustering properties in Table 3 we restrict our presentation to the states with
SFs S, > 0.1. The table is organized based on the theoretically calculated spectrum
of 0. We made an effort to identify each theoretically predicted state with an
experimentally known counterpart. In this process an agreement within a factor of
3 to 4 in SF was the primary criterion, a theory-experiment agreement in excitation
energy within about 1 MeV was considered as secondary.

Table 3: The a-particle SFs for states in '60.

JT E(sm) Si E(exp) 0% continued

0F  0.000 0.794 0.000  0.86° J* E(sm) S, E(exp) 02
37 5.912 0.663 6.13  0.41° 27 12530 0123 <

05 6.916 0.535 6.049  0.40° 67 13.286 0.465 14.815  0.17
1y 7.632 0150 7117  0.14 4% 13.308 0.160 14.62  0.19
27 8194 0.500 6.917  0.47° 3; 13.733 0.144 141 0.21
25 9.988 0.349 9.844° 0.0015 24 14.646  0.102 14.926° 0.0098
4F 10320 0.313 10356 0.44 1, 15298 0.174 162  0.085
05 10.657 0.216 1126  0.77 4F 15474 0152 16.844  0.13

27 11.307 0.158 11.52°  0.033 57 15.945 0.289 14.66  0.55
43 11.334 0.203 11.097° 0.0014 65 16.304 0.415 16.275  0.43

“Recalculated value of the SF from [46] (see the text).
bIdentified states are, probably, of different nature.

¢No experimental analog has been found.



Study of cluster reactions... 63

The most part of the experimental information was taken from the spectroscopic
tables [47,48]. Measured excitation energies and « spectroscopic strengths 62 are
listed in Table 3 in the last two columns. The a-decay reduced widths were calculated
using standard equations of resonance reaction theory. For evaluation of the SFs of
sub-threshold states, the experimental data from (°Li,d) reaction [46] were used, where
SFs relative to 41 10.356 MeV are presented. Taking into account some inconsistencies
in determination of absolute values of the sub-threshold SFs, we rescale this data using
an over-threshold reference state with known a-decay width.

The results displayed in Table 3 are encouraging. The model includes no addi-
tional parameters, nor fits, and yet for most levels observed in experiments theoretical
partners may be found. Over 2/3 of states predicted to have strong clustering prop-
erties have been identified experimentally. Many states with lower o SF (not listed in
Table 3) are also reproduced by the theory. Other properties of the 150 states that
include electric quadrupole transitions and possible identification of rotational bands
are also well-described, see further details in Ref. [29].

The lack of configurations from the pf shell appears to be a reason for discrep-
ancy related to a-decaying states 1~ E(exp)=9.585 MeV and 3~ E(exp)=11.6 MeV.
Disagreements similar in nature were seen in **O, Ref. [5]. Some cases, such as those
marked in Table 3 by °, point toward deficiencies of the Hamiltonian.

Study of a-clustering in °Be

10Be is another popular system for studies of clustering because it is one of the
lightest nuclei where the interplay between cluster and nucleon degrees of freedom
is manifested. Apart from that, '°Be provides a path for a better understanding
of the exotic isobar-analogous system of 1°C [49]. The a-cluster properties of 1“Be
are not easy to measure because 5He beams lack intensity and there is no other
convenient projectile for such studies. The lack of information has motivated active
discussions and numerous loosely validated qualitative conclusions, that could benefit
from additional theoretical work.

The study of °Be is similar to that of 10 described in the previous section.
We use the same unrestricted p-sd configuration space with the effective interaction
Hamiltonian from Ref. [17], and consider the same set of four-nucleon operators in
Eq. (13). A large number of the states with natural parity was obtained, and for each
state the SF for the a+%He channel was computed from Eq. (11). The results are
summarized in Table 4 which includes all theoretically predicted states up to 10 MeV
of excitation. In the region between 10 and 15 MeV only the states with S; > 0.01
are listed, and this list includes all high-spin states (J > 4). For higher excitation
energy low-spin levels are tabulated in the case where I', > 300 keV and high-spin
levels where I', > 100 keV.

The three lowest states, 0, 27, and 47, in 1°Be are strongly clustered, which are
the only states with S; > 0.3. The clustering is explained by the large
|(1p)®[42], (\, 1) = (2,2), L, S =0, T = 1) component, the weight of this component
is 0.65, 0.53 and 0.35 for Of, 21", and 4;, respectively. These states do not form a
rotational band because the 0f ground state in the algebraic model has a value of
projection K = 0, and this value of intrinsic angular momentum projection is not
presented in the 4 state related to (A, ) = (2,2) SU(3) representation. Clustering
effects are weak in high-spin states. For all 67 states S; < 0.04; all 7~ and 8 states
are found to have near zero SFs, to be specific, S; < 1076,

The experimental information presented in Table 4 comes from Refs. [50-54]. As
it is the case for the 150 example presented in Table 3, agreement in spectroscopic
factors is the primary criterion in establishing theory-experiment correspondence for
10Be as presented in Table 4; the theory-experiment agreement in excitation energy
is considered secondary. The traditional R-matrix relations, see for example Ref. [51],
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Table 4: Results of the CNCIM calculations for °Be compared with the available
experimental information. Energies are given in MeV; decay widths are in keV, or as
indicated.

JE 5 B ry Bz rer 03(r)  63(r2)
0y 0.686 0.000 0

27 0.563 3.330 3.368

05 0.095 4.244 6.197

27 0.049 5.741 5.958

27 0.052 6.123

17 0.027  6.290 5.96

37 0.098 6.926 7.371 0.42e:

27 0116 7.650 0.3eV | 7542  05eV 112 0.19
05 0.023 8.068 17
47 0.049 8.933 4.7
1, 0045 9.755 180 10.57
3, 0.046 9.897 61
27 0.027 10.819 50

9.56 1414 0.074
24 0.023 11.295 43
0F 0.153 11.403 800
43 0.370 11.426 180 10.15 185° 1.5 0.38
57 0.148 11.440 150 11.93 200 0.20
1; 0.013 12.650 76
67 0.013 13.134 24 13.54° 99 1.0°  0.051
5, 0.128 13.545 250
2f, 0.040 13.789 240
450011 13.992 20 e 191 0.066

45 0022 14.233 40
0f 0018 14.252 120
37 0.014 14468 77
5, 0.059 14.992 180
47 0.161 15.071 800 | 15.3(67)¢  800¢ 0.16
2f; 0.046 15534 330
44 0.033 15.809 180
4% 0.03 16.426 150
440200 17.510 1300
41, 0.041 18566 290
55 0.017 19.448 110
5, 0.018 19.840 120
5, 0.017 21.395 130
6, 0.037 19.101 170

*Widths deduced from the isobaric analog channel 1B —0Li(0%)+a [50,51].
bResults from Ref. [51].

“Results from Ref. [52].

dTotal width Tt
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are used to obtain theoretical predictions for the decay width I'*", and inversely, to ob-
tain the reduced widths 62 from the experimentally observed o decay width T'¢*?. The
R-matrix relations depend on the excitation energy and on the channel radius r. If the
energy of the level is known experimentally, the observed value is used to compute T';?.
Some significant dependence of the decay width on the channel radius is demonstrated
by the last two columns in Table 4. For example, the reduced widths 62 presented in
Ref. [51] (7th column) appear to be in disagreement, but those results were obtained
using the channel radius r1=4.77 fm, typical for stable nuclei. In the last column of
Table 4 we demonstrate that another choice of the channel radius, o = 6.0 fm, brings
all values of 62 to a good agreement with calculated SFs. Moreover, the choice of a
larger channel radius is more natural for a halo $He nucleus.

The calculated energy spectrum is consistent with the recent experimental find-
ings. There are some discrepancies: somewhat noticeable deviations in excitation
energy are observed for the 05 level and the doublet 4§4. In addition to that, a
number of theoretically predicted levels has not been observed in experiments; those,
however, can often be explained by small decay widths, such as in the case of the 2;
state.

Being encouraged by the success of the CNCIM, we are compelled to take part in
discussions related to interpretation of recent experimental data. Our results summa-
rized in Table 4 confirm that the branching ratio TI'y/T:: for the state
at E¢*P = 7.543 MeV is close to 1.3-107% [51]. The conclusion of Refs. [51,53] that
the level 10.15 MeV is 41 and not 3~ [52] is also confirmed. Results in Table 4
suggest that the state at E, = 13.54 MeV [51] is actually a 67 and 5= doublet of
resonances. The state at F, = 15.3 MeV is characterized in Ref. [52] as J™=6" based
on an expectation to see a K =1 “band” member in this energy region; according to
our results it is probably a 4T state. A number of theoretical results in Table 4 can
potentially guide future experimental investigations.

4 Summary

In this work we develop formalism and methods for conducting studies of nuclear
clustering using the advanced large-scale shell model technique. The effects of Pauli
exclusion principle which, as found in previous works, result in the specific renormal-
ization of wave functions of the cluster channels and require redefinition of traditional
cluster characteristics are accurately taken into account. The developed formalism
is applicable for all microscopic configuration interaction approaches, including ab
initio no-core schemes. Cluster transitions between the states of all kinds (ground,
excited, resonance; strongly and weakly clustered) can be treated in our approach.
The end products of the approach are the cluster spectroscopic characteristics that
can be directly compared with experimental observables.

We use a variety of examples to demonstrate the capability of our approach. Re-
viewing the « spectroscopic factors of ground state to ground state transitions in
even-even nuclei of the sd shell we resolve a long-standing problem related to under-
estimation of absolute values of spectroscopic factors and obtain a good agreement
with the experimental data.

We perform two large-scale studies of 160 and '9Be nuclei within the p-sd valence
space. The 60 system is chosen because a-decay widths and transfer strengths
going to the ground state of 2C nucleus have been measured for many states. The
performed calculations provide a good description of both the spectrum and the alpha-
decay widths. These results along with the ones related to the traditional single-
particle excitations, electromagnetic transitions and cluster rotational bands, obtained
both in our calculations and in preceding papers, validate the approach.

With the 19Be study we join the recent debate about the nature of clustering in
this exotic nucleus. The widths of known a-decaying resonances of the nucleus turn
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out to be well-described in CNCIM. This allows us to discuss structure of these states
and to make predictions.

We would like to conclude that the success of the CNCIM reported in this work
indicate that in the era of supercomputers the study of clustering physics becomes
feasible within the phenomenological or ab initio configuration interaction technique.

We thank V. Goldberg, T. Dytrych and G. Rogachev for motivating discussions.
This material is based upon work supported by the U.S. Department of Energy Office
of Science, Office of Nuclear Physics under Award Number DE-SC-0009883.
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