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Excitation energy shift and size difference of low-energy levels in p-shell A hypernuclei
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Structures of low-lying Os-orbit A states in p-shell A hypernuclei (4 Z) are investigated by applying microscopic
cluster models for nuclear structure and a single-channel folding potential model for a A particle. For A > 10
systems, the size reduction of core nuclei is small, and the core polarization effect is regarded as a higher-order
perturbation in the A binding. The present calculation qualitatively describes the systematic trend of experimental
data for excitation energy change from #~'Z to 4Z, in A > 10 systems. The energy change shows a clear
correlation with the nuclear size difference between the ground and excited states. In ; Li and % Be, the significant

shrinkage of cluster structures occurs consistently with the prediction of other calculations.
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I. INTRODUCTION

Owing to high-resolution y-ray measurement experiments,
spectra of low-lying states of various p-shell A hypernu-
clei have been revealed [1-3]. Measured energy spectra and
electromagnetic transitions are useful information to know
properties of A-nucleon (A-N) interactions and also helpful to
investigate impurity effects of a A particle on nuclear systems.
In order to theoretically study structures of p-shell A hyper-
nuclei, various calculations have been performed with cluster
models [4-20], shell models [21-26], mean-field and beyond-
mean-field models [27-36], hyperantisymmetrized molecular
dynamics (HAMD) model [37-41], no-core shell model [42],
and so on.

Since a A particle is free from Pauli blocking and A-N
interactions are weaker than N-N interactions, the A spin
degree of freedom in A hypernuclei more or less weakly
couples with core nuclei in general. Therefore, the A particle
in A hypernuclei can be regarded as an impurity of the nuclear
system. Indeed, there are many theoretical works discussing
A impurity effects of on nuclear structures such as shrinkage
effects on cluster structures [4,5,7—13,38,39,43—45] and effects
on nuclear deformations [29-32,37,40,46,47]. One of the
famous phenomena is the shrinkage of  Li, which has been
theoretically predicted [4,5] and later evidenced experimen-
tally through the E?2 transition strength measurement [48].
The dynamical effects of A on nuclear structures can be
significant in the case that core nuclei are fragile systems such
as weakly bound systems and shape softness (or coexistence)
ones. However, except for such cases, dynamical change of
nuclear structure (the core polarization) is expected to be minor
in general because of the weaker A-N interactions and no Pauli
blocking. In this context, there might be a chance to probe
original properties of core nuclear structures by a A particle
perturbatively appended to the nuclear system.

Let me focus on energy spectra of p-shell A hypernuclei.
The low-energy levels are understood as core-excited states
with a Os orbit A [(Os), states]. When the A particle is consid-
ered to be an impurity giving a perturbation to the core nuclear
system, the first-order perturbation on the energy spectra, that

2469-9985/2018/97(2)/024330(16)

024330-1

is, change of excitation energies by the A particle, comes from
structure difference between the ground and excited states
through the A-N interactions, whereas dynamical structure
change gives second-order perturbation effects on the energy
spectra. For excited states with structures much different from
that of the ground state, the A particle can give significant effect
on energy spectra as discussed by Isaka et al. for Be isotopes
[38,39]. In this concern, it is meaningful to look at excitation
energy shifts, that is, excitation energy changes from 4~!Z
to 4 Z, in available data. For simplicity, the A intrinsic spin
degree of freedom is ignored because spin dependence of the
A-N interactions is weak. In the observed energy spectra of
10g-11B, "B-2B, "'C-12C, and ">C-’C systems, one can see
that the excitation energies (E,) for '’'B(37), "'B(1/2,,3/25),
"C(1/27,3/25), and '2C(27) are significantly raised by the A
particle in 4 Z systems compared with those in 4! Z systems.
On the other hand, the situation is opposite in °Li-} Li systems.
the E,(3") is decreased by the A particle. To systematically
comprehend the energy spectra of p-shell A hypernuclei, it
is worth examining the excitation energy shifts and their link
with the structure difference between the ground and excited
states.

Precise data of spectroscopy in various A hypernuclei are
becoming available and they provide fascinating physics in
nuclear many-body systems consisting of protons, neutrons,
and As. Sophisticated calculations have been achieved mainly
in light nuclei and greatly contributed to the progress of physics
of hypernuclei. Nevertheless, systematic studies for energy
spectra of hypernuclei in a wide mass-number region are still
limited compared with those for ordinary nuclei, for which
various structure models have been developed and used for
intensive and extensive studies. It is time to extend application
of such structure models developed for ordinary nuclei to
hypernuclei. To this end, it might be helpful to propose a
handy and economical treatment of a A particle and core
polarization in A hypernuclei that can be applied to general
structure models.

The first aim in this paper is to investigate energy spectra
of low-lying (0Os), states in p-shell A hypernuclei. Particular
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attention is paid to the excitation energy shifts by the A and
their link with structures of core nuclei. The second aim is to
propose a handy treatment of the A particle in A hypernuclei
and to check its phenomenological applicability. To describe
detailed structures of the ground and excited states of core
nuclei, The generator coordinate method (GCM) [49,50] of
microscopic @ + d, 2a, and 2« + d cluster models is applied
for °Li, ®Be, and '°B, respectively, and that of extended 2« + ¢
and 3« cluster models with the cluster breaking for g 1,
and '?C. For description of (0s), states in A hypernuclei,
a single S-wave channel calculation with a folding potential
model is performed. Namely, the A-nucleus potentials are
constructed by folding A-N interactions with the nuclear
density calculated by the microscopic cluster models. As a
core polarization effect, the core size reduction is taken into
account in a simple way.

This paper is organized as follows. In the next section,
formalism of the present model is described. The adopted
effective N-N and A-N interactions are explained in Sec. III.
The results are shown in Sec. IV, and discussions are given in
Sec. V. Finally, the paper is summarized in Sec. VI.

II. FORMULATION

A. Microscopic cluster model for core nuclei

Structures of core nuclei are calculated by the microscopic
cluster models with the GCM using the Brink-Bloch cluster
wave functions [51]. In the cluster GCM calculations, the
microscopic « + d, 2, and 2« + d, 2o + t(h), and 3« wave
functions are superposed for Li, ®Be, B, 11B(C), and 2C,
respectively.

For a system consisting of Cy,...,Cy clusters (k is the
number of clusters), the Brink-Bloch cluster wave function
is given as

@BB(SI, ..
= Alpc, (Si;ri01, ..

e (Skira—a,oa-a,, -

.,Sk;r101,...I'AUA)
-J‘A]UA])

a0 ()

where §; indicates the position parameter of the C; cluster, r;
and o; indicate the coordinate and spin-isospin configuration
of the ith nucleon, A is the antisymmetrizer of all nucleons,
A is the mass number, and A; is the mass number of the
C; cluster. The Aj-nucleon wave function ¢¢; for the C;
cluster is written by the (0s)4/ harmonic oscillator shell model
wave function with the center shifted to the position S;. The
intrinsic spin configurations of d, t#(h), and « clusters are
S =1, 1/2, and O states, respectively. The width parameter
v=1/ (2b2) (b is the size parameter) of the harmonic oscillator
is set to be a common value so that the center of mass
(cm) motion can be removed exactly. In the present work,
parameter v = 0.235 fm~2, which reasonably reproduces the
ground-state sizes of p-shell nuclei, is adopted as used in
Ref. [55]. The Brink-Bloch cluster wave function is a fully
microscopic A-nucleon wave function, in which the degrees
of freedom and antisymmetrization of A nucleons are taken
into account, differently from nonmicroscopic cluster models

(simple k-body potential models) and such semimicroscopic
cluster models as the orthogonal condition model (OCM) [52].
To take into account intercluster motion, the GCM is
performed with respect to the cluster center parameters S;.
Namely, the GCM wave function W(J7) for the J state is
expressed by linear combination of the spin-parity projected
Brink-Bloch wave functions with various configurations of
S;as
S, (2)

= > > cs sk Pilk®sp(Si. ...

Si,....8% K

.....

the Hamiltonian and norm matrices. In the present calculation,
for two-cluster systems of « + d and 2«, Sy is chosen to
be §1 — S, = (0,0,d) with d = {1,2,...,15 fm}. For three-
cluster systems of 2« + d, 2« + t(h), 3, Sy is chosen to be

Si — 85 =(0,0,d), 3
ArS Al S
S5 — A1+ A1dy (r sin6,0,r cos 6), 4)
A1 + AZ

with d ={1.2,24,...,42 fm}, r ={0.5,1.5,...,4.5 fm},
0 =1{0,7/8,...,m/2}.

In a long history of structure study of ®Be and '>C, the 2a
and 3o GCM calculations have been performed in many works
since the 1970s (see Refs. [53,54] and references therein),
and successfully described cluster structures except for the
ground state of >C. For the ground state of '°C, the traditional
3o models are not sufficient because the cluster breaking
component, in particular, the p3,;-closed configuration is
significantly mixed in it, and therefore, they usually fail to
reproduce the 07 -2 energy spacing and B(E2;2] — 0).
In order to take into account the cluster breaking component,
Suhara and the author have proposed an extended 3« cluster
model by adding the p3,-closed configuration in the 3o GCM
calculation, which is called the 3« + p3/, model [55]. In the
present calculation of 12C the 30 + p3/2 model is adopted.
Also for ''B, a similar model of the 2o + ¢ + P32 model
is applied by adding the (p32)3(p3,2)* configuration to the
2« + 1 cluster wave functions in the GCM calculation [for ''C,
the 2a + h + p3» model with the (p3 /z)j‘r (p3 /2)3 configuration
to the 2o + h wave functions].

The nuclear density py(r) in the core nuclei is calculated
for the obtained GCM wave function W(J,7). The py(r) is the
r-dependent spherical density of the J state after extraction
of the cm motion.

B. Hamiltonian of nuclear part

Hamiltonian of the nuclear part consists of the kinetic term,
effective nuclear interactions, and Coulomb interactions as
follows:

Hy =T+ VY + V5 + Veou, 5)
A

T=Y —p—T;. 6
,‘ szP, G (6)
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where TG is the kinetic term of the cm motion, and v(c) NG )

and U (z Jj) are the effective N-N central and spin-orbit
mteractlons The energy Ey of the core nucleus is given as
Ey = (W(JD|Hy|W(JT)) (the nuclear energy). In the GCM

. . Jr
calculation, the coefficients cg,
as to minimize Ey.

Si.K in (2) are determined so

.....

C. Hamiltonian and folding potential of A-nucleus system

(0s)a states of A hypernuclei are calculated with a fold-
ing potential model by solving the following single S-wave
channel problem within local density approximations,

Hp =Ty + Uy, (10)
1
Ty = —p* (11)
2pn

(A — 1)mNmA
= S 44 12
A=A " Dmn +ma (12)
Un(r,r') = UR(r) + [P U (r 7)) (), (13)

UR(r) = / ron W Ky lr — 1)), (14)
ks lr —r')), (15)

1
E[VjN(k‘f;r)-i-VXN(kf;r)], (16)

U (r.r') = pn(r.r/ )iy
UEN(k.f?r) =

UAN(kf’r) ;[VXN(ka) - VXN(kf;r)]’ a7
where r, r’, and p are defined with respect to the relative
coordinate of the A from the cm of the core nucleus. Vi (kr;7)
and V. (ks; r) are the even and odd parts of the effective A-N
central interactions, respectively, where k ¢ is the parameter for
density dependence of the effective A-N interactions.

The nuclear density matrix py(r,r’) in the exchange
potential USX(,r’) is approximated with the density matrix
expansion (DME) using the LDA [58],

pn(rr") ~ pgMEr,r), (18)

/ 3 . 4
Py ) = Ny )(—kLDA|r >Jl(k,%DA|r ~r')),
f -

r|
(19)
PEPAGr ) = pN(’ ; ’/), (20)
LDA 3 LDA 1/3
KA = | ZopiPhr) | Q1)

To see ambiguity of choice of local density and Fermi momen-
tum in the DME approximation, the second choice (LDA2) is
also adopted,

1
pIL\}DAz(r7r/) = E[ION(") + PN(r/)]v (22)
1/3
k]}DAZ _ |:3727 pLPA2(p ):| , (23)

and found that the first and the second choices give qualitatively
similar results. In this paper, the DME approximation in the first
choice is used for the exchange folding potential U (r,r").

For a given nuclear density py (r), the A-core wave function
da(r)andenergy Ex = (¢pa|Ha|pa) are calculated by solving
the one-body potential problem with the Gaussian expansion
method [59,60]. The rms radius (r,) measured from the core
nucleus and the averaged nuclear density ({on)a) for the A
distribution are calculated with the obtained A-core wave
function ¢4 (),

ra = \/ f &5 (N rrdr, (24)
(o) = / 6L (NP p(r)dr. 25)

D. Core polarization effect

The core polarization, which is the structure change of core
nuclei caused by the impurity A in A hypernuclei, is taken into
account as follows. In the present folding potential model, the
A binding reflects the core nuclear structure only through the
nuclear density oy (r). When the Os-orbit A particle is regarded
as an impurity of the nuclear system, the A-N interactions
may act as an additional attraction to the nuclear system and
make the nuclear size slightly small. To simulate the nuclear
structure change induced by the Os-orbit A, artificial nuclear
interactions is added by slightly enhancing the central part by
hand and perform the GCM calculation of the nuclear system
for the modified Hamiltonian,

Hy +AH@E =T+ 1+ VY + VS + Veou,  (26)
with the additional term AH(e) = ¢ V(C), where € is the
enhancement factor and taken to be € > 0. For the GCM wave
function ®(e; J7) of the J7 state obtained with Hy + AH (e),
the nuclear energy

En(e) = (®(e; J7)|Hy|®(e3 J))) (27

>Yn

and the nuclear density py(€;r) are calculated. Note that the
nuclear energy E y(€) is calculated for the original Hamiltonian
Hy without the additional term, and the € dependence of
En(e) comes from the € dependence of the wave function
®(e; JT). Then, the A-wave function [¢,(€;7)] and energy
[E A (e)] for the obtained e-dependent nuclear density py(€;r)
are calculated. Finally, the optimum € value is chosen so as to
minimize the energy of the total system,

E(e) = En(e) + Ex(e), (28)
SE(e)
= 0. (29)
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The A binding energy (B, ) is calculated as By = —[E(¢) —
E;]\,P] for the optimized e value, where EY = En(e =
0) is the unperturbative nuclear energy without the A
particle.

The GCM coefficients for the fixed basis cluster wave
functions are varied corresponding to the inert cluster ansatz.
In this assumption, the enhancement of the effective central
nuclear interactions acts like an enhancement of the intercluster
potentials.

III. EFFECTIVE INTERACTIONS

A. Effective nuclear interactions

The effective two-body nuclear interactions used in the
present calculation are the finite-range central interactions
of the Volkov No. 2 parametrization [61] and the spin-orbit
interactions of the G3RS parametrization [62],

vign(1.2) = Vil (ri)(w + Py — hP; —mPy Py),  (30)

o 2 2
Varn(r) = vlexp|:— (a_1> :|+vgexp|:— (£> ]

(31)
v; = —60.65 MeV, v, = 61.14 MeV, (32)
a; = 1.80 fm, a, = 1.01 fm, (33)

1+ P, 1+ P, P,
W80(1,2) = VS,‘;)(r)TT(llz s), (34

in=nel ()] omel ()]
bl b2
(35
by = 0.60 fm, by = 0.447 fm, (36)

where P, (P;) is the spin(isospin) exchange operator, 7}, is the
relative distance ry» = |r1;| for the relative coordinate r, =
r| — ry, l5 is the angular momentum for r,, and s, is the
sum of nucleon spins s1, = §1 + $».

As for the values of parameters, w = 0.40, m = 0.60, and
b = h = 0.125 for the central interactions, and u; = —u, =
1600 MeV for the spin-orbit interactions are used. These
parameters reproduce the deuteron binding energy, the o-o
scattering phase shift, and properties of the ground and excited
states of '>C [55,63,64]. For °Li, modified values w = 0.43,
m=0.57, b=h=0.125, and u; = —u, = 1200 MeV are
used to reproduce the 6Li(lfr) and 6Li(3fr) energies relative to
the o + d threshold energy. Note that this modification gives
no effect on s-shell nuclei, d, ¢, i, and «.

B. Effective A-nucleon interactions

For the effective A-N central interactions, G-matrix in-
teractions derived from A-N interactions of the one-boson-
exchange model, which is denoted as the ANG interactions
[56,57], are used. In this paper, the central part of the ANG

TABLE 1. Parameters of the AN G interactions of ESC08a from
Table II of Ref. [56].

i=1 i = 2 1 = 3
ek —3144 368.0 —1.467
clB 6411 —984.4 0
clE —2478 394.5 0
cE —2734 316.8 —1.044
3k 5827 —901.6 0
3 —2404 395.8 0
clo 663.1 124.6 —0.5606
clo 1728 ~50.97 0
cé? —-599 324 0
0 810.6 —182.7 —0.7257
0 ~703.2 118.1 0
0 209.6 —13.17 0
interactions with the ESC0O8a parametrization is adopted,
3 T/ N2
Vintkrin = 3 (ch,+ et ke + ) e | (1) |
i - v
(37
3 T/ N2
Vinlkssr) = Z (c§; + ¢ ikr + c‘z’,ik%) exp _<E) ,
i - v
(38)
1 3
&, = Zc},ﬁ + chﬁ, (39)
1 3
Cni = 6 70 (40)

with g; = 0.5 fm, ‘;32 = 0.9 fm, and B3 = 2.0 fm. Values of
the parameters c,llF‘l E1030 4re listed in Table 1. Note that, in
the present S-wave A calculation, the effective A-N interac-
tions are spin-independent central interactions, as the singlet
and triplet parts are averaged with the factors 1/4 and 3/4,
respectively, and the spin-orbit interactions are dropped off.

As for the k; parameter of the ANG interactions, two
treatments are adopted. One is the density-dependent inter-
actions with ks = (ks)a, where (ky), is the averaged Fermi
momentum for the A particle,

2 1/3

(kpya = [%(pN)A} , (41)

and self-consistently determined for each state. This k ; choice
of the ANG interactions is the so-called averaged density
approximation (ADA) used in Refs. [40,41,56]. The other
is the density-independent interaction with a fixed ks value,
ks = k';*. Here, the input parameter k7" is chosen for each
j‘\Z system. It means that the k'}* is system dependent but
state independent. In this paper, the mean value of (ks)s of
low-energy states obtained by the former treatment (ADA)
is used for the input k" value. These choices reasonably

reproduce the A binding energies of }Li, 3 Be, \'B, I’B,
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12C, and }’C. The first treatment, density-dependent ANG
interactions with ky = (k) , is labeled as ESC08a(DD), and
the second one, the density-independent AN G interactions
with k, = k';p is labeled as ESC08a(DI). Note that the former
is state dependent (structure dependent) and the latter is state
independent (structure independent), but the system-dependent
k is used in both cases.

The AN G interactions have been applied to various struc-
ture model calculations of hypernuclei such as cluster model,
mean-field, and HAMD calculations. In the application of the
ANG interactions to cluster model and HAMD calculations,
the parameter k s of the density-independent A N G interactions
is usually adjusted to fit the A binding energy for each
(sub)system. In applications of the effective A N G interactions
to ﬁZ in a wide mas number region, the density-dependent
A NG interactions have been used, for instance, in the mean-
field calculations and recent HAMD calculations [40,41],
because they were originally designed in the density-dependent
form to reproduce systematics of A binding energy [56]. In
Refs. [40,56], they also showed the results with another choice
of ky = k¥*? in addition to the ADA results. In the present
calculation for (Os), states, the results obtained with kp =
kIJ;DA2 show similar results to the present ESC0O8a(DD) ones.

IV. RESULTS

By applying the o + d, 2o, 20 + d, 200 + t(h) + p3/2, and
3a + p3/2 GCM to core nuclei, 5Li, ®Be, '°B, 'B(C), and '2C,
(0s), states in 4 Z is calculated with the single-channel folding
potential model by taking account the core polarization effect.

In the present calculation, the A particle around the 1™
state of the core nucleus A~ Z(I™) feels the spin-independent
potentials, and therefore the spin doublet J* = (I £ 1/2)"
states in ﬁZ completely degenerate. The spin doublet J* =
(I £1/2)" states in A hypernuclei are denoted by ﬁZ(I ).
Low-lying I™ states with dominant OZw configurations in
A=17 and the corresponding (0s) states in ﬁZ are calculated.

The ®Be(0,") and °Li(3]) states, which are strictly speaking
quasibound states, are calculated in the bound-state approxi-
mation with the boundary condition d < 15 fm of the GCM
model space. The present GCM calculation gives stable results
for these states. The 8Be(Zf’) state is a broad resonance state,
for which one can not obtain a stable result in the bound-state
approximation. Instead, the excitation energy of ®Be(2}) is
calculated from the « 4+ « scattering phase shifts with the
resonating group method (RGM).

To see the effect of the cluster-breaking component in
A=1Z and 17, 1 also show some results for '2C and 1*C
obtained by the traditional 3¢ GCM calculation without the
cluster-breaking (p3,») component and compare them with
those obtained by the present 3o + p3/,2, model. Note that, in
the present model, the cluster-breaking components contribute
only to '2C(0%) and ''B,C(3/27) but do not affect other
spin-parity states.

A. Properties of core nuclei

Nuclear properties of isolate core nuclei without the A
particle are shown in Tables I and III. The calculated values of

TABLE II. Energies (MeV), radii (fm), and B(E2) (e*fm*) in
ordinary nuclei. Binding energies (—Ey), relative energies (E,)
measured from the cluster-decay threshold, calculated rms matter
radii (Ry), the experimental rms point-proton radii (R,), and E2
transition strengths to the ground states are listed. For '2C, the results
obtained with the present 3a + p3,, model and those with the 3«
model without the p3,, component are shown. The experimental data
are from Refs. [65-68].

—Ey E, Ry R,

cal exp cal exp cal exp
(i) 043 2224 0.98 1.941
t(1/21) 6.9 8.481 123 1.504
a(0)) 27.6  28.296 1.55 1.410
Li(1}) 29.5  31.995 —148 —148 256 2426
5Be(0f) 550 56.499 0.21 0.09 3.37
°B(37) 60.5  64.75 —488 —593 239 2253
"B(3/27) 71.8  76.203 —9.66 —11.13 233 2229
"c@3/27) 692 73.439 —-7.05 —837 234
20 90.2  92.16 —737 =727 235 2298
w/o P32 88.1 —3.22 2.52

B(E2)

cal exp
Li(3)) 113 10.7(8)
"B(17) 5.2 4.15(2)
"B(5/27) 95 8.9(3.2)
2c2h 73 7.6(4)
wlo p3; 106 7.6(4)

the binding energies (— Ey), relative energies (E,) measured
from cluster break-up threshold energies, root-mean-square
(rms) radii of nuclear matter (Ry ), and E2 transition strengths
to the ground states are listed compared with experimental
data in Table II. For the experimental data of nuclear radii,
the rms radii of point-proton distribution (R,) reduced from
the charge radii are shown. I also show the results for d, ¢,
and o clusters of (Os) configurations with v = 0.235 fm 2.
The energies and sizes are reasonably reproduced by the

TABLE III. The calculated values of rms radii [Ry (fm)], the
size difference [Ry — Ry g (fm)], excitation energies in ''B, and
energy difference from the mirror nucleus ''C. The difference in the
binding energy [Ani:(—Ey) (MeV)] for the ground state and that in
the excitation energies [ A (E,) (MeV)] for excited states are shown.
The experimental data are taken from Ref. [68].

Ry Apir(B.E)

cal exp

"B@3/27) 233 260 2.764
Ry Ry-Rygs E, Amir(Ey)

cal exp cal exp

TB(1/2;) 250 0.18 2.79
B(3/2;) 258 0.26 5.57
UB(5/27) 251 0.19 4.66

2125 0.17 0.13
5.020 0.22 0.22
4445 0.16 0.13
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calculation except for the deuteron and triton. The deuteron
size is much underestimated, because the fixed-width (0s)?
configuration is assumed in the present cluster model. The
calculated B(E2) are in agreement with the experimental
data without using any effective charges. For '°C, the 3«
GCM calculation without the cluster breaking (p3;2) gives
a larger size and B(E2;2{ — 0[) than those of the present
calculation, meaning that 12C(Ofr) slightly shrinks because of
the cluster-breaking effect as discussed in Ref. [55].

In Table III, T show the Coulomb shift A;.(E,), which
is defined by the excitation energy difference between mirror
nuclei, for A = 11 nuclei together with calculated radii. Since
the Coulomb interactions give only minor change of nuclear
structure, and therefore the Coulomb shift sensitively probes
the size difference between the ground and excited states
except for weakly bound or resonance states. The calculated
Coulomb shifts for '"B(1/2,3/25,5/27) agree well with the
experimental data indicating that the size differences of these
states are reasonably described by the present calculation.

B. Ground states of A hypernuclei

I here discuss the ground-state properties of 4 Z. In 4 Z, the
nuclear size Ry (Ry is the rms nuclear matter radius measured
from the cm of the core nucleus) slightly decreases and the nu-
clear energy E slightly increases from the original size (R;l\f’)
and energy (EY) of unperturbative core nuclei *~!Z without
the A.Icalculate the nuclear size change 65 (Ry) = Ry — R;'\})
and the nuclear energy change 6, (Ey) = Eny — E}lvp caused by
the A particle in 4 Z. To see the core polarization effect, I also
calculate the A energy gain, Ac,(Ep) = Ep(€) — Ex(e =0),
defined by the energy difference between the calculations with
and without the core polarization. Here E5(e = 0) is the A
energy without the core polarization, that is the A energy in
the A-(“~!Z) system with the unperturbative core nucleus.

In Table IV, I show the calculated results of the ground-
state properties of 4 Z together with the experimental B,.
As reference data, I also show the results for f\He obtained
by the A-a calculation with the inert o core assumption.
Systematics of A binding energies in this mass-number
region is reasonably reproduced in both ESCO08a(DI) and
ESCO08a(DD) interactions, though the reproduction is not
perfect.

For A > 10 systems, the nuclear size change 85 (Ry) is
less than 5%. The small size change of the core nucleus in
the ground state of \’C is consistent with the prediction of
other calculations [4,5,9,13,20]. Moreover, the nuclear energy
change 8,(Ey) and A energy gain Ac,(Ex) by the core
polarization are also small and compensate each other. It
indicates that the core polarization effect is minor and regarded
as a higher-order perturbation in the A binding except for A <
10 systems. The core polarization effects in the ESC08a(DD)
results for A > 10 systems are particularly small, because the
ESCO08a(DD) interactions become weak as the nuclear density
increases because of the k ; dependence.

As explained previously, the core polarization effect is
taken into account by changing the enhancement factor e,
which can be regarded as a control parameter of the nuclear
size Ry. In Fig. 1, I show the nuclear size dependence of
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-8 : : .
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=
<'11 r \
m
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-13

01 011 012 0.13 0.14
-3
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FIG. 1. Total energy [E(e) = En(€) + Ex(e)] and A energy
[E(e)] for polarized core ®(¢) in }SC(OT). The energies are plot-
ted against the rms nuclear matter radius Ry(€) in the top and
middle panels. The nuclear energy [Ey(€)] subtracted by 10 MeV
is also shown. E,(¢) plotted to the sharp-cut density pPsarp-cut =
(3/47)(3/5)2 ARy reduced from Ry(e) for the uniform density
ansatz is shown in the bottom panel. The calculated values obtained
with ESC08a(DI) and ESC08a(DD) are shown.

En(e), Ep(e),and E(€) = Ey(€) + Ep(€) in }EC obtained by
varying the enhancement factor €. The energies are plotted as
functions of the nuclear size Ry(€). The R;,3 dependence of
E s (¢e) is also shown. In the ESC08a(DI) result, the A energy
(E,) gradually goes down with the nuclear size reduction
because the higher nuclear density gives larger attraction to
the A potentials. As a result, the A particle slightly reduces
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TABLE IV. Ground-state properties of A hypernuclei. The A distribution size [r, (fm)], averaged Fermi momentum ((k ) o fm™"), core
nuclear size [Ry (fm)], nuclear size change [§,(Ry) (fm)], nuclear energy change [5,(Ey) (MeV)], difference of A energy with and without
core polarization [A¢,(E,) (MeV)], and the A binding energy [B, (MeV)] are listed. The calculated results obtained with ESC08a(DI) and
ESCO08a(DD) are shown. The experimental B, values are taken from the data compilation in Ref. [70]. The experimental data of spin-averaged
values [B, (MeV)] of the A binding energy for spin doublets, J* = I + 1/2, fare also shown. The experimental data of the spin doublet
splitting are taken from Refs. [2,48,74,77].

ESCO08a(DI)
k_i/np ra <kf)A Ry Sa(Ry) Sa(Ew) Acp(EA) Ba B exp EA,exp
> He(0™) 0.95 2.84 0.95 1.55 3.6 3.12(2) 3.12(2)
TLi(1Y) 0.93 2.57 0.95 2.22 —0.33 0.59 —0.85 5.4 5.58(3) 5.12(3)
2 Be(0) 0.90 2.44 0.98 2.44 —0.94 1.69 -3.15 7.0 6.71(4) 6.71(4)
1B(3%) 1.03 2.36 1.10 2.29 —0.10 0.37 —0.42 10.0 10.24(5) 10.09(5)
2B(3/27) 1.07 2.33 1.16 2.24 —0.09 0.29 —0.36 10.9 11.37(6) 11.27(6)
12C@3/27) 1.06 2.32 1.16 2.25 —0.09 0.31 —0.42 11.1 10.76(19) 10.65(19)
INC() 1.11 2.35 1.18 2.26 —0.09 0.27 —0.36 11.1 11.69(12) 11.69(12)
wlo p3) 1.11 2.45 1.11 2.41 —0.11 0.35 —0.42 9.9 11.69(12) 11.69(12)
ESCO08a(DD)
ra (kf)A Ry Sa(Ry) Sa(Ew) Acp(EA) Ba B exp EA,exp
AHe(07) 2.83 0.95 1.55 3.6 3.12(2) 3.12(2)
TLi(1%) 2.66 0.91 2.40 —0.15 0.08 —0.12 5.4 5.58(3) 5.12(3)
% Be(0™) 2.67 0.90 2.69 —0.68 0.44 —1.19 6.4 6.71(4) 6.71(4)
NB(3*) 2.48 1.06 2.38 —0.01 0.00 0.00 9.0 10.24(5) 10.09(5)
2B(3/27) 2.45 1.11 2.33 0.00 0.00 0.00 9.6 11.37(6) 11.27(6)
2c@3/27) 2.45 1.11 2.34 0.00 0.00 0.00 9.6 10.76(19) 10.65(19)
Bco*) 2.44 1.13 2.35 0.00 0.00 0.00 10.1 11.69(12) 11.69(12)
w/o p3/ 2.47 1.08 2.51 —0.01 0.01 —0.01 10.1 11.69(12) 11.69(12)

the core nuclear size. In contrast, in the ESC08a(DD) result,
the A energy has almost no dependence on the nuclear size,
because the density dependence of the ANG interactions
compensates the A energy gain in the higher nuclear density.
As a result, the A particle hardly changes the core nucleus
size. Namely, the density dependence of the ESC08a(DD)
interactions suppresses the size reduction of the core nuclei.

Let me turn to A < 10 systems, 4 Li and % Be. Differently
from A > 10 systems, rather significant core size reduction
occurs, because °Li and ®Be have spatially developed « + d-
and 2a-cluster structures, respectively, and they are rather
fragile (soft) against the size reduction. This is consistent
with the size shrinkage predicted by pioneering works in
Refs. [4,5] followed by many works (see a review paper [13]
and references therein). Particularly remarkable core polariza-
tion effects are found in %Be, because ®Be is a very fragile
system of the loosely bound (strictly speaking, quasibound)
2« state. The core polarization effects are seen in the nuclear
size change 8, (Ry) and also the energy changes, 5, (Ey) and
dA(Ep), in both ESC08a(DI) and ESC08a(DD) calculations.
For Z\Li, the core size reduction is 13% in the ESC08a(DI)
result, whereas it is 6% in the ESC08a(DD) result. It should
be commented that the size reduction discussed here is the
reduction of nuclear matter radii of core nuclei. Detailed
discussions of the shrinkage of the intercluster distance in } Li
and % Be are given later.

It is worth discussing the size reduction effect on the energy
balance between the nuclear energy increase and the A energy
gain in a perturbative evaluation. In the small size reduction
limit, the simple relation

Agp(Ep) = —285(EN) (42)

is easily obtained from the energy balance as explained in
Ref. [69]. The relation should be fulfilled if the size reduction is
small enough. However, the calculated values of A.,(E,) and
Sa(Ey) in the ESC08a(DI) result somewhat deviate from the
relation even in A < 10 nuclei because > 4% size reduction
is not enough small as to be treated as the ideal perturbation.

C. Excited states of A hypernuclei

I also apply the present method to core-excited (Os), states
in A hypernuclei. A particular attention is paid to excitation
energy shift and its relation to nuclear size difference from the
ground state in each 4 Z system.

1. Sizes and E2 strengths

In Table V, the calculated values of the A distribution size
ra, averaged Fermi momentum (ks) 5, core nuclear size Ry,
and nuclear size change 6, (Ry) for excited states obtained
with ESC08a(DI) are shown. The nuclear size change 5, (Ry)
for excited states shows similar trend to that for the ground

024330-7



YOSHIKO KANADA-EN’YO

PHYSICAL REVIEW C 97, 024330 (2018)

TABLE V. Properties of excited states in A hypernuclei. The A distribution size [r, (fm)], averaged Fermi momentum [(k ;) 5 (fm™")], core
nuclear size [Ry (fm)], nuclear size change [§, (Ry) (fm)], the difference Ry — Ry 4 (fm) of the nuclear size from that of the ground state,
excitation energies in 4~'Z and ﬁZ systems [47'E, and ﬁEx (MeV)], and the excitation energy shift §,(E,) (MeV). The calculated values
obtained with ESC08a(DI) are shown together with 8, (E,) calculated with ESC08a(DD). For details of the experimental data of excitation

energies, see the caption of Fig. 2.

ra {k;)a Ry SA(Ry) Ry —Ryg “7'Ex “'Eiop AE: AEiew  SA(E0)  Sa(Edpp  Sa(Ex)exp
Z\Li(3+) 242 102 204 -041 —0.19 2.08 2.19 0.89 1.86 —1.19 —-0.21 —0.33
?\Be(2+) 241 099 242 -3.39 —0.02 3.11R6GM 3.04 2.68 3.04 —0.43RCGM  _() 29RGM 0
}\‘B(1+) 250 1.03 247 -0.12 0.18 1.21 0.72 2.72 1.67 1.51 0.23 0.95
}\ZB(I/Z() 244 1.09 240 -0.10 0.16 2.79 2.13 4.13 3.00 1.34 0.02 0.87(17)
}\ZB(3/22’) 2.48 1.06 246 —0.12 0.22 5.57 5.02 7.45 6.02 1.88 0.11 1.00%*
}\ZB(S/Z() 244  1.09 240 -0.11 0.16 4.66 4.45 6.05 1.39 0.03
}fC(l/Zl’) 243 1.09 241 -0.11 0.16 2.62 2.00 4.01 2.73 1.39 0.04 0.73 (17)
}\ZC(3/22’) 2.48 1.06 248 —0.12 0.23 5.35 4.80 7.30 5.81 1.96 0.13 1.01*
}\ZC(S/ZI’) 243 1.09 241 -0.11 0.16 4.50 4.32 5.94 1.44 0.05
}\3C(2+) 244 1.12 239 -0.10 0.13 4.47 4.44 5.50 4.89 1.03 —0.04 0.45 (3/2%)
w/0 p32 244  1.12 239 -0.10 —0.02 2.36 4.44 2.19 4.89 —0.17 —0.01 0.45(3/2%)

states. Namely, slight reduction of the nuclear size occurs in
AZ for A > 10.1In | Li, significant size reduction occurs also in
the excited state, 7 Li(3]), because of the spatially developed
o + d clustering. 8Be(21+) is a broad resonance, but it is bound
in ?\Be(Zf) because of the A attraction.

Table VI shows the E2 transition strengths calculated with
ESC08a(DI). The B(E2; Il.i — I ?,core) of the core nuclear

part in 4 Z are shown compared with the original B(E2) in
A=1Z7 systems without the A particle. B(E2,core) in 4 Z is
generally smaller than the original B(E2) in *~!'Z because
of the nuclear size reduction. I also show the size reduction
factor Sg, reduced from the ratio of B(E2; Il.ﬁE — 1 fi-,core) in
f\Z to the unperturbative value, B(E2; Iii — I;E) in41Z, as
Spz = [B(E2; I" — I7 core)/B(E2; I — I)]Y*. In A >
10 systems, the B(E?2) reduction is not as remarkable as that
in A < 10 systems because of the small size reduction in the

TABLE VI. B(E2) (e*fm*) for I” — gs. in *7'Z and 4Z.
For 4Z, the E2 transition strengths in the core nuclear part
B(E2,core) are shown. The reduction factor Sg, is also shown.
The experimental B(E2;core) for ’ Li is evaluated from the exper-
imental B(E2;5/2% — 1/2%) [48] by scaling the spin factor 9/7
as B(E2;3% — 17%,core) = (9/7)B(E2;5/2% — 1/2%). The exper-
imental data for A~!Z nuclei are from Refs. [65-68].

Az B(E2) 4Z(I7)  B(E2,core) Sk
cal exp cal exp cal exp

SLi3}) 11.3 10.7(8)  Li(3)) 3.4 4.6(1.3) 0.74 0.81(4)

$Be(2)) ABe(2) 152

YB1y) 52 4152 IBA) 3.1 0.88

"B(5/27) 9.5 8.9(3.2) PB(5/27) 45 0.83

2ceh 73 764 Pcel) 50 0.91

w/o p3;, 106 7.8 0.93

ground and excited states. By contrast, B(E?2) is remarkably
reduced in \Li as a result of the significant size reduction
in the ground and excited states. This is nothing but the
famous phenomenon of the so-called gluelike role of the A
particle [4,5]. The calculated B(E2;3] — 1] ,core) in }Li
and B(E?2; 3?’ — IT) in SLi agree with the experimental data.
Detailed discussions are given later.

2. Excitation energy and size difference

In Table VI, excitation energies (E,) in A7'Z and ﬁZ
are listed. The calculated and experimental energy spectra
are shown in Fig. 2. To see the effects of the A particle on
excitation energies, I also show the excitation energy shift
SA(Ey) = E([AZ(I™)] — E.[*~'Z(I™)] in Table VL.

The ESCO08a(DI) result shows the significant energy shift
and qualitatively describes the systematic trend of the exper-
imental energy shift. The energy shift comes from the size
difference between the ground and excited states because a
A particle experiences a deeper potential in a higher nuclear
density system through the A-N interactions. As shown in
Table V, the excitation energy shift 5, (E,) clearly correlates
with the size difference Ry — Ry g5, Where Ry o is the size
of the ground state. Namely, the excitation energies shift
upward reflecting the larger sizes of excited states in A > 10
systems. Note that, in A > 10 systems, the size difference in
AZ is consistent with that in A=17 meaning that the origin
of the size difference, i.e., the excitation energy shift, is the
structure difference between the ground and excited states in
original core nuclei “~!'Z. The excited state lOB(lf) has a
developed 2« + d cluster, and has a larger size than that of
the ground state 10B(3fr) with a weaker clustering because of
the stronger spin-orbit attraction of the d cluster as discussed
in Refs. [79,80]. The excited states of ''B and ''C have the
2a + t and 2o + *He cluster structures, and have larger sizes
than those of the ground states ''B(3/2/) and ''C(3/2)),
respectively, which are reduced by the cluster breaking (p3/»)
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FIG. 2. Energy spectra calculated with ESC08a(DI) and the experimental spectra. The experimental data for ~' Z are from Refs. [65-68],
and those for j‘\Z are taken from Refs. [2,48,71-78]. The excitation energy of ®*Be(2") is calculated by the RGM calculation. The experimental
data for % Z are the spin-averaged values reduced from the excitation energies of spin doublets, J* = I™ % 1/2, except for 2B(1/2,,3/25),

2C(1/27,3/25), and C(2). For 2B(1/27), 2C(1/27), and 2C(27), t
respectively. For i\zB,C(3 /25 ), the experimental values of E,(17) in fB
in }\ZB(3/2;)-}\2C(3/2;) is the same value as that in llB(3/227)-“C(3/227)

component. Also in 12C, the excited state 12C(21+) has the 3«
cluster structure and the larger size than that of the ground state,
in which significant mixing of the cluster-breaking component
reduces the size of the ground state. In Z\Li, the situation is
opposite. The excited states, § Li(3]) and } Li(3}) have smaller
sizes than those of the ground states, 6 Li(lT) and Z\Li(lf),
because of the higher centrifugal barrier in addition to the
stronger spin-orbit attraction between « and d clusters in the
D-wave « + d state than in the S-wave state. Reflecting the
smaller size than the ground state, the excitation energy of
1 Li(37) shifts downward. For % Be, it is difficult to give a
quantitative discussion of the energy shift because *Be(2")
is the broad resonance.

For }EC, the traditional 3o calculation without the clus-
ter breaking gives a result different from the present result
obtained by the 3a + p3,, calculation. In the traditional 3o
calculation, the ground state has the 3« cluster structure with
no cluster breaking and almost the same or even slightly larger
size than the excited state. The comparable sizes between the
ground and excited states are reflected in the small excitation
energy shift in %C(ZT) in the traditional 3« calculation. This
contradicts to the present result and is inconsistent with the
experimental data. It should be commented that traditional
3a-cluster models generally obtain a slightly smaller size
of 12C(ZIL) than the ground state. For example, the size of
2C(2}) and that of '>C(0)) are 2.38 fm and 2.40 fm in

he experimental values of E,(17), E.(17), and E,(3/2%) are used,
and E,(27) in }\ZC are averaged by assuming that the Coulomb shift

the 30 RGM calculation [81] (2.50 fm and 2.53 fm in the
3o GCM calculation [63,64]). It means that cluster-breaking
components in core nuclei can affect the excitation energy shift
in 4 Z systems.

In order to look into the dependence of the excitation energy
shift on the size difference in more detail, the energy shift and
the size difference are plotted in Fig. 3. The ESC08a(DI) results
show a clear correlation between the energy shift and the size
difference. Namely, the larger size, the larger energy shift. The
calculation qualitatively describes the systematic trend of the
experimental data. However, quantitatively, it overestimates
the experimental energy shift by a factor of 1.5-2.

Although it is generally difficult to experimentally measure
sizes of excited states in 4~ Z systems, one can obtain infor-
mation from the Coulomb shift in mirror nuclei. As described
previously, the present calculation reasonably reproduces the
experimental Coulomb shift in 'B-!'C. Roughly speaking,
about 0.2 fm size difference describes ~0.2 MeV Coulomb
shift in '"B-''C, whereas it gives ~1 MeV energy shift in }’B
(}\2C). Namely, the size difference causes about five times larger
energy difference in the A energy than that in the Coulomb
energy.

The energy shift and size difference calculated without the
core polarization are also shown in Fig. 3 by open circles. They
are almost consistent with the results with the core polarization
because the core polarization (size reduction) effect on energy
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FIG. 3. (Top) Excitation energy shift 6, (E,) calculated with
ESCO08a(DI) and ESC08a(DD), and experimental values. The ex-
citation energy shift without the core polarization calculated with
ESCO08a(D]) is also plotted by open circles. (Middle) Nuclear size
difference (Ry — Ry ) of excited states from that of the ground states
obtained with ESC08a(DI) and ESC08a(DD). The result without
the core polarization calculated with ESC08a(D]) is also shown by
open circles. (Bottom) The excitation energy shift plotted against the
nuclear size difference obtained with ESC08a(DI) and ESC08a(DD).
Experimental energy shift is plotted against the theoretical size
difference calculated with ESC08a(DI).

is higher-order perturbation. In other words, the origin of the
excitation energy shiftin 4 Z is, in the leading order, the nuclear
size difference between the ground and excited states in the
original (unperturbative) core nuclei A~'Z. It turns out that
the excitation energy shift in A hypernuclei can probe the size
difference between the ground and excited states in original
A=17 nuclei in this mass-number region.

In contrast to the significant energy shift in the ESC0O8a(DI)
results, the ESC08a(DD) results show almost no energy shift
and fails to describe the systematic trend of the experi-
mental energy shift as shown in Table V and Fig. 3. In
the case of ESC08a(DD), the A energy in ﬁZ has no (or

only weak) dependence on the nuclear size because of the
density (ky) dependence of the ANG interactions as dis-
cussed previously, and therefore, the A particle can not probe
the nuclear size difference between the ground and excited
states.

As seen in the bottom panel of Fig. 3, the systematic
trend of the experimental energy shift can be described by the
ESCO08a(DI) calculation but not by the ESC08a(DD) calcula-
tion, meaning that the density-independent A N G interactions
are rather favored than the density-dependent ones. However,
as for the quantitative reproduction, the ESC08a(DI) calcula-
tion generally overestimates the experimental energy shift by
a factor of 1.5-2. It is likely that weak density dependence of
the AN G interactions may be suitable for detailed description
of the excitation energy shift in 4 Z.

Earlier works with semimicroscopic o +d + A cluster
models in Ref. [4,11] give the spin-averaged excitation en-
ergy shift §5(E,) = —0.34 MeV [4] and —0.46 MeV [11]
for 3 Li(3%). The negative values of the excitation energy
shift and a smaller size than the ground state Z\Li(ﬁ) are
consistent with the present result. For ?\Be(2+), the semimi-
croscopic 2« + A cluster model calculations give §4(Ey) =
0 MeV [4] and —0.08 MeV [11]. The theoretical results
describe well the experimental values of the excitation energy
shift.

V. DISCUSSIONS
A. Density distributions

Figure 4 shows the distribution functions of the A density
pa(r) and nuclear density py(r) in the ground and excited
states of 4 Z as functions of r. Note that r is the distance from
the cm of core nuclei. The figures also show the A density
o (r) and nuclear density py (r) in A-(*7'Z) systems with
unperturbative core nuclei (without core polarization). p]l:,p(r)
is the original nuclear density in isolated A ~! Z systems without
the A particle.

Let me discuss the A density shown in the left panels of
Fig. 4. As seen in the small difference between p,(r) and
P\ (r), the core polarization effect on the A distribution is
rather minor except for ?\Be. Moreover, the difference between
the ground and excited states in each system is also small. The
center A density increases as the mass number A increases
reflecting the deeper A binding in heavier systems.

Let me look at the nuclear density shown in the middle
and right panels of Fig. 4. Compared with the original density
,o;,p(r) in 4717 systems, the nuclear density py(r) in f\Z is
slightly increased in A > 10 systems, and rather significantly
enhancedin A < 10 systems, as the result of the size reduction
discussed previously.

In comparison with the nuclear density between the ground
and excited states in each system, one finds significant dif-
ference between them except for ?\Be. In A > 10 systems,
the inner density (typically in the r < 2 fm region) is lower in
excited states than in the ground states. The situation is opposite
in } Li. The }Li(3]) has the higher inner density than that of
Z\Li(lf’). As shown by green lines in right panels of Fig. 4,
the r2-weighted p, (r) has a maximum peak at r = 1.5 ~ 2.0
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FIG. 4. A density and nuclear density distributions in 7 Li, 4 Be, }'B, B, and {C calculated with ESCO8a(DI). In the left panels, A density
obtained in the calculation with and without the core polarization (w/o cp) are shown. In the middle and right panels, nuclear densities and

r2-weighted densities are shown, respectively. In the middle panels, A density [0 ()] multiplied by 4 in the ground state of A  Z is also shown

for comparison.
fm, and therefore, the A particle mainly probes the density ground and excited states, the excitation energy shift occurs.

difference between the ground and excited states in this region. The trend is similar in the results with and without the core
Reflecting the nuclear density (size) difference between the  polarization because the core polarization slightly raises the
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inner nuclear density with almost the same amount in both
ground and excited states.

B. Size shrinkage in }, Li and %, Be: Comparison with other
cluster model calculations

The shrinkage of cluster structures in } Li and %, Be has been
theoretically investigated in connection with y transitions in
details with the semimicroscopic o + d + A and 2« + A clus-
ter models, respectively, using the OCM [4,5]. The shrinkage
and y transitions in | Li have been also investigated with the
semimicroscopic iHe + p + n cluster OCM calculation [10].
The predicted size shrinkage in } Li has been evidenced by the
experimental measurement of the E2 transition strengths for
the 5/2% — 1/2% transition [48].

I here describe the results for the shrinkage properties in
Z\Li and ?\Be, and compare them with results of Refs. [4,10].
I also show comparison with the recent calculation of % Be
with a microscopic 2o + A cluster model with the S-wave A
assumption in Ref. [19]. The interactions for the A particle in
Ref. [4] are phenomenological A-cluster potentials, and those
in Ref. [10] are the A-cluster potentials derived from the AN G
interactions with phenomenologically adjusted k ; parameters.
In Ref. [19], the density-independent A N G interactions with a
fixed k y parameter are used as the effective A-N interactions.
These effective interactions are state independent (structure
independent) and, in that sense, they correspond to the density-
independent treatment of k; in ECS08a(DI) in the present
calculation. For the results of Refs. [10,19], I show the values of
the Nijmegen type-D (ND) case of the AN G parametrization.

In the works with semimicroscopic cluster models, the
size shrinkage, i.e., the contraction of the o + ¢ and o + «
cluster structures in \ Li and % Be is usually discussed for the
reduction of the rms distance between clusters because they
are directly related to electric transition strengths in two-body
cluster states. In particular, the E2 transition strength from the
D-wave excited state to the S-wave ground state is sensitive
to the shrinkage because it is approximately proportional
to the fourth power of the intercluster distance. To discuss
the shrinkage of the cluster structures and its relation to the
E2 transitions, I approximately estimate the rms intercluster
distances 7o, = (r2)'/? between « and x clusters from the
calculated nuclear matter radius Ry using the following simple
relation for nonmicroscopic two clusters,

4A
4+ A R = i Z (re ) +4R: + AR, (43)

where x is d(«) for Z\Li(iBe), and A, and R, are the mass
number and rms matter radius of the x cluster, respectively.
I use the theoretical values R, = 1.55 fm and R; = 1.26 fm
for the (0s)* and (0s)? states with the present parametrization
v = 0.235 fm~2. T also approximate the a-a distance 7., in
4 Be from Ry in Ref. [19] with (43) using their parameter
v=1/2-1.36%) fm™2.

The size shrinkage in } Li is characterized by the reduction
of the distance 7,4 from °Li to Z\Li, and is discussed with the

TABLE VIIL «-d distance 7,4 in °Li and ] Li, and A binding
energy (B,) and A distribution size (ry) in 3Li calculated with
ESC08a(DI) and ESC08a(DD). The calculated B(E2; 3?’ — IT) in
SLi, B(E2;3] — 1{,core) in \Li, the reduction factors S for the
IT and 31+ states, and Sg, are also listed. Theoretical values of
other calculations from Refs. [4,10], and experimental values from
Refs. [48,60,70] are also listed. The «a-d distance of Ref. [10] is the
rms a-(pn) distance.

[4] [10] present exp
DI DD
oLi
Fo,_d(lf) (fm) 3.8 3.85 4.45 4.45
Fo,_d(ST) (fm) 3.66 4.16 4.16
B(E2) (e*fm*) 6.6 9.62 113 11.3 10.7(8)
TLi
B, (MeV) 559 5.58 5.44 5.43 5.58(3)
Fa_d(lf') (fm) 3.13 294 3.56 4.05
Foa(31) (fm) 291 3.02 3.6
ra(1}) (fm) 24 257 266
ra(31) (fm) 2.33 242 261
B(E2,core) (2fm*) 32 3.1 34 6.2 4.6(1.3)
S(IT) 0.82 0.76 0.80 0.91
NEN) 0.80 072 086
Sea 083 075 074 086  0.81(4)
size reduction factor
Fo-a (ALi)
=—F (44)
rOl-d( Ll)

The reduction factor can be also reduced from the E2
transition strengths for °Li(3]) — °Li(1{) and } Li(5/2%) —
1Li(1/2%), as

1/4
B[E2;°Li(3]) — SLi(11)]
Spy = : - . (45
(9/7)B[E2; \Li(5/2%) — JLi(1/2)]

Here the denominator corresponds to the E2 transition
strength, B(E2; I — I7F ,core), for the 3+ — 1t transition
of the core nuclear part in jLi. The factor 9/7 is derived in
the weak coupling limit of the core spin / and the A intrinsic
spin [4].

Table VII shows the calculated results of the distance
T4.q in the ground and excited states of °Li and Z\Li, B(E2)
for 3% — 17T, and the reduction factors compared with the
theoretical values of Refs. [4,10]. For the B(E2; core) values,
the theoretical B(E2;3" — 17 ,core) = (9/7)B(E2;5/2" —
1/2%) from Refs. [4,10] and the experimental value are
shown. In the present calculation with ESC08a(DI), I obtain
almost consistent results with those of other calculations. The
distance 7.4 is significantly reduced in Z\Li from ®Li. The
reduction factor Sg, obtained with ESC08a(DI) agrees with
the theoretical values of other calculations, and is in reasonable
agreement with the experimental value within the error. In the
ESCO08a(DD) result, the size shrinkage is relatively small.
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TABLE VIII. o-« distance 7, in *Be and % Be, and A binding
energy (B,), A distribution size (rp), and B(E2;2" — 0T, core)
in ?\Be calculated with ESC08a(DI) and ESC08a(DD). Theoretical
values of other calculations from Refs. [4,19] are also listed. The
experimental B, value is from Ref. [70].

[4] [19] present exp
DI DD

$Be

Faa(07) (fm) 4.09 4.96 5.99 5.99

% Be

By (MeV) 7.49 7.33 7.04 6.43  6.71(4)
Fao(07) (fm) 3.46 3.61 3.76 4.41

Fao(2]) (fm) 3.44 3.56 3.71 4.65

ra(0f) (fm) 2.39 2.57 2.44 2.67

ra2)) (fm) 2.39 2.55 2.41 2.67

B(E2,core) (e*fm*) 11.3 13.1 152 31.6

Table VIII shows the results for % Be with those of other cal-
culations in Refs. [4,19]. Also for ?\Be, the present calculation
with ESC08a(DI) gives almost consistent results with those of
Refs. [4,19]. The significant shrinkage occurs in %Be as seen
in the smaller 7,._, value than that in 3Be.

C. Interpretation of enhancement factor

In order to take into account the core polarization in 4 Z,
I add the artificial interactions A H(e) to the Hamiltonian
by slightly enhancing the central nuclear interactions. In the
present cluster models, the perturbative interactions, A H(€) =
eVli,” ), act as slight enhancement of the intercluster potentials
between inert clusters. Itis consistent with the expectation from
the gluelike role of a A particle. In a mean-field picture, this
treatment corresponds to slight enhancement of the nuclear

: (NN) (NN) (NN) ..

mean potentials Uy " '(r) — Uy " (r) + €Uy " '(r) originat-
ing in the NN interactions. In a self-consistent mean-field
approach, nucleons in 4 Z feel the mean potentials U ,(\,NN) (r)+
UI(\,A N)(r), where UI(VA N)(r) is the A-N-interaction-origin mean
potentials for nucleons. In the case of ps(r) ~ pn(r)/(A — 1)
that the A distribution function is similar to the nuclear density
distribution one, U,(VAN)(r) may be approximated to be

Uy M) ~ UG (), (46)

which corresponds to the present treatment of the core polar-
ization. In the present results in ﬁZ inthe 6 < A < 14 region,
this condition is roughly satisfied as seen in the calculated A
and nuclear densities as well as sizes ry ~ Ry. Considering
that U ,(VAN)(r) ~ Up(r)/(A — 1) in this condition, it leads to
the relation,

UV ) ~ UGN ~ U, (4D
1 Uar(r)

~— oA 48
T AT )

0.4 ———
(o \\
D o
03 W 1
L
wo2l =8 f
, N ,
0.1 O
0
0 2 46 810121416

(A-1)

FIG. 5. Enhancement factor ¢ in the ESC0O8a(DI) calculation. The
factor is plotted as a function of A — 1.

It means that the enhancement factor € can be proportional
to 1/(A — 1). Figure 5 shows the (A — 1) dependence of the
optimized € values, which are determined for each ﬁZ system
to minimize the total energy. The € values are approximately
on the 1.2/(A — 1) line except for %Be, for which the mean-
field picture may not work well because it is a dilute 2a-
cluster system. The additional factor, 1.2, may come from
various origins such as possible deviation from the relation
pa(r) ~ pn(r)/(A — 1), the Pauli blocking between nucleons
(no blocking between A and a nucleon), the weaker A-N
interactions than the N-N interactions, and so on.

The picture discussed here may support the present treat-
ment of the core polarization at least in the light mass-number
region. However, it may not obvious whether it is useful for
heavier systems, in which the A particle is localized deeply
inside the core nuclei and the condition p(r) ~ pn(r)/(A —
1) is no longer satisfied.

VI. SUMMARY AND OUTLOOK

Structures of low-lying (Os), states in p-shell A hyper-
nuclei were investigated with microscopic cluster models. To
describe structures of the ground and excited states of core
nuclei, I applied the GCM of microscopic « + d, 2«, and
2« + d cluster models for °Li, ®Be, and !B, respectively, and
that of 2 + ¢(h) + p32 and 3a + p3/, models with the cluster
breaking for ''B(C) and '?C. The Os-orbit A particle in A
hypernuclei is treated by the single S-wave channel calcu-
lation with the A-nucleus potentials, which are constructed
by folding the effective A-N interactions with the nuclear
density obtained by the microscopic cluster models. As a core
polarization effect, the core size reduction is taken into account
in a simple way.

For A > 10 systems, the core polarization, i.e., the nuclear
size reduction by the A particle is small. The small change
of the core size in the ground state of }’C is consistent
with prediction of other calculations. Moreover, the core
polarization effect on energy is minor and regarded as a
higher-order perturbation in the A binding except for A < 10
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systems. However, it should be commented that the detailed
energy balance between the nuclear energy increase and the A
energy gain somewhat deviates from the ideal perturbative case
meaning that a variational treatment of the core polarization is
still necessary to discuss details of the size reduction in p-shell
hypernuclei.

Energy spectra of the ground and low-lying excited states
were discussed. Particular attention is paid to excitation energy
shift and its relation to nuclear size difference between the
ground and excited states in each 4 Z system. The present
results show a clear correlation between the energy shift and the
size difference. Namely, the larger size difference, the larger
excitation energy shift. The calculation with ESCO8a(DI)
qualitatively describes the systematic trend of the available
experimental data for the energy shift. The mechanism of this
correlation is understood as the higher nuclear density gives
the larger attraction, i.e., the deeper A-nucleus potential. In
other words, the Os-orbit A particle can probe the inner density
difference through the A-N interactions.

Shrinkage properties of the & 4+ d and 2« cluster structures
in  Li and , Be were discussed, and the results were compared
with those of other calculations. The obtained results are
similar to those of other calculations. For Z\Li, the results
show the significant shrinkage, and reproduce the experimental
E2 transition strengths in °Li and } Li without using effective
charges. Also in % Be, the significant shrinkage occurs consis-
tently with other calculations.

The effective A-N interactions used in the present calcula-
tion are the spin-independent central interactions of the ANG
interactions, which were derived from the A-N interactions
of the one-boson-exchange model based on the G-matrix
calculation for an infinite nuclear matter. Two treatments
and of the k; parameter in the ANG interactions were
adopted.

One is the density-independent (state-independent) ANG
interactions and the other is the density-dependent (state-
dependent) ANG interactions with the averaged density ap-
proximation. The present results indicate that the density-
independent ESC0O8a interactions are rather favored in de-
scription of the systematic trend of experimental excitation
energy shiftin 4 Z than the density-dependent ones. However,
as for the quantitative reproduction, the density-independent
calculation generally overestimates the experimental energy
shift by a factor of 1.5-2. It is likely that weak density
dependence of the ANG interactions may be suitable for
detailed description of the excitation energy shift in 4 Z. The
density-dependent A N G interactions were constructed based
on the G-matrix theory in an infinite nuclear matter and
originally designed to reproduce systematics of A binding
energy in f\Z in a wide mass-number region. The origin of the
density dependence is the Pauli blocking effect on intermediate
states in A-N scattering processes. The Pauli suppression of
the effective A-N interactions is stronger in the higher nuclear
density. However, it is not obvious that the density dependence
of the ANG interactions can properly probe the density (or
structure) difference between the ground and excited states
in each 4 Z. The present k; dependence in the ANG inter-
actions is likely to be too strong to simulate the structure

dependence of the effective interactions in low-lying states in
each system.

One of the merits of the present calculation is that the
framework is based on a microscopic calculation that can
describe detailed nuclear structures such as energy spec-
tra and cluster structures in p-shell nuclei. This is a great
advantage for quantitative discussion of excitation energy
shift by the A particle. Thanks to precise y-ray measure-
ments, there are many available data for energy spectra in
p-shell hypernuclei, which enable one to finely tune the
density dependence of the A-N interactions by adjusting
systematics of the excitation energy shift discussed in this
paper.

The effect of density dependence of effective A-N interac-
tions on the core polarization in hypernuclei has been discussed
with mean-field approaches using Skyrme parametrizations
from the early days, for example, in Ref. [82]. It has been shown
that density-independent A-N interactions generally give large
core polarizations whereas moderate density-dependent ones
give less core polarization. The present result is qualitatively
consistent with the mean-field analysis, but quantitatively, it
shows significant size reduction in p-shell hypernuclei because
the present model is able to describe large size reduction effects
of cluster structures beyond mean-field approaches.

The present framework is based on local density approxima-
tions in treatment of nuclear density matrices of the exchange
folding potentials and that of the density dependence of the
A-N interactions. The applicability of the present treatments
to highly excited (particle-hole) states should be checked. In
particular, the applicability to very dilute systems with much
lower density than the saturation density should be carefully
tested.

The present treatments of the A particle and the core polar-
ization are very simple. However, one of the great advantages
is that the method is handy and economical, and able to be
applied to general nuclear structure models without changing
computational codes for the nuclear structure calculation.
Moreover, the method can be applied to double- A hypernuclei
straightforwardly.

In the present work, the spin-independent central A-N
interactions were used but spin dependence and the A spin
coupling with the core nuclear spin were ignored. Within
the present framework, it is able to discuss only the leading
properties of energy spectra. In order to discuss detailed energy
spectra and spin dependence of the A-N interactions, some
extensions of the framework are needed.
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