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The « inelastic scattering on '°0 is investigated with the coupled-channels calculation using the a-nucleus
coupled-channels potentials, which are microscopically derived by folding the the Melbourne g-matrix NN
interaction with the '°0 and « densities. The matter and transition densities of '°O are calculated by a microscopic
structure model of the variation after the spin-parity projections combined with the generator coordinate method
of '2C + « in the framework of the antisymmetrized molecular dynamics. The calculation reproduces the
observed elastic and inelastic cross sections at incident energies of E, = 104, 130, 146, and 386 MeV. The
coupled-channels effect on the cross sections is also discussed.
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I. INTRODUCTION

The « scattering has been used for the study of isoscalar
(IS) monopole and dipole excitations in nuclei. The inelas-
tic cross sections have been analyzed by reaction model
calculations to determine the strength functions in a wide
range of excitation energy covering the giant resonances [1].
The « scattering is also a good tool to probe cluster states
because these have generally strong IS monopole and dipole
transition strengths and can be populated by the «-scattering
reaction [2—-4]. Indeed, the (&, @) reaction experiments have
been intensively performed to investigate cluster structures of
excited states in light nuclei such as '2C and '°O recently.

For the study of cluster structures in '>C, the *C(a, o)
reaction has been investigated with reaction models [5-12],
but many of the reaction calculations encountered the over-
shooting problem of the 0 cross sections. Also for sd-shell
nuclei such as '°0, a-scattering experiments have reported
the similar overshooting problem of the 0T cross sections in
the reaction model analysis [12]. Recently, Minomo and one
of the authors (K.O.) have carried out microscopic coupled-
channels calculation and succeeded in reproducing the 07
cross sections of the '>C(a, ') reaction with no adjustable
parameter [13]. In the study, e-nucleus coupled-channel (CC)
potentials are constructed by folding the Melbourne g-matrix
effective NN interaction [14] by a phenomenological matter
density of o and the matter and transition densities of '2C
obtained with the resonating group method [15]. In our pre-
vious paper [16], we have applied the g-matrix folding model
to the same reaction and reproduced the cross sections of the
035, 17, 2,. and 3] states of 12C with the transition density
obtained by the antisymmetrized molecular dynamics (AMD)
[17-21], which is a microscopic structure model beyond the
cluster models. These works indicate that, if reliable transition
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densities are available from structure model calculations, then
the approach of the g-matrix folding model can be a useful
tool to investigate cluster states by the («, ') reaction.

In the structure studies of '°0, a variety of cluster structures
such as the 4a-tetrahedral, '2C + «, and a 4a-cluster gas state
have been suggested by the cluster models [3,22-38]. Re-
cently, the experimental studies of '°0 have been performed
by the 16O(oe, a’) reaction [12,39]. In Ref. [39], the Oj( state at
13.6 MeV has been discussed in relation with the 4c-gas state
with the reaction model analysis using phenomenological CC
potentials. In the study, the w«-scattering cross sections are
naively assumed to scale the IS monopole strengths.

However, no microscopic CC calculation of the 150 (a, )
reaction was performed so far, mainly because of the theo-
retical difficulty of microscopic structure models in the de-
scription of ®O. For instance, a well-known problem is that
microscopic cluster models largely overshoot the excitation
energy of the K™ = 07 band. Recently, one of the authors
(Y.K-E.) investigated the cluster structures of '°0O [40-42]
with the AMD. She has performed the variation after spin-
parity projections (VAP) combined with the generator coor-
dinate method (GCM) of the 'C + « cluster in the AMD
framework, which we called the VAP + GCM. The VAP +
GCM calculation qualitatively described the energy spectra
of 1°0 and obtained the 0F, 2f, 4f, 15, and 3; states in the
12C 4 « bands and the 3] and 47 states in the 4c-tetrahedral
ground band. Moreover, it predicts the 4«-gas state as the 0;F
state near the 4« threshold energy.

In this paper, we apply the g-matrix folding model to the
150 (@, &') reaction using the matter and transition densities
calculated with the VAP 4+ GCM in a similar way to in our
previous work on the '>C(a, ) reaction [16]. The present
work is the first microscopic CC calculation of the 1°0(a, o)
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reaction that is based on the microscopic a-nucleus CC po-
tentials derived with the g-matrix folding model. The calcu-
lated cross sections are compared with the observed data at
incident energies of E, = 104, 130, 146, and 386 (400) MeV
[12,39,43-45]. The IS monopole and dipole transitions to
the 0;',3’ 45 and 1 states are focused. We try to answer the
following questions. Can the microscopic reaction calculation
describe the «-scattering cross sections? Does the overshoot-
ing problem of the monopole strength exist? Is the scaling
law of the «-scattering cross sections and the IS monopole
transition strength satisfied?

The paper is organized as follows. Section II describes
the structure calculation of 'O with the VAP + GCM, and
Sec. III discusses the '°O(a, o’) scattering investigated with
the microscopic CC calculation. Finally, a summary is given
in Sec. IV.

II. STRUCTURE CALCULATION
OF 0 WITH VAP + GCM

A. Wave functions of '°O

The wave functions of '°0 are those obtained by the VAP
[19] combined with the '>C + o GCM in the AMD frame-
work, which we called the VAP + GCM [41]. As shown in
Ref. [42], the VAP + GCM calculation reasonably reproduces
the energy spectra and transition strengths of '°0 and obtains
various cluster structures such as the 4« and '>C + « cluster
structures. For the details of the formulation of the structure
calculation and the resulting structures and band assignments
in '°0, the reader is referred to Refs. [40—42]. Using the
VAP + GCM wave functions, the transition strengths, matter
and transition densities, and form factors are calculated. The
definitions of these quantities are given in Refs. [16,42].

B. Excitation energies and radii

The excitation energies and radii of 'O from the VAP +
GCM calculation and the experimental data are listed in
Table I. We assign the fourth 0F(05%,), the third 0% (0;})), the
third 2*(2;};), and the second 27" (2;}) states in the theoretical
spectra to the experimental levels of the O; (12.05 MeV),
05 (13.6 MeV), 25(9.85 MeV), and 27 (11.52 MeV) states,
respectively, because the VAP 4+ GCM calculation gives in-
correct ordering of the K™ = 0 and 0] bands; for a detailed
discussion, see Ref. [40]. The nuclear sizes of the 3] and
17 states are comparable to the ground state and relatively
smaller than those of other excited states because the 3] is
the 4a-tetrahedral state in the ground band and the 1 is
the vibration mode on the tetrahedral ground band. The 4;
state is also regarded as the 4«-tetrahedral band but its size
is slightly larger than those of the other two in the ground
band because of the mixing with the 4;” state in the '>C + «
cluster band. Other states are developed cluster states and have
relatively larger radii than those of the ground-band states.
The density distribution of the 0t273’4’5, 175, 2{2’3, 31,,and
4?2 states obtained by the VAP 4+ GCM is shown in Fig. 1.

The 023’4,5, 15, 2?2‘3, 3,., and 4] states tend to have the

TABLE I. Excitation energies E, (MeV) and rms matter radii
R (fm) of '°0 calculated with the VAP+GCM. The experimental
values of the excitation energies from Ref. [46] are also shown.
The experimental data R = 2.55 fm of the rms radius of the ground
state is deduced from the experimental charge radius measured by
the electron scattering [47]. We assign the fourth 0F, third 0T,
third 2%, and the second 2" states obtained by the VAP+GCM
to the experimental 05, 0F, 23, and 2} states, which we label as
03 1v» Of 23 1y and 2, respectively.

Expt. VAP+GCM
E, (MeV) E, (MeV) R (fm)
of 0 0.0 2.73
0 6.0494 9.7 3.29
0fy 12.049 153 3.53
(g 13.6 13.6 3.64
0f 14.01 18.3 3.53
2f 6.917 10.8 3.27
250 9.846 14.7 3.37
270 11.52 14.0 3.51
2F 13.04 16.1 3.55
24 14.926 16.9 3.26
2¢ 15.26 18.9 3.56
24 16.44 20.3 3.86
28 16.93 20.6 3.38
4 10.356 13.7 3.34
4r 11.097 14.5 3.18
4% 13.869 16.6 3.63
17 7.1169 9.4 2.87
17 9.585 12.1 3.58
37 6.1299 7.6 2.78
37 11.600 13.4 3.65

slightly enhanced surface density in the range of r = 4-5 fm
because of the developed cluster structures.

C. Transition strengths, transition densities,
and charge form factors of '°0

In Table II, the transition strengths, B(EX), of '°0 calcu-
lated with the VAP 4+ GCM are shown compared with the
experimental data. For the IS dipole transition strengths of
the 1= — O transitions, the values of B(IS1)/4 are shown.
The energy levels and the major E2 transitions are shown
in Fig. 2. In the figure, the energy levels are connected
by (green) dashed and (red) solid lines for the case of re-
markable E2 transitions of 50 < B(E2) < 100 ¢? fm* and
B(E2) > 100 ¢* fm*, respectively. Rather strong E2 transi-
tions are found for developed cluster states. Some of those
remarkable A = 2 transitions give significant CC effects to the
a-scattering cross sections as discussed later. The K™ = 05
band of the '2C 4 « cluster is composed of the 05, 2], and
47 states, and its parity partner K™ = 0~ band is constructed
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FIG. 1. Proton density p,(r) = p(r)/2 of the 0f, ; , 5. 175, 21, 5. 31,. and 4, states of '°O calculated with the VAP + GCM.

by the 1, and 3; states. The 4a-gas state is obtained as the O;r
state.

To reduce ambiguity from the structure model calculation
in application of the theoretical transition density to the reac-
tion calculation, we scale the calculated result as p™(r) —
fup™(r) to fit the observed Bexp(EA). The scaling factor
fi = /Bexp(EX)/Bea(EL) introduced here is defined by the
square root of the ratio of the experimental B(E A) value to the
theoretical one. The adopted value of f;; for each transition is
shown in Table II. For the transitions for which experimental
data of B(EA) do not exist, we take fi; =1 and use the
original transition density. For the 1,7 — OT transition, B(IS1)
is unknown, but the charge form factors are available from
the (e, ¢’) reaction data. For this transition, we use fi; = 1
in the default CC calculation, and also test a modified value
foe = 1.3 of the OT — 1 transition density, which consis-
tently reproduces the charge form factors and «-scattering

cross sections. Figure 3 shows the scaled transition density
Fup®@(r) for transitions from the ground state.

We show in Fig. 4 the charge form factors of 'O calculated
with the VAP 4+ GCM and the experimental data measured
by the electron scattering [48]. The calculated form factors
are scaled by multiplying f2 consistently with the scaled
transition density. The experimental data are reasonably re-
produced by the scaled form factors of the VAP + GCM.
In the E2 form factors of the 27 states [Fig. 4(d)], a clear
difference can be seen in the 0f — 27 from the other E2
transitions of 0] — 2t3 because the corresponding transition
density of 0;’ — 2;” shows the different behavior that it is
the compact spatial distribution with no nodal structure [see
Fig. 3(b)]. In the EO form factors of 0T states, the 0] — 05
transition has the dip at the smallest momentum transfer (¢°)
corresponding to the broadest distribution of the transition
density.
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TABLE II. The transition strengths B(EX) of '°O calculated
with the VAP+GCM and the experimental data from Refs. [46,48].
For the IS dipole transition strengths of the 1= — 0" transi-
tions, the values of B(IS1)/4 are shown. The scaling factor f, =
Bexp(EAL)/Bea(EL) determined by the ratio of the experimental
value Bey,(EX) to the calculated value B, (EA) for each transition
is also shown. For the transitions with no experimental data of
B(EX), fy =1 is used. The units are e? fm* for B(EA) (A £ 0),
e* fm* for B(E0), and fm® for B(IS1).

Expt. (e, ') [48] VAP+GCM
B(E) [46] B(EX) Sue
E2: 2?’ — OT 7.42 (0.24) 7.79 3.05 1.56
E2:2f > 0f 657 140 0.68
E2: 2;“ — 0;“ 0.07 (0.01) 0.05 0.29 0.51
E2: 2; — 0; 2.87 (0.72) 0.02 12
E2: 2; — OT 3.59 (1.20) 3.40 2.39 1.23
E2: 2; — 0; 7.42 (1.20) 437 041
E2:47 —>2F 156 (14) 1
E2:4f - 2F  239(0.72) 1
E2:1;7 =37 50(12) 337 122
E2:1; — 37 1.0 1
E0:0F — 0F 12.6 11.8 120 1.03
EO: 0; — OT 16.2 14.2 16.7 0.99
E0: 0 — 0} 10.7 1
EO: O;r — OT 10.9 9.0 1.10
E3:3] — OT 205 (11) 207 0.99
E3:37 - 0F 1
E3:3; - 0F 1
E3:3; - 0F 1
E4:4] — OT 378 (133) 420 345 1.10
E4:47 - 0 1
E4:4; — 0F 372 71 2.30
E4:4; — 0F 1
IS1:1; — OF 138 1(1.3)P
IS1:17 — 0F 74 I
IS1:1; — 0} 02 1
IS1:1; — 0f 745 1

*The calculated B(E2 : 2 — 07F) is too small and therefore is not
adjusted to the experimental value but f, = 1 is used.

PFor the scaling factor of the 1,7 — 0 transition, we use f, = 1
in the default CC calculation and use the modified value fi; = 1.3,
which are phenomenologically adjusted so as to reproduce the charge
form factors and «-scattering cross sections.

III. « SCATTERING

A. Coupled-channels calculation

Using the matter and transition densities calculated with
the VAP 4+ GCM as the input from the structure calculation,
we perform the CC calculation of 16O(o:, a’) with the g-matrix
folding model in the same way as in our previous work
[16]. The a-'0 CC potentials are constructed by folding the

| 50<B(E2)<100 ---- |
4ogas  , 100<B(E2) —
20 | +parity 2 ]
+ v,/ & _ : O
18 | 05 parity
S 16t -
s
~ 14 L i
e
m
12 + 1
10 0 1
2 20+ (K™=07)
81 1 O |
C+a(K™=0")
6 | | |
0 5 10 15 20
JJ+1)

FIG. 2. The energy levels adopted in the CC calculation and the
E?2 transitions. The positive-parity states (0", 2+, and 4¥) are shown
by open triangles and the negative-parity states (1~ and 37) are
shown by open squares. The energy levels are connected by (green)
dashed and (red) solid lines in the cases of 50 < B(E2) < 100 ¢? fm*
and B(E2) > 100 ¢ fm*, respectively.

Melbourne g-matrix NN interaction [14] with the densities
of & and '°0 in the approximation of an extended version of
the nucleon-nucleus folding model [49]. For the « density, we
adopt the one-range Gaussian distribution given in Ref. [50].
In the default CC calculation of the cross sec-
tions of the 0%, 17, 2%, and 3~ states, we adopt the
0?273’4,5, 2?“,2,“, 17,, and 37, states with the A < 3 transi-
tions in the target '°0 nucleus. The scaled transition density
fip™(r) is used. For the excitation energies of '°0, we use
the experimental values listed in Table I. In the calculation
of the 4 cross sections, we adopt 07, 5 ,. 2i2’3’4’5’6.7’8, and
4;’,2,3 states with the A = 0, 2,4 transitions. For the cross
sections to the Ogr state, we also perform the CC calculation

transitions to take into account the strong E2 transition be-
tween the 0 and 27 states and compare the result with the
default CC calculation.

B. a-scattering cross sections

The «-scattering cross sections at the incident energies of
E, = 104, 130, 146, and 386 MeV are shown in Figs. 5-7,
respectively. The cross sections calculated by the Distorted
Wave Born Approximation (DWBA) are also shown for com-
parison.

The elastic cross sections are well reproduced by the
present calculation except at large scattering angles for E, =
104-146 MeV. For the A =2 and A = 3 transitions to the
21+, 2;, and 3] states, the calculated cross sections are in
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FIG. 3. Transition density for the transitions from the ground state in '°O calculated with the VAP 4+ GCM. The scaled transition density

fup™(r) divided by J; = \/2J; + 1 is shown.

good agreement with the experimental data. These states are
strongly populated in the direct transitions, and the cross
sections are dominantly described by the DWBA calculation.
For these states, the CC effect is minor, in particular, at
E, = 386 MeV, but not negligible in the cross sections at the
relatively low incident energies of E, = 104—146 MeV. For
the 2;, the calculation reproduces the absolute amplitude of
the cross sections at forward angles but does not satisfactorily
describe the diffraction pattern of the observed data. For
the 4]L state, the present calculation predicts a very weak
population and much underestimates the experimental cross
sections.

For the IS dipole excitation to the 1] state, the experi-
mental cross sections are somewhat underestimated by the
default CC calculation (solid lines of Fig. 7) with the original
17 — 0] transition density, but successfully reproduced by
the calculation with the modified 0] — 17 transition den-
sity scaled by the factor of f; = 1.3, which reproduces the
charge form factors of this transition. In comparison with the

DWBA calculation, one can see the significant CC effect in
the 17 cross sections. Namely, the absolute amplitude of the
cross sections is drastically reduced and the dip positions are
slightly shifted to forward angles. This CC effect, which is
mainly through the 3| state, is essential to reproduce the first
dip position of the experimental cross sections at E, = 104
and 130 MeV.

For the monopole excitations, the calculated 0;’ and Oj(
cross sections are in good agreement with the observed
data. The present CC calculation describes well not only
the diffraction pattern but also the absolute amplitude in the
wide range of the incident energies of E, = 104-386 MeV,
and there is no overshooting problem of the 0% cross
sections.

In comparison with the DWBA calculation, one can see
how the CC effect contributes to the monopole transitions
in the « scattering. In the 05 and 0] cross sections, the CC
effect is not so large but not negligible, in particular, at the
low incident energies, E, = 104-146 MeV. By contrast, the
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FIG. 4. Squared charge form factors of '°O. The theoretical values obtained with the VAP + GCM are scaled by f2 consistently with the
scaled transition density. For the 1; — 0} transition, the squared form factors scaled by the modified value f? = 1.3? of the scaling factor are

also shown. The experimental data are from Ref. [48].

CC effect gives the drastic change of the 0; cross sections
mainly because of the strong in-band E?2 transition with the
2, state in the '*C + a-cluster band built on the 05 state.
At E, = 104-146 MeV, the peak amplitude of the 05 cross
sections is largely reduced by about a factor of three from
the result of the DWBA calculation. Even at E, = 386 MeV,
the peak amplitude of the CC result is smaller by a factor of
two than of DWBA. Also for the O;“ cross sections, the CC
effect is found to be of importance, because of the strong E2

transitions between the O; and 2; states with the developed
cluster structure. Although the CC effect seems to be not
so strong in the default CC calculation without the coupling
with the higher 27 states [the (red) solid lines in Fig. 5], the
drastic CC effect of the significant reduction of the OgL Cross
sections at the low incident energies of E, = 104—146 MeV
(the (blue) long-dashed lines in Fig. 5). The CC effect in the
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FIG. 5. a-Scattering cross sections on '°0 at E, = 104 MeV (x 10%), 130 MeV (x10?), 146 MeV, and 386 MeV (x 10~2). The differential
cross sections of the Otz,.%, 4,5 obtained by the CC and DWBA calculations are shown by (red) solid and (green) dashed lines, respectively. For
the 07, the cross sections obtained by the CC calculation using the 01*.2_3’ 45 and 21+.2,...,8 states are also shown by (blue) long-dashed lines. The
experimental data at E, = 104 MeV [43], 130 MeV [12], 146 MeV [44], and 400 MeV [39] are shown by filled circles, open circles, open
triangles, and filled squares, respectively. For the 0F cross sections, the data at E, = 104 MeV from Ref. [45] and those at E, = 386 MeV
from Ref. [12] are also shown by open squares and open circles, respectively.

OgL cross sections becomes weak at the relatively high incident
energy of E, = 386 MeV.

In the experimental studies of the monopole transitions,
the «-scattering cross sections have been used to deduce the
monopole strengths based on the reaction model analysis
mainly with the DWBA calculation by naively expecting the
scaling law of the «-scattering cross sections and the electric
monopole transition strength, B(EQ). However, the present
analysis of the o scattering indicates that the scaling law is
not necessarily valid for the cluster states. First, the amplitude
of the O cross sections can be significantly affected by the CC
effect mainly through the strong A = 2 transitions between
the developed cluster states. Second, the scaling law is not
satisfied even in the one-step process of the DWBA cross
sections because of the difference in the matter and transition
densities between excited 0T states. These results indicate
that, for study of the monopole transitions by means of the
(o, @) reaction, it is necessary to analyze the «-scattering

cross sections with microscopic reaction models considering
such the CC effect and density profiles. Nevertheless, we
should remark that 0" cluster states with significant monopole
strengths are strongly populated by the (¢, @) reaction, mean-
ing that it is still a good probe for the cluster states and can be
useful for qualitative discussion even though the scaling law
is not quantitatively valid.

IV. SUMMARY

The a-inelastic-scattering cross sections on '°0 was in-
vestigated by the folding model with the Melbourne g-matrix
NN interaction. This is the first microscopic CC calculation
of the '°O(«, o’) reaction that is based on the a-nucleus CC
potentials microscopically derived with the g-matrix NN in-
teractions and the matter and transition densities of the target
190 nucleus calculated with the microscopic structure model.
As for the structure model, we employed the VAP + GCM
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FIG. 6. a-Scattering cross sections on '°0 at E, = 104 MeV (x10%), 130 MeV (x 10?), 146 MeV, and 386 MeV (x 10~2). The differential
cross sections of the er,z,a, 4 and 41f2 obtained by the CC and DWBA calculations are shown by (red) solid and (green) dashed lines. In the CC
calculation for the 4, cross sections, the 0}, 5 ,, 2, ¢, and 47, ; states are used. The experimental data at 130 MeV [12], 146 MeV [44],
and 386 MeV [12] are shown by open circles, open triangles, and dpen circles, respectively.

in the framework of the AMD, which is the microscopic
approach beyond the cluster models. In the application to
the reaction calculation, the calculated transition density is
scaled to fit the experimental transition strengths to reduce the
ambiguity of the structure model.

The calculation reproduces well the observed cross sec-
tions of the 035 4, 2, 17, and 37 states as well as the elastic
cross sections at incident energies of E, = 104, 130, 146, and
386 MeV. In the 0" cross sections, there is no overshooting
problem. In comparison with the DWBA calculation, the
significant CC effect was found in the 0], 07, and 1 cross
sections because of the strong A = 2 coupling between excited
states that have developed cluster structures. We clarified that
the scaling law of the a-scattering cross sections and B(EQ)
is not necessarily satisfied for the cluster states because of the
significant CC effect through the strong A = 2 transitions be-
tween the developed cluster states. Nevertheless, it should be
remarked that the (o, @’) reaction can be used for qualitative
discussion on the cluster states because 0" cluster states with

significant monopole strengths are strongly populated by the
(ar, &) reaction.

It is suggested that the microscopic reaction calculation is
needed in the quantitative analysis of the «-scattering cross
sections. The present g-matrix folding model was proved to
be applicable to describe the a-scattering cross sections. This
approach is a promising tool to extract information on cluster
structures of excited states in other nuclei by the (&, ')
reaction.

ACKNOWLEDGMENTS

The computational calculations of this work were per-
formed by using the supercomputer in the Yukawa Institute
for theoretical physics, Kyoto University. This work was
supported in part by Grants-in-Aid of the Japan Society for
the Promotion of Science (Grants No. JP18K03617 and No.
JP16K05352) and by the grant for the RCNP joint research
project.

064608-8



FIRST MICROSCOPIC COUPLED-CHANNELS ...

PHYSICAL REVIEW C 99, 064608 (2019)

100 F - ‘ ‘ ] 10° - cC — ] 10 F -
3 3,5 DWBA --- 11
10* 7 10* j
0 0 0
E 0%/ E10% t =
=] =1 =
BS S S
3 3 3
2100 f 210° t -
Q Q Q
102 | 102 |
cC — >. 386 Me_\zl
. | DWBA - (x10°) 4l y
10 : : : 10 : : :
0 10 20 30 40 0 10 20 30 40
0 (degree) 0 (degree) 0 (degree)
106 [ 1_ éc I
2 DWBA -

cross section (mb/sr)

0 10 20 30 40
0 (degree)

FIG. 7. a-Scattering cross sections on '°0 at E, = 104 MeV (x10*), 130 MeV (x 10?), 146 MeV, and 386 MeV (x 10~2). The differential
cross sections of the 37, and 1}, obtained by the default CC and DWBA calculations are shown by (red) solid and (green) dashed lines. The
experimental data at 104 MeV [45], 130 MeV [12], 146 MeV [44], and 386 MeV [12] are shown by open squares, open circles, open triangles,
and open circles, respectively. For the 17 states, the result calculated with the modified value f;, = 1.3 of the scaling factor for the 07 — 17

transition density are also shown by (magenta) dotted lines.
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