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Isospin characters of nuclear excitations in Mg and '“Be are investigated via proton (p) and alpha («)
inelastic scattering. A structure model of antisymmetrized molecular dynamics (AMD) is applied to calculate the
ground and excited states of Mg and '°Be. The calculation describes the isoscalar feature of the ground-band
2] (K™ = 0}) excitation and predicts the neutron dominance of the side-band 2 (K™ = 2*) excitation in *Mg
and '"Be. The p and « inelastic scattering off Mg and '°Be is calculated by microscopic coupled-channel
(MCC) calculations with a g-matrix folding approach by using the matter and transition densities of the target
nuclei calculated with AMD. The calculation reasonably reproduces the observed 07, ZT, and 23 cross sections
of Mg +p scattering at incident energies E, =24 and 40 MeV and of Mg +a scattering at E, = 104 and
120 MeV. For '°Be +p and '"Be 4« scattering, inelastic cross sections to the excited states in the K™ = (g
ground, K™ = 2" side, K™ = 07 cluster, and K™ = 1~ cluster bands are investigated. The isospin characters
of excitations are investigated via inelastic scattering processes by comparison of the production rates in the
UBe +p, ®Be +a, and '°C +p reactions. The result predicts that the 27 state is selectively produced by the
10Be +p reaction because of the neutron dominance in the 27 excitation as in the case of the Mg +p scattering

to the 27 state, whereas its production is significantly suppressed in the °C +p reaction.
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I. INTRODUCTION

Isospin characters of nuclear excitations in Z # N nuclei
have been attracting great interest. To discuss the difference
between neutron and proton components in nuclear deforma-
tions and excitations, the neutron and proton transition matrix
elements, M,, and M, have been extensively investigated by
experimental works with mirror analysis of electric transitions
and hadron inelastic scattering with «, p, and 7~ /7t as
well as electron inelastic scattering. The ratio M,/M, has
been discussed with the isoscalar and isovector components
of 2% excitations for various stable nuclei [1-6]. The simple
relation M,/M, = N/Z is naively expected for a uniform
rigid rotor model, while M, /M, =1 should be satisfied if
only a Z = N core part contributes to the excitation. In the
analysis of the M, /M, ratio, it has been reported that M, /M,
systematically exceeds N/Z in proton closed-shell nuclei. In
particular, an extremely large value of the ratio was found in
180y, which expresses remarkable neutron dominance of the
2;“ excitation [1-9]. In the opposite case, M, /M, < N/Z of
proton dominance was obtained in neutron closed-shell nuclei
as discussed in Refs. [2,3].

For Mg, the M, /M,, ratio has been investigated for var-
ious excited states by means of lifetime measurements of
mirror transitions [10], and 7~ /7", p, and « [11-14] inelastic
scattering. In those analyses, the strong state dependency of
isospin characters has been found in the first and second 2+
states. The ratio M,,/M, = 0.7-1 was obtained for the Of —
ZT transition, whereas M, /M, = 1.2-4 was estimated for the
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07 — 27 transition. The former indicates an approximately
isoscalar nature of the 21+ excitation, while the latter shows
predominant neutron component of the 25 excitation. These
facts suggest different isospin characters of the 21F and 2;
states, which belong to the ground and side bands built on
the prolate deformation, respectively. However, there remains
significant uncertainty in the neutron component of the 0] —
27 transition.

The isospin characters of nuclear excitations are hot issues
also in the physics of unstable nuclei. The neutron dominance
in the 2? state has been suggested in neutron-rich nuclei
such as '?Be and '°C [15-27]. The proton component can
be determined from B(E2) measured by y decays. For the
neutron component, such tools as mirror analysis and 7~ /7
scattering are practically difficult for neutron-rich nuclei. In-
stead, p inelastic scattering experiments in the inverse kine-
matics have been intensively performed to probe the neutron
component and supported the neutron dominance in the 2}
state of >Be and '°C. Very recently, Furuno et al. have
achieved an « inelastic scattering experiment off '°C in the
inverse kinematics and discussed the isospin characters of the
2] excitation [28].

Our aim in this paper is to investigate isospin characters of
the 2] and 27 excitations in **Mg and '’Be with microscopic
coupled-channel (MCC) calculations of p and « scattering.
Structures of the ground and excited states of '’Be have been
studied with many theoretical models, and described well
by the cluster structure of 2« + nn (see Refs. [29-31] and
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FIG. 1. Energy levels of Mg and '°Be. (a) Calculated **Mg lev-
els of the K™ = 0] ground and K™ = 27 side bands compared with
the experimental levels. In the experimental spectra, candidate states
for 37 and 4™ states of band members are shown. (b) Calculated '°Be
levels [46] of the K™ = 0] ground, K™ = 2% side, K™ = 07 cluster,
and K™ = 1~ cluster bands are shown together with the observed
energy levels. The experimental data are from Refs. [52,53].

references therein). Similarly to Mg, the 2] and 2] states
of '°Be are built on the prolate deformation and expected
to have different isospin characters. Indeed, in Ref. [32],
one of the authors (Y.K-E.) has discussed the 2| and 25
excitations of '°Be and predicted the neutron dominance in the
2; excitation. We also aim to predict inelastic cross sections
to cluster excitations of '°Be.

In the present MCC calculations, the nucleon-nucleus
potentials are microscopically derived by folding the Mel-
bourne g-matrix NN interaction with diagonal and transition

TABLE I. Calculated rms radii of proton (R),), neutron (R,), and
matter (R,,) distributions of Mg and '°Be [46]. The experimental
values of R), of the ground state are determined from the experimental
charge radii [54].

AMD expt.
AZJ™) band R,(fm) R, (fm) R, (fm) R, (fm)
®Mg(0f) KT =0f  3.10 3.14 312 2.921(2)
*Mg(2y) KT =2% 3.12 3.15 3.14
"Be(07) KT =0f 2.50 2.56 2.54 2.22(2)
"Be(2}) K™ =2% 2.60 2.73 2.68
"Be(0y) KT =07 2.92 3.17 3.07
"Be(l7) K™ =1" 2.75 2.93 2.86

densities of target nuclei, which are obtained from micro-
scopic structure models. The «-nucleus potentials are ob-
tained by folding the nucleon-nucleus potentials with an o
density. The MCC approach with the Melbourne g-matrix
NN interaction has successfully described the observed cross
sections of p and « elastic and inelastic scattering off various
nuclei at 40-300 MeV of p energies and 100-400 MeV of
o energies [33-39]. In our recent works [40—43], we have
applied the MCC calculations by using matter and transition
densities of target nuclei calculated by a structure model of
antisymmetrized molecular dynamics (AMD) [30,44—46] and
investigated transition properties of low-lying states of various
stable and unstable nuclei via p and « inelastic scattering. One
of the advantages of this approach is that one can discuss
inelastic processes of different hadronic probes, p and «,
in a unified treatment of a microscopic description. Another
advantage is that there is no phenomenological parameter in
the reaction part. Since one can obtain cross sections at given
energies for given structure inputs with no ambiguity, it can
test the validity of the structure inputs via p and « cross
sections straightforwardly.

In this paper, we apply the MCC approach to p and «
scattering off Mg and '’Be using the AMD densities of the
target nuclei, and investigate isospin characters of inelastic
transitions of *°Mg and '°Be. Particular attention is paid
to transition features of the ground-band 2] state and the
side-band 27 state. We also give a theoretical prediction of
inelastic cross sections to cluster states of A = 10 nuclei of
the 1°Be +p, 10Be 4@, and 1°C +p reactions.

The paper is organized as follows. The next section briefly
describes the MCC approach for the reaction calculations of
p and o scattering and the AMD framework for structure
calculations of Mg and '“Be. Structure properties of Mg
and '°Be are described in Sec. IIT and transition properties
and p and « scattering are discussed in Sec. I'V. Finally, the
paper is summarized in Sec. V.

II. METHOD

The reaction calculations of p and « scattering are per-
formed with the MCC approach as done in Refs. [40—42]. The
diagonal and coupling potentials for the nucleon-nucleus sys-
tem are microscopically calculated by folding the Melbourne
g-matrix NN interaction [33] with densities of the target
nucleus calculated by AMD. The a-nucleus potentials are
obtained in an extended nucleon-nucleus folding model [38]
by folding the nucleon-nucleus potentials with an « density
given by a one-range Gaussian form. In the present reaction
calculations, the spin-orbit term of the potentials is not taken
into account to avoid complexity as in Refs. [42,43]. It should
be stressed again that there is no adjustable parameter in
the reaction part. Therefore, nucleon-nucleus and «-nucleus
potentials are straightforwardly obtained from given structure
inputs of diagonal and transition densities. The adopted chan-
nels of the MCC calculations are explained in Sec. IV.

The structure calculation of '°Be has been done by AMD
with variation after parity and total angular momentum pro-
jections (VAPs) in Ref. [46]. The diagonal and transition
densities obtained by AMD have been used for the MCC
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TABLE II. The E2 transition strengths of *Mg. Theoretical
values of proton [B(£2)] and neutron [B,(E2)] components obtained
by AMD, and the experimental B(E2) values [52] are listed in the
unit of e*fm*.

expt. AMD

transition B(E2) transition B(E2) B,(E2)
2F = of 61.3(2.7) 2F = of 63 39
25— 0f 1.8(0.2) 25 = 0of 0.8 54
47 — 2f 21(1)

45 — 2f 64(14) 4; —2f 76 58
47 — 25 11(3) 4; — 27 8.8 4.9
47 — 37 45— 3%, 39 29
47 — 2f 5.0(1.8)

47 — 37 55(23)

47 — 2f 43, = 2f 114 35
47 - 2f 7.8(2.3) 4f, — 2F 22 11
47 — 37 1.8(0.9)

47 — 37 14(6) 4%, — 37, 39 22
37— 2f 0.3(0.2) 35 —2f 1.5 9.4
37 —> 27 41(18) 35, —> 27 114 66

calculation of the '’Be +p reaction in the previous work [42].
We adopt the AMD results of '°Be as structure inputs of
the present MCC calculations of the '°Be 4+p and '“Be +«
reactions. For Mg, we apply the AMD 4 VAP with fixed
nucleon spins in the same way Ref. [43] for 28Si. Below, we
briefly explain the AMD framework of the present calculation
of 2°Mg. This calculation is an extension of the previous AMD
calculation of 26Mg in Ref. [32]. For more details, the reader
is referred to the previous works and references therein.

An AMD wave function of a mass-number A nucleus is
given by a Slater determinant of single-nucleon Gaussian
wave functions as

1
VA!
i = Px, XiTi, ()

q)AMD(Z) = »A{(Pl’ (p27"'a(pA}ﬂ (1)

2\) 3/4
¢Xi<r,)=<;) exp[—v(r; — X)*]. 3)

Here A is the antisymmetrizer, and g; is the ith single-particle
wave function given by a product of spatial (¢y,), nucleon-
spin (x;), and isospin (t;) wave functions. In the present
calculation of 2Mg, we fix nucleon spin and isospin functions
as spin-up and spin-down states of protons and neutrons.
Gaussian centroid parameters {X;} for single-particle wave
functions are treated as complex variational parameters inde-
pendently for all nucleons.

In the model space of the AMD wave function, we per-
form energy variation after total-angular-momentum and par-
ity projections (VAP). For each J7 state, the variation is
performed with respect to the J™-projected wave function
P,{,j}< ®amp(Z) to obtain the optimum parameter set of Gaus-
sian centroids {X;}. Here PAJ/;}< is the total angular momentum
and parity projection operator. In the energy variation, K = 0
is taken for the J* = 0%, 2%, and 47 states in the K™ = 0]
ground band, and K = 2 is chosen for the J* = 2% and 37

TABLE III. Transition strengths and matrix elements of the
isoscalar monopole (IS0) and dipole (IS1), and EA transitions. The
calculated values are the isoscalar (p + n), proton, and neutron com-
ponents of the transition strengths, the proton and neutron transition
matrix elements, and the M, /M, ratio obtained by AMD [46]. The
experimental values are E2 transition strengths of '°Be and '°C, and
M,, M,, and M, /M, from Ref. [53]. The units of B(EA) and B(ISOX)
are e*fm? and e*fm? ™, respectively. The units of M,, , are e fm* and

efm**? for EX and ISA transitions, respectively.
AMD
B,+,(I50) B,(IS0) B,(IS0) M, M, M,/M,
0F -0 127 1.5 54 1.2 23 1.89
B, (E2) B(E2)  B,(E2)
2 - of 41 11.6 8.9 7.6 6.7 0.88
25— of 1.7 0.2 32 -1.0 40 -39
25— of 1.5 0.1 0.7 0.8 1.9 25
27 > 05 280 34 118 13.1 243 1.85
0F -2 6.0 0.6 29 0.7 1.7 2.3
B,.,IS1) B,(IS1) B,(dS1)
Iy -0 6.0 1.0 2.1 1.7 2.5 1.46
Byyn(E3) B(E3)  Bu(E3)
37— 0f 70 1.3 53 3.0 19.2 6.4
expt.
B(E2) B(“C;E2) M, M, M,/M,
2F = of 10.2(1.0) 12.2(1.9) 7.2(0.4) 7.8(0.6)* 1.08*
05 — 2f 3.2(1.2) 1.8(0.4)

*The empirical values of M, and M, /M, evaluated from the mirror
transition assuming the mirror symmetry.

states in the K™ = 27 side band. After the energy variation
of these states, we obtain five basis wave functions. To obtain
final wave functions of Mg, mixing of the five configurations
(configuration mixing) and K mixing are taken into account
by diagonalizing the norm and Hamiltonian matrices.

In the present calculation of Mg, the width parameter
v = 0.15 fm~2 is used. The effective nuclear interactions of
structure calculation for Mg are the MV 1 (case 1) central
force [47] supplemented by a spin-orbit term of the G3RS
force [48,49]. The Bartlett, Heisenberg, and Majorana pa-
rameters of the MV1 force are b=h =0 and m = 0.62,
and the spin-orbit strengths are u; = —u;; = 2800 MeV. The
Coulomb force is also included. All these parameters of the
Gaussian width and effective interactions are the same as
those used in the previous studies of *Mg, 2°Si, and 28Si
of Refs. [18,32]. A difference is the variational procedure.
The variation was done before the total angular momentum
projection in the previous studies, but it is done after the total
angular momentum projection in the present AMD + VAP
calculation.

III. ENERGY LEVELS, RADII, AND B(E2) OF
TARGET NUCLEI

A. Structure of **Mg

The ground and excited states of 2Mg obtained after
the diagonalization contain some amount of the configu-
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TABLE IV. The transition matrix elements (M, and M, in the
unit of e fm*) and the ratios (M,, /M ), and the scaling factors ( fplr and
£ for the renormalization of transition densities. For use of the de-
fault MCC calculations, the scaling factors £, and f," for the proton
and neutron components are determined so as to fit the experimental
M, and M, values, respectively. Theoretical values before (theor.)
and after (default MCC) the renormalization are shown together with
the experimental values [52,53]. For the E2;2} — 0 transition of
Mg, two optional sets (case 1 and case 2) of f . are considered in
addition to the default scaling.

M, M, M, /M, S

BMg(E2: 2] — 0)

expt. 17.5(0.4)  17.0(1.0)*  0.97

theor. 17.7 13.9 0.79 1 1

MCC (default) 17.5 17.0 0.97* 099 122
SMg(E2: 2§ — 0))

expt. 3.000.1)  5.7(0.6)* 1.90*

theor. 2.0 5.2 2.65 1 1

MCC (default) 3.0 5.7 1.90 1.52  1.09

MCC (case 1) 3.0 7.9 2.65 152 152

MCC (case 2) 43 43 1.00 220 0.83
PMg(E4: 4 — 0F)

expt. (e, €') 161(21)

theor. 119 118 0.99 1 1

MCC (default) 162 161 0.99 136 1.36
BMg(E4 : 47 — 0)

expt. (e, €') 114(20)

theor. 123 105 0.85 1 1

MCC (default) 114 97 0.85 093 093
"Be(E2: 2] — 0))

expt. 7.2(04)  7.8(0.6) 1.08°

theor. 7.6 6.7 0.88 1 1

MCC (default) 7.2 7.8 1.09 0.94 1.17

aThe M, values of Mg are estimated from the mirror transitions
with correction 0.909 of charge effects. This correction was given for
A = 18 in Ref. [61] and used arbitrarily for A = 26 nuclei as done in
Ref. [10].

5The M, value of '°Be from the mirror transition assuming the mirror
symmetry (no charge effect) for A = 10 nuclei.

ration and K mixing, but they are approximately classi-
fied into the K™ =0 band built on the 0f state and
those in the K™ = 2% band starting from the 25 state. In
Fig. 1(a), the calculated energy spectra are shown in com-
parison with the experimental spectra of candidate states
for the K™ = 0] and K™ = 2" band members. The exper-
imental 07, 2{(1.81), and 47 (4.90) states are considered
to belong the K™ = 0/ band, and the 2 (2.94), 37 (4.35),
and 4; (5.72) states are tentatively assigned to the K™ = 2
band from y-decay properties [50]. However, there are other
candidates such as the 37(3.94), 4/(4.32), and 47(5.48)
states in the same energy region. We denote the theoreti-
cal states in the K™ =0/ band as J™ = {0, 2], and 4;;
and those in the K™ =2% band as J™ = {2], 3},, and

TABLE V. The E2;2* — 0 and E4;4% — 0f transition
strengths of Mg evaluated from the (e, ¢'), (p, p'), and (a, o)
reactions. Electric transition strengths B, .,(EA) obtained by the
(e, €') experiments [55], « inelastic transition rates B, , evaluated
by («,a’) at E, = 120 MeV [14], and p inelastic transition rates
B,y by (p,p) at E, =40 MeV [13] and E, = 24 MeV [12] are
shown together with the theoretical values of the proton and neutron
components, B(EA) and B, (E 1), of the strengths. The units are fm*
for A = 2 transitions and 102e*fm® for A = 4 transitions.

expt. AMD
Be,e’(E)“) Bm.o/ Bp,p/ Bp,p’ B(E)") Bn(E)")
Ref. [55] Ref.[14] Ref.[13] Ref.[12]

JH(EY)

25(1.81) 53.232) 55 46(1) 372 63 39
27(2.94) 13(03) 78  6.6(02) 5606 08 54
4H(4.32) 9.7 11.0(0.8) 4.5(0.5)
41(4.90)  29(8) 115 21(1) 10.6(0.9) 157 155
4%(5.48) 38 115  7.7(0.6) 4.40.6)
45(5.72)  14(6) 5.2 40.2) 168 122

4%}, and tentatively assign the K™ = 0] band members to
{0, 2] (1.81), 45(4.90)} and the K™ = 27 band members to
{25(2.94), 35 (4.35), 4] (5.72)}, though uncertainty remains
in assignments of 3 and 47 states.

The root-mean-square (rms) radii of proton (R),), neutron
(R,), and matter (R,,) distributions of the band-head states of
26Mg are shown in Table 1. The E A transition strength B(EX)
of the transition J7 — JJ’Z is given by the proton component
of the matrix element M, as

1
B(EMJT — JT) = ——|M, [, 4

(B 7) 2J,<+1| ol @
and its counter part [the neutron component B, (EA)] is given
by the neutron matrix element M, as

1
B, (EXJT — JT) = ——|M, . 5
(B3 IT = J7) = 55 M 5)
The matrix elements M, and M,, are given with the proton and
neutron A-pole operators 0; and O%, respectively, as

n’
My = U7 |05 ]197) 6)
Assuming the mirror symmetry, the neutron matrix element
M, (T,) in a nucleus with the z component 7, of the isospin
can be determined by measuring the electric transition in
the mirror nucleus with 7 = —T. using the relation of
M,(T;) = MP(TZ’ = —T;). The ratio (M,,/M,,) is predicted to
be (M,/M,) = (N/Z) by a macroscopic collective model,
whereas it can be (M,,/M,) = 1 for isoscalar excitations with
equal contributions from neutron and proton parts [2,13].

In Table II, the theoretical values of B(E2) and B,(E2)
obtained by AMD, and the observed E2 transition strengths
are listed. In each group of {0, 27 (1.81), 45(4.90)} and
{25(2.94), 37(4.35), 45 (5.72)}, sequences of strong y tran-
sitions have been observed and support the assignment of the
K™ = 0f and K™ = 27 bands. However, possible state mixing
between the 47 (4.32) and 45 (4.90) states in the K™ = 0}
band is likely because of fragmentation of E2 transitions to
the 2?(1.81) state. Moreover, an alternative assignment of
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FIG. 2. Charge form factors of *Mg. The inelastic form factors
F(q) obtained by AMD are renormalized by f;r given in Table IV.
The results of the 0, 2, 27, 4%, and 4%, states are compared with
the experimental data for the OT state from Ref. [56] and those for the
27(1.81 MeV), 21(2.94 MeV), 45(4.90 MeV), and 45 (5.72 MeV)

states from Ref. [55].
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%Mg. (a) The diagonal densities of the 07 state. (b) The renormalized
transition densities from the O state to the 2} and 2 states. (c) The
renormalized transition densities from the 0} state to the 4 and 45,
states.

the K™ = 2% band composed of the 25 (2.94), 37 (3.94), and
4;(5.48) states has been suggested [51]. These experimental
facts suggest that collective natures of 3" and 4* states in
these bands may not be as striking as the rigid rotor picture.
In the calculated result, the in-band transition strengths
B(E2;2{ — 0}) and B(E2; 4] — 21) of the K™ = 0} band
are remarkably large and in good agreement with the ex-
perimental data for the 07, 27 (1.81), and 45 (4.90) states.
For the K™ = 2% band, the calculated B(E2) values of the
in-band transitions, 4%, — 23, 4%, — 3%, and 3}, — 27,
are a few times larger than the experimental B(E2) of the
45 — 25,45 — 37, and 3] — 27 transitions, respectively,
but relative ratios between three transitions are well repro-
duced by the calculation. It may indicate that the observed
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FIG. 4. Radial dependences and volume integrals of the real [V ()] and imaginary [W (r)] parts of the present microscopic potentials (pres.)
for p + Mg and « + *Mg elastic scattering compared with phenomenological (phen.) potentials of global optical potentials for p-nucleus
[57,58] and a-nucleus [59] elastic scattering. (a), (b) p + Mg potentials at E » =40 MeV and (d), (e) a + Mg potentials at E, = 104 MeV.
In each panel, rms radii (Ry and Ry) of the potentials are shown in the unit of fm. (c), (f) Energy dependences of the volume integrals per
interacting nucleon pair defined as Jy = — f V(r)dr/(A,A;) and Jy = — f W(r)dr/(A,A;) (A, and A, are the mass numbers of projectile and

target nuclei).

27(2.94), 35 (4.35), and 4 (5.72) states possess the K™ = 2+
band nature but the collectivity is somewhat quenched. It
should be noted that the calculation shows significant inter-
band transitions between the K™ = 0] and K™ = 2" bands
such as 4; — 2;, which is consistent with the experimental
B(E2;45 — 27).

Let us discuss the neutron component [B,(E2)] of the
transition strengths. As seen in comparison of B,(E2) and
B(E?2), the neutron component is comparable to or even
smaller than the proton component in most cases. Exceptions
are the 2 — 0] and 3}, — 2] transitions, which show
the neutron dominance indicating the predominant neutron
excitation from the K™ = 0 band to the K™ = 2" band. This
means the different isospin characters between two 27 states,
the 2| state in the K™ = 0} ground band and the 2] state in
the K™ = 27 side band. The former shows the approximately
isoscalar feature and the latter has the neutron dominance
character.

B. Structure of ’Be

In the AMD calculation of '°Be, the 2« + nn cluster
structures are obtained in the ground and excited states as
discussed in Ref. [46]. The K™ = OT ground and K™ = 2%
side bands are constructed. In addition, the K™ = 02+ and
K™ =17 cluster bands are obtained. The energy spectra of
0Be are shown in Fig. 1(b). The calculated energy levels
are in reasonable agreement with the experimental spectra.
The calculated rms proton, neutron, and matter radii of the

band-head states are given in Table I. The present AMD
calculation overestimates the experimental value of the rms
proton radius of the ground state by approximately 10%,
suggesting that the calculation may contain model ambiguity
in the rms neutron radius. The overestimation of the radii in
the ground state of '’Be may somewhat shift peak and dip
positions of elastic cross sections to forward angles but gives
minor effects to inelastic cross sections. The O;r(K” = O; )
and 17 (K™ = 17) states of the cluster bands have relatively
larger radii compared to the 0f (K™ = 07) and 2 (K™ = 21)
states because of the developed cluster structure.

The calculated result of the transition strengths and matrix
elements of the monopole (IS0), dipole (IS1), E2, and E3
transitions are summarized in Table III. The M, /M, ratio and
the isoscalar component B, = |M,, + M,|*/(2J; + 1) of the
transition strength are also given in the table. For experimental
data, the E2 transition strengths and matrix elements observed
for 'Be and those for the mirror nucleus '°C are listed. The
experimental M, value of !°Be is evaluated from the mirror
transition assuming the mirror symmetry (no charge effect
for A = 10 nuclei). One of the striking features is that, in
many transitions of '°Be, the neutron component is dominant
compared to the proton component because of contributions
of valence neutrons around the 2« cluster. An exception is the
2;’ — 0f transition in the K™ = OT ground band having the
isoscalar nature of nearly equal proton and neutron compo-
nents, which are generated by the 2« core rotation.

As a result, isospin characters of the ground-band 2} state
and the side-band 2; state are quite different from each other.
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FIG. 5. Cross sections of p elastic and inelastic scattering off Mg at E, =24, 40, 60, and 100 MeV. The results obtained by the MCC
and DWBA calculations are shown by red solid and blue dashed lines, respectively. Experimental data are cross sections at E, = 24 MeV [12]
and 40 MeV [13] from the EXFOR database [60]. (a), (b), and (c) show the calculated and experimental cross sections of the 0/, 2?, and 22+
states, respectively. (d) shows the calculated 4;; cross sections together with the data observed for the 4;’ (4.90 MeV) and 4?’(4.32 MeV) states.
(e) shows the calculated 4}, cross sections compared with the data observed for the 41 (5.47 MeV) and 4;(5 72 MeV) states.

The former has the isoscalar feature and the latter shows
the neutron dominance character. This is similar to the case
of Mg and can be a general feature of N = Z 4 2 system
having a N = Z core with prolate deformation. The ground-
band 27 state is constructed by the K = 0 rotation of the core
part with the isoscalar prolate deformation, whereas the side-
band 2% state is described by the K = 2 rotation of valence
neutrons around the prolate core.

IV. p AND o SCATTERING

In order to reduce model ambiguity of structure inputs,
we perform fine tuning of the theoretical transition densities
o%(r) by multiplying overall factors as p"(r) — f"p"(r) to

fit the observed B(E)) data, and utilize the renormalized
transition densities f"p"(r) for the MCC calculations. For
each system of Mg and !°Be, we first describe the scaling
factors f' and show the renormalized transition densities and
form factors. Then, we investigate p and « scattering cross
sections with the MCC calculations using the renormalized
AMD densities to clarify to transition properties of excited
states, in particular, their isospin characters.

A. Transition properties of Mg

The transition matrix elements (M, and M,,) and the scaling
factors (f," and f) for the renormalization of transition densi-
ties are listed in Table IV. Theoretical values before and after
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FIG. 6. Same as Fig. 5 but for o scattering at E, = 104, 120, 240, and 400 MeV. Experimental data at E, = 104 MeV [62] from the

EXFOR database [60] and E, = 120 MeV [14] are shown.

the renormalization are shown together with the experimental
M, and M,, values used for fitting.

For renormalization of the 2 — 07 and 25 — 0] tran-
sitions, we determine the scaling factor f;f of the proton
transition density to fit the experimental M, values mea-
sured by y decays, and f," of the neutron transition density
by fitting the experimental M, values, which are evaluated
from the mirror transitions with a correction factor 0.909 of
charge effects [61] in the same way as Ref. [10]. In order
to see the sensitivity of the cross sections to the isospin
character of the K™ = 2% side band, we also consider two
optional sets (case 1 and case 2) of ( f;f , 0y for the 22’ — OT
transition, which are discussed in detail later in Sec. IV B.

For 4+ — OT transitions, B(E4) has not been measured y
rays but the transition strengths have been evaluated by inelas-
tic scattering experiments. In Table V, we list the transition

strengths (or rates) of the 2t — OT and 4T — OT transitions:
electric transition strengths B(EX) obtained with (e, ') data
[55], o inelastic transition rates B, , evaluated from the
(a, o) study [14], and p inelastic transition rates B, ,; from
the (p, p') reaction [12,13]. Note that hadron scattering probes
not only the proton but also the neutron components of tran-
sitions rates. In the present calculation, we adopt the B(E4)
values of the 4; (4.90) and 4;{(5.72) states obtained from
the (e, €') experiments to determine f]tf for the theoretical 4;5
and 47, states, respectively. For fi" of the neutron transition
density, we use the same values as f;f.

Figure 2 shows the calculated elastic and inelastic form
factors of Mg in comparison with the experimental data.
The data are well reproduced by the renormalized form
factors of AMD. In Fig. 3, we show the diagonal densities
and the renormalized transition densities. In the ground-band
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FIG. 7. 2 cross sections of the Mg +p and Mg +a reactions calculated by MCC using the renormalized transition densities with the
default, case 1, and case 2 scaling. (a) (p, p’) cross sections at E,, = 24 and 40 MeV and (b) («, ') cross sections at E, = 104 and 120 MeV.
The experimental data of (p, p’) are from Refs. [12,13,60], those of («, «’) are from Refs. [14,60,62].

transitions, 07 — 2{ and 0] — 4;5, the proton and neutron
transition densities are almost the same as each other show-
ing the isoscalar nature of those excitations in the K™ = 0}
ground band. In the 0] — 2 excitation to the K™ = 27 side
band, the neutron transition density is about twice larger than
the proton one showing the neutron dominance, while the
transition densities of 0] — 4, show the isoscalar nature.
In radial behavior of the transition densities to the 2] and
25 states, one can see that the peak position slightly shifts
to the inner region in the 0] — 27 transition compared to the
0F — 2 transition.

B. Mg +p and **Mg +a reactions

Using the AMD densities of *°Mg, we perform the MCC
calculations of p scattering at E,, = 24, 40, 60, and 100 MeV
and « scattering at E, = 104, 120, and 400 MeV. For coupled
channels, we take into account the 07, 21, 27, 4f,, and 4k,
states and A =2 and 4 transitions between them. To see
coupled channel (CC) effects, we also calculate one-step cross
sections with distorted wave Born approximation (DWBA).
The experimental excitation energies of the 0, 21, 25, 47,
and 4/ states are used in the reaction calculations. For the
transitions of 2] — 0f, 4‘g"S — 0, 27 — 0f, and 4%, —
OT, the renormalized transition densities are used as explained
previously. For other transitions, we use theoretical transition
densities without renormalization.

In Fig. 4, we show radial dependences and volume integrals
of the present microscopic potentials for p + Mg and o +
Mg scattering compared with phenomenological optical
potentials for p elastic scattering [57,58] and for « elastic
scattering [59]. For both p + *Mg and o + **Mg scattering,
the present potentials, which are microscopically obtained by
the g-matrix folding approach, show similar behaviors at the
surface region to those of the phenomenological potentials. In

the internal region, some differences between the microscopic
and phenomenological potentials can be seen in the imaginary
part of the p + Mg potential and the real and imaginary parts
of the o 4+ 2®Mg potential, but these differences give minor
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E L7\ ‘\ 02p i
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FIG. 8. Diagonal densities of '°Be. The proton and neutron den-
sities of the (a) 0, and (b) 1} states.
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contributions to elastic cross sections except for backward
angles. A similar trend in the microscopic and phenomenolog-
ical potentials of p scattering was shown for p +4° Ca elastic
scattering in Ref. [36].

The MCC and DWBA results of the 2°Mg + p reaction are
shown in Fig. 5 together with the experimental cross sections
at E, = 24 and 40 MeV, and those of the **Mg -+« reaction are
shown in Fig. 6 with the experimental cross sections at E, =
104 and 120 MeV. As shown in Fig. 5(a), the MCC calculation
reproduces well the p elastic cross sections at E, = 24 and
40 MeV. It should be commented that spin-orbit interaction,
which is omitted in the present reaction calculation, may
smear the deep dip structure of the calculated cross sections.
The calculation also describes the experimental data of «
elastic scattering at £, = 104 and 120 MeV [Fig. 6(a)] except
for backward angles 6 > 40°.

For the ground-band 2;“ state, the MCC calculation suc-
cessfully reproduces the amplitudes and also the diffraction
patterns of the (p, p’) and («, ') cross sections. For the in-
elastic scattering to the side-band 2; state, the calculation rea-
sonably describes the (o, o) data including E, = 104 MeV
scattering data at backward angles. However, it somewhat
underestimates the (p, p’) data. Comparing the DWBA and
MCC results, one can see that CC effects are minor in the 2]“
and 25 cross sections of p scattering and 2} cross sections of
« scattering but give a significant contribution to the 25 cross
sections of low-energy « scattering.

For the 4+ and 47, states, agreements with the experi-
mental (p, p) cross sections are not satisfactory enough to
discuss whether the present assignment of 4™ states is reason-
able [Fig. 5(d) and Fig. 5(e)]. For the («, «’) processes, the
experimental cross sections observed for the 4;” (4.90 MeV)
state are reproduced well by the MCC result, which shows
large suppression by the CC effect because of the E2 coupling
with the ZT state in the same band [Fig. 6(d)]. For the
4;2 cross sections, the MCC calculation obtains almost no
suppression by the CC effect and significantly overestimates
the («, ') data for the 45((5.72 MeV) states. We can state that
p and « inelastic processes to low-lying 4T states are not as
simple as a theoretical description with the 4 and 4, states.
Instead, they may be affected by significant state mixing
and channel coupling, which are beyond the present AMD
calculation. This indication is consistent with the y decay
properties.

Let us discuss isospin properties of the 2| and 27 states
with further detailed analysis of the inelastic cross sections.
As shown previously, the MCC calculation gives good repro-
duction of the 2;“ cross sections in describing the peak and
dip structures of the (p, p’) data at E, = 40 MeV and («, ')
data at E, = 120 MeV [Fig. 5(b) and Fig. 6(b)]. For the 2;
state, it describes the diffraction patterns of the (p, p’) data
but somewhat underestimates absolute amplitudes of the cross
sections.

In order to discuss possible uncertainty in the neutron
strength (or the M, /M, ratio) of the 0] — 27 transition,
we consider here optional choices of the renormalization
of the transition densities by changing the scaling factors
(fys £,1) for this transition from the default values (f}', f,) =
(1.52, 1.09). The values of (f;r, i, My, M,, and M,,/M,, for
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FIG. 9. Transition densities of '°Be. The proton and neutron
transition densities from the O state to the (a) 2/ ,, (b) 05, 27, (c) 17,
and (d) 37 states. The 0 — 2+ transition densities are renormalized
ones.

these two choices are listed in Table IV. In the case 1, we
choose the same scaling for the proton and neutron parts as
(f;, £y =(1.52,1.52). In this case, the neutron transition
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FIG. 10. Radial dependences and volume integrals of the real [V (r)] and imaginary [W ()] parts of the present (pres.) microscopic potential
for p + 1°Be elastic scattering compared with a phenomenological potential of global optical potential [57,58]. (a), (b) p + '°Be potentials at
E = 60 MeV /u. (c) Energy dependence of volume integrals Jyy of the potentials. In (a) and (b), rms radii (Ry and Ry ) of the potentials are

shown in the unit of fm.

density is enhanced by 40% from the default MCC calculation
(the neutron transition strength is enhanced by a factor of
two). The case 2 choice is (f;f, ) = (2.20, 0.83), which
corresponds to an assumption of the isoscalar transition M, =
M, keeping the isoscalar component M, + M, unchanged.
The value M,, = 7.9 ¢ fm? for the case 1 becomes slightly over
the upper limit of the experimental evaluation M, = 5.7(0.6)
and 6.2(0.7) e fm? with and without the charge correction
factor in the mirror analysis. (The value M, =4.3 ¢ fm? for
the case 2 goes slightly under the lower limit.) We keep other
transitions to be the same as the default calculation in both
cases.

In Fig. 7, we show the 23 cross sections obtained by MCC
with the case 1 and case 2 choices. In the case 1 calculation,
one can see that the 40% increase of the neutron transition
density significantly enhances the (p, p’) cross sections and
slightly raises the («, o) cross sections. As a result, the calcu-
lation well reproduces the (p, p’) cross sections, in particular,
at E, = 40 MeV and also obtains a better result for the (e, o”)
cross sections. In the case 2 calculation (isoscalar assump-
tion), the result for (p, p’) cross sections becomes somewhat
worse, and that for («, ') cross sections is unchanged. This
result indicates that the (p, p’) process sensitively probes the
dominant neutron component of the 0 — 27 transition and
the (o, @’) process can probe the isoscalar component as
expected. In the present analysis, the case 1 calculation is fa-
vored to describe the 25 cross sections in both the (p, p') and
(a, @) processes. This analysis supports the case 1 prediction
for the 0] — 2 transition of the neutron transition matrix
M, ~ 8 fm? (the squared ratio | M, /M,|* ~ 7).

C. Transition properties of '’Be

For !°Be, experimental information of B(EX) is limited.
For the transition from the Of state, the available data are the
observed values of B(E2; 2]“ — OT) and its mirror transition,
with which we adjust the scaling factors of the renormaliza-
tion. The transition matrix elements (M, and M,) and the
scaling factors (3 and f3) of 2" — 0} in '’Be are given in
Table IV. Theoretical values before and after the renormal-
ization are shown together with the experimental values used

for fitting. For other transitions, theoretical transition densities
without the renormalization are used for the MCC calculation.

Figure 8 shows calculated diagonal densities of '’Be. Com-
pared to the ground state, the 05 (K™ = 05)and 1; (K™ = 17)
states show longer tails of the proton and neutron diagonal
densities because of the developed cluster structures.

The transition densities of °Be are shown in Fig. 9. Let us
compare 27" transitions from the 0} state to the 2] (K™ = 0)),
27 (K™ =27%), and 2§ (K™ = 07) states. In the ground-band
transition, ();r — 2;’, the neutron transition density is similar
to the proton one because this transition is the isoscalar exci-
tation constructed by the K = 0 rotation of the 2« core part.
In other transitions, the amplitude of the neutron transition
density is more than twice larger than that of the proton one
showing the neutron dominance in the 2; and 2;L excita-
tions. Absolute amplitude of the neutron transition density is
strongest in the ground-band 0] — 27 transition, smaller in
07 — 27, and further smaller in 0] — 27 . One of the striking
features is that, in the side-band transition, 0] — 21, the
proton component is opposite (negative sign) to the neutron
one and gives cancellation effect to the isoscalar component,
while the proton and neutron components are coherent in the
2 and 27 excitations. In the radial behavior of the neutron
transition density, one can see that the 0 — 27 transition
has a peak amplitude slightly shifted inward compared with
07 — 2 but the difference is not so remarkable. On the other
hand, the OT — 2;' transition has amplitude shifted to the
outer region.

In other inelastic transitions to the O; , 17, and 3 states,
the neutron transition density is dominant while the pro-
ton transition density is relatively weak indicating the neu-
tron dominance. It should be commented that the 0] —
0F and 0] — 1; transitions show nodal structures as ex-
pected from the usual behavior of monopole and dipole
transitions.

D. “Be +p and Be +« reactions

Using the AMD densities of '°Be, we perform the MCC
calculations of the 'Be +p and '°Be 4+« reactions. For the
coupled channels, we adopt the 0 ,, 2], 5, 1], and 3] states
with A =0, 1, 2, and 3 transitions between them. The

014607-11



KANADA-EN’YO, SHIKATA, CHIBA, AND OGATA PHYSICAL REVIEW C 102, 014607 (2020)

10t MCC — 10° | 1310 At MCC — | s, \10g ah  MCC — |
. (a) Be(Olg DWBA - (b) "Be(2)  pwpa - 107+ () "Be(22)  pwpa -
10° F 25 MeV/u(x10°) 00— 1 10} B 100 — B 10¢
e . e 0
10* ~TNY ‘
% 107 Z 10!
2 ) )
g Eo E
o
5 g g
5 5100 510!
E 2 60 MeV/u(x102 2
= W X 72}
=~ g0t ¢ A 1 8102
(9] (o]
2
107 ¢ : 3L
10 \\\
-3 10 f 10
/ 1077 p+ "Be 1%t p+ Be \
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
0., (degree) 0, ., (degree) X 0, ., (degree)
‘ ‘ ‘ y : ‘ : ‘ 10 ‘ : : ‘
10y ~+ MCC — 21 105 ot MCC — | 10 MCC —
02 b (D7Be(Z3) pwpa | 107 1(e) "Be(0)  pwpa 0 Be(1)  pwpa
el . 10~ — 10~ 10”7 ¢ 10~
- Ll C ] C
10" VNN
= W MeV/u(x10?) ]
5 10° \//
g
1o
2
2107
2
5107
4 / _
10 F60 Mel\(/)/u(xlo
107 ¢ pt Be
0 20 40
0 m. (degree) 0., (degree) 0., (degree)
s, 10, - " MCC —
107+ (g) Be(3)) DWBA -
10

cross section (mb/sr)
S
[=}

0 20 40 60 80 100
0., (degree)

FIG. 11. (a) Elastic and (b)—(g) inelastic cross sections of the '°Be 4+p and '°C +p reactions for at E = 25, 45, 60, and 100 MeV /u. The
elastic cross sections of the '°Be +p reaction at E = 40 MeV /u are also shown. The MCC and DWBA results of '’Be 4p are shown by red
solid and blue dashed lines, respectively. The MCC results of '°C +p are shown by green long-dashed lines. The experimental '°Be +p elastic
cross sections at £ = 39.1 MeV/u [64] and E = 59.4 MeV /u [63] are shown by red squares in (a). The experimental °C +p cross sections at
E =45 MeV/u [60,65] observed for the 0] and 2 states are shown by blue circles in (a) and (b).
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FIG. 12. Calculated (a) elastic and (b)—(g) inelastic cross sections of '°Be +« at E = 25, 68, and 100 MeV/u. The MCC and DWBA cross

sections are shown by red solid and blue dashed lines, respectively. In (a) and (b), the calculated cross sections of '°C 4+« are shown by green
dashed lines compared with the experimental cross sections at E = 68 MeV /u from Ref. [28].
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reactions are shown by light-green and pink shaded areas, respectively, as references.

experimental excitation energies of '’Be are used. For the
21 — 0f transition, the renormalized transition densities are
used as explained previously. One-step (DWBA) cross sec-
tions are also calculated for comparison. We also calculate the
1°C 4+p and '°C 4+« reactions assuming the mirror symmetry
of diagonal and transition densities between the proton and
neutron parts in the A = 10 systems. Coulomb shifts of exci-
tation energies are omitted.

In Fig. 10, we show radial dependences and volume in-
tegrals of the real and imaginary parts of the present micro-
scopic potential for p + '°Be elastic scattering compared with
a phenomenological potential of the global optical potential
for p elastic scattering [57,58]. The real part of the present
p + '"Be potential, which are obtained by the g-matrix folding
approach with the AMD density, shows a slightly broader
radial dependence than the phenomenological potential. This
trend is consistent with the expectation from the overestima-
tion of the rms proton radius of '°Be in the present structure
calculation.

Figure 11 shows the calculated cross sections of '’Be 4p
at £ = 25, 45, and 60 MeV /u together with those of 0@ +p,
and Fig. 12 shows the results of 10Be 4+« at E = 25, 68,
and 100 MeV/u. In Figs. 11(a) and 11(b), the results are
compared with the experimental '"Be +p data of the elastic
cross sections at E = 39.1 MeV/u [64] and E = 59.4 MeV /u

[63] and the '°C +p data of the elastic and 2| cross sec-
tions at E = 45 MeV/u [65], which have been observed by
the inverse kinematics experiments. The MCC calculations
reasonably reproduce those data. It should be noted again
that the dip structure of elastic scattering can be smeared by
the spin-orbit interaction omitted in the present calculation.
As mentioned previously, the present structure calculation
overestimates the rms proton radius of the ground state of
10Be. This overestimation may somewhat shift peak and dip
positions of the elastic cross sections to forward angles, but
the observed data are not enough to discuss details of structure
properties, i.e., the proton and neutron density distributions. In
Figs. 12(a) and 12(b), we also show the result of the '°C 4+«
reaction compared with the '°C 4o data at E = 68 MeV /u,
which have been recently measured by the inverse kinematics
experiment [28]. The observed data of the elastic and 2? Cross
sections tend to be smaller than the present result. Comparing
the MCC and DWBA results, one can see that CC effects
are not minor except for the 2 and 3| cross sections of
10Be +p and the 2] cross sections of 19Be 4. At low incident
energies, remarkable CC effects can be seen in the O; Cross
sections of 'Be +p and the 27, 2§, and 05 cross sections
of 1°Be +«. The CC effects enhance the 21 cross sections
and suppress the 05 and 2 cross sections. At higher incident
energies, the CC effects become weaker but they remain to
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be significant at forward angles even at £ = 60 MeV/u of
OBe +p and E = 100 MeV /u of 1°Be +a.

Let us compare 'Be +p and '°C +p cross sections. If a
transition has the isoscalar character, the difference between
UBe +p and '°C+p cross sections should be small. On
the other hand, in the neutron dominant case, it is naively
expected that '°Be +p cross sections are enhanced and '°C +p
cross sections are relatively suppressed because the p scat-
tering sensitively probes the neutron component rather than
the proton component. In Fig. 11, the '°C +p cross sections
(green dashed lines) are compared with the '°Be +p cross
sections (red solid lines). As expected, the difference is small
in the 2]“ cross sections, because of the isoscalar nature of
the ground-band transition. On the other hand, for the 2; N
and 3] states, the 'C +p cross sections are remarkably sup-
pressed compared with the '°Be +p cross sections because of
the neutron dominant characters of these transitions in '°Be
(the proton dominance in '°C).

For quantitative discussions, we compare the inte-
grated cross sections of the inelastic scattering of the
Be +p, 1°C +p and '"Be 4+« reactions. Figure 13 shows
the MCC results of the cross sections at £ = 25, 60, and
100 MeV/u. For the 2] cross sections, one can see only
a small difference between '°Be +p and '°C +p. This is a
typical example of the isoscalar excitation and can be re-
garded as reference data to be compared with other exci-
tations. For the side-band 2; state, the difference between
"Be 4+p and '°C +p is huge as one order of the magnitude
of the cross sections because of the cancellation between
proton and neutron components in the '°C +p reaction. As
shown in the transition densities [Fig. 9(a)] and the matrix
elements (Table IIT) of '“Be, the proton component of the
25 transition in '°Be is weak but opposite sign to the neu-
tron one, and it gives the strong cancellation in the mir-
ror transitions probed by the '°C +p reaction. It also gives
some cancellation in the isoscalar component probed by the
19Be 4+« reaction, but the cancellation is tiny in the '°Be +p
reaction. The difference of the production rates between the
¥Be +p and '°C +p reactions is also large in the 3] cross
section as expected from its remarkable neutron dominance
(the ratio M,,/M, = 6.4). Namely, the 3] cross sections in
the '°Be +p reaction are largely enhanced compared to the
10C 4 p reaction. Similarly, the enhancement of the '°Be +p
cross sections is also obtained for the 05 and 2; states in
the K™ = O;“ cluster band, but it is not so remarkable as
the 3 state (M, /M, = 6.4) because of their weaker neutron
dominance (M,,/M, =1.89 of 0} — 0 and M,/M, =2.5
of 0F — 27). It is rather striking that, the difference in the
17 production rates between 'Be 4+p and '°C +p is unex-
pectedly large even though the neutron dominance of the
17 state is weaker as M,/M, = 1.46 than the 2 and 03
states. This is understood by the difference in radial behaviors
of the proton and neutron transition densities. As shown in
Fig. 9(c) for the Of — 1 transition densities, the neutron
amplitude is dominant in the outer region and enhances the
UBe 4 p cross sections. Moreover, at the surface region of
r = 2-3 fm, the proton transition density is opposite to the
neutron one and gives the cancellation effect in the '°C +p
reaction.
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FIG. 14. The 0F, 17, and 2f cross sections of the
UBe+p, °C+p, and '"Be+a reactions obtained by the

MCC calculations. (a)!°Be+p at E =60 MeV/u, (b)'°C+p
at E = 60 MeV/u, and (c)'’Be +« at E = 68 MeV /u. The 05, 17,
and 2 cross sections and their incoherent sum are shown by
magenta dot-dashed, blue dashed, green long-dashed, and red solid
lines.

In the experimental side, the (p, p’) and (@, ') cross
sections off '"Be and '°C have been measured only for the 2}
state. Indeed, according to the present calculation, the 2? state
is strongly populated in p and « inelastic scattering processes,
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but other states are relatively weak as more than one order
smaller cross sections than the ZT state. Below, we discuss
sensitivity of the °Be +p, °Be +«, and '°C 4-p reactions to
observe higher excited states above the 2 state.

First, we examine the integrated cross sections and discuss
the production rates of excited states and their projectile and
energy dependencies. In Figs. 13(b)-13(f), 7%—-10% of the
2 cross sections of the UBe +p and '°Be 4+« reactions are
shown by light-green and pink shaded areas, respectively.
We consider these areas as references of one-order smaller
magnitude of the ZT cross sections for comparison. For the
side-band 2; transition [Fig. 13(b)], the 10Be —+p cross sec-
tions (blue dashed line) exceed the 7%—10% area (light-green)
indicating that the '°Be +p reaction can be an efficient tool
to observe the neutron dominance of the 2 excitation. Also
the '"Be +« cross sections (red solid lines) reach 10% of
the 2} cross sections at E = 25 MeV /u but decrease at high
energies. For the 3] transitions [Fig. 13(f)], the '"Be +p
cross sections (blue dashed line) are within the 7%-10%
area (light-green), and the '“Be 4+« cross sections are ap-
proximately 5% of the 2] cross sections. For other states,
the population is much weaker as 1%-2% of the 2| state
or less.

Next, we compare the 0, 2; , and 17 cross sections of
each reaction. Since these three states almost degenerate
around E, ~ 6 MeV in the experimental energy spectra, it
may be difficult to resolve observed cross sections to indi-
vidual states. In Figs. 14(a), 14(b) and 14(c), the calculated
cross sections of '°Be +p at E = 60 MeV/u, °C+patE =
60 MeV/u, and '°Be +o at E = 68MeV /u are shown, re-
spectively. The cross sections of each state and the incoherent
sum of three states are plotted. In the '°Be +p reaction, the 2;
cross sections dominate the summed cross sections while the
0F and 1 contributions are minor. In the '°C +p reaction,
where the 2;” cross sections are strongly suppressed, the
magnitude of the 0 cross sections is comparable to that of
2; in the 0. . = 20-40° range, and the 1] state gives major
contribution at 6. ,, & 50° and smears the second dip of the 2;
cross sections in the summed cross sections. In the '°Be +a
reaction at forward angles, the 0; and 17 contributions are
minor compared to the dominant 2; contribution. It seems to
contradict the usual expectation that forward angle o scatter-
ing can be generally useful to observe monopole transitions.
But it is not the case in the '°Be +a reaction because the 03
cross sections at forward angles are strongly suppressed by
the CC effect. Alternatively, detailed analysis of '°C +p cross
sections in a wide range of scattering angles may be promising
to observe the 0] and 1; states.

It should be commented that the predicted cross sec-
tions still contain structure model ambiguity, in particular,
for the cluster bands. Basis configurations adopted in the
present AMD calculation are not enough to describe details
of the intercluster motion, which may somewhat enhance the
monopole transition strengths.

V. SUMMARY

Isospin characters of nuclear excitations in Mg and
"Be were investigated with the MCC calculations of p
and o inelastic scattering. The structure calculations of
Mg and '"Be were done by antisymmetrized molecular
dynamics (AMD). In the AMD calculations, the K™ = 0"
ground and K™ = 2% side bands were obtained in Mg
and '“Be. In both systems, the ground-band 2] (K™ = 0/)
state and the side-band 22+ (K™ = 27%) state have quite dif-
ferent isospin characters. The former has the isoscalar fea-
ture and the latter shows the neutron dominance character.
This can be a general feature in N = Z + 2 system having
a prolately deformed N = Z core surrounded by valence
neutrons.

The MCC calculations of p and « inelastic scattering off
2Mg and '°Be were performed with the Melbourne g-matrix
folding approach by using the matter and transition densities
of the target nuclei calculated with AMD. The calculations
reasonably reproduced the observed 07, 2], and 25 cross
sections of “°Mg +p scattering at E, = 24 and 40 MeV and
of Mg+« scattering at E, = 104 and 120 MeV. It was
shown that the Mg +p scattering is a sensitive probe to the
neutron component of the 0] — 27 transition. In the present
analysis, the neutron transition matrix element M, ~ 8 fm?
(the squared ratio [M,,/M,|* ~ 7) of the 0] — 2 transitions
in 2°Myg is favored to reproduce the Mg +p and 2*Mg +«
cross sections consistently.

For '“Be +p and 0Be +¢o scattering, inelastic cross sec-
tions to the excited states in the K™ = OT ground, K™ =
2% side, K* = O;r cluster, and K™ = 1~ cluster bands were
discussed. In a comparison of the Be+p, '°C+p, and
10Be +-¢ reactions, the isospin characters of transitions in
inelastic scattering processes were investigated. Also in '°Be,
the p inelastic scattering was found to be a sensitive probe
to the neutron dominance in the 25 excitation. The sig-
nificant suppression of the 2 cross sections of '°C+p
was obtained because of the cancellation of the proton
and neutron components in the transition. The present pre-
diction of the inelastic scattering off '°Be may be useful
for the feasibility test of future experiments in the inverse
kinematics.
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