ISSN 1063-7788. Physics of Atomic Nuclei. 2022, Vol. 85. No, 6. pp. 785 801. © Pleiades Publishing, Lid,, 2022,

NUCLEI

Experiment

Investigation of Excited States of the *C Nucleus
in Alpha-Particle Scattering

S. A. Goncharov", A.S. Demyanova®®, A.N. Danilov?, V.. Starastsin®3),

T. L. Belyaeva®), W. Trzaska®, N. Burtebayev®”), M. Nasurlla® 7, and Yu. B. Gurov®®

Received Seplember 13, 2022; revised Seplember 13, 2022; accepled Seplember 15, 2022

Abstract—A theoretical analysis of available experimental data on elastic and inelastic a+!3C scattering
in the energy region extending up to 90 MeV is performed. The parameters of a semimicroscopic potential
are found on the basis of the dispersive optical model. The potentials found in this way are used in analyzing,
by the distorted-wave Born approximation, data that the authors recently measured for inelastic scattering
at energies of 65 and 90 MeV. Experimental data for the states at 3.68 and 7.55 MeV are presented for the
first time. These states are considered under the assumption that, within the standard rotational model,
they are members of the ground-state rotational band. A satisfactory description of angular distributions
is obtained, and deformation lengths are determined. A model phenomenological form factor is used for
the remaining excitations in the energy range extending up to 11 MeV. The present analysis confirms the
presence of a neutron halo in the 3.09-MeV state. A similarity of form of the inelastic form factors obtained
for the 8.86-, 10.996-, and 11.08 MeV states and the proximity of their radii gives grounds to assume that
the 13C nucleus in these three states has an enhanced size and similar structures. A comparison of the
radial dependences of the form factors for the 9.90- and 8.86-MeV states shows that the wave function
for the 9.90-MeV state has a substantially smaller spatial extension. These results agree with the values

obtained for the radii of the states under discussion on the basis of the modified diifraction model.
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1. INTRODUCTION

The 3C nucleus is a good example of a “nor-
mal” nucleus that is well described by the shell
model. Negative-parity states are determined by
various configurations of nine nucleons in the p shell.
Positive-parity states with a nucleon in the sd shell
are well described by its coupling to the ground
state and the first excited state of the 12C nucleus.
Some alpha-cluster states appear at higher excitation
energies in the region of respective thresholds. Thus,
the scheme of '3C levels has been determined reliably
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up to excitation energies of about 10 MeV and is
described in detail in[1].

However, some new ideas and results revived
interest in the '3C nucleus. The hypothesis that an
alpha-particle Bose—Einstein condensate (oBEC)
may exist in light nuclei [2, 3] is the most ambitious.
[t is expected that respective nuclear states are
dilute systems of nearly noninteracting alpha particles
having zero momentum of relative motion and lying
near thresholds for breakup to alpha particles— A —
no. Some properties of such condensate structures
were predicted in [2, 3] and were observed experi-
mentaily in [4—6] in the second excited state 2COJ
at E* = 7.65 MeV—a so-called Hoyle state. It is
expected [7—10] that analogs of the Hoyle state will
manifest themselves in some neighboring nuclei—
for example, in 13C. In this case, it is expected
that a valence neutron is coupled to the core that
is the Hoyle state. The respective states having
spin—parities of 1/27 and 1/27 and lying near the
12C(07) +n threshold (12.60 MeV) may display
features characteristic of this cluster configuration.
An enhanced size of the nucleus in these states is the
most distinct indication that such an exotic structure
does indeed exist.
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Yamada and Funaki [9, 10] predicted that, in the
1/25,1/25, and 1/2; states, the root-mean-square
radii exceed the ground-state root-mean-square ra-
dius by 0.6 t0 0.8 fm. Kabawata and his colleagues 7,
8] observed strong monopole transitions occurring in
inelastic 13C + « scattering and leading to the above
1/2~ states at the energies of F, = 8.86, 11.08, and
12.5 MeV, respectively. Two dilute cluster states
whose quantum numbers are 1/23 and 1/23 and
which have the radii of Rypms = 4.0 and 5.40 fm, re-
spectively, were additionally predicted in [9, 10] near
the 3a: + n threshold and can in principle be associ-
ated with known states at 11.00 and 12.14 MeV. It
is expected that the latter will show distinct signa-
tures of alpha-particle condensation. In one of their
recent studies [11], Yamada and Funaki assumed
that the configuration of the 1/27 states does not
feature a dominant '2C(Hoyle) 4+ n component but
is closer to the °Be + « configuration. The same
applies to 1/25, 1/23, and 1/2] states. Only the
1/27 state, which have not yet been observed ex-
perimentally and which, according to calculations, is
expected to be around 15 MeV, can be viewed as an
alpha-condensate state [11]. Calculations predict an
erniormous radius of about 4 fm in this state and a
probability of about 52% for the (05)3 (S),, conden-
sate configuration.

Similar searches for possible analogs of the Hoyle
state were performed within the method of antisym-
metrized molecular dynamics (AMD) [12]. The in-
ternal structure of 1/27 and 1/27 excited states was
considered. It was shown that the “Be + « structure
was peculiar to the 1/25 and 1/23 states, which form
a doublet. According to predictions of the AMD
method, the 1/23,1/27, and 1/2; states have a 3« +
n configuration but they cannot be analogs of the
Hoyle state because of the mixing of the 12C(03 )0py /2

and 2C(0F )Ops /2 configurations and because of the
smallness of the .S factor in the former. According
to the opinion proposed by the authors of [12], the
absence of analogs of the Hoyle state in that case is
due to a strong o — n interaction in the P wave. The
1/25 state lying, according to calculations, at around
15.4 MeV and having a condensate-configuration
probability of 64% was viewed as a possible analog
of the Hoyle state. The respective experimental state
lies at about 11 MeV. We hope that this state can be
obtained experimentally.

Alpha-particle clustering in excited states of the

BC nucleus was also analyzed from a different point
of view. Milin and von Oertzen [13] assumed the

existence of two rotational bands built on the 3/25
state at 9.90 MeV and an not-yet-discovered 3/2*
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state. These states were considered as a parity dou-
blet of the ®Be(g.s.) + a cluster structure. Furutachi
and Kimura [14] proposed two K™ = 3/2 rotational
bands with a large moment of inertia near the 3o + n
threshold (12.2 MeV). One of these bands is expected
to have a linear 3a configuration (see also [15]) and
can be identified with the band based on the 9.90-
MeV state. In [14], it is predicted that the radii in
the states that are members of this band are enhanced
(Rrms ~ 3.2—3.3 Tm).

The spectrum of the 3C nucleus may also in-
volve dilute states of a different type. Soon after the
discovery of a neutron halo in the ground states of
some nuclei in the vicinity of the neutron drip line, it
was assumed [16] that similar structures might also
be discovered in excited states. The 1/2% state at
3.09 MeV in '3C was indicated as the most probable
candidate, and some pieces of experimental evidence
of the existence of a halo in this state were obtained
in [17,18] on the basis of an analysis of the reaction
12C(d,p)13c.

Our group also studied actively states of the
13C nucleus within the Modified Diffraction Model
(MDM) that we developed [19]. The first application
of the MDM method [20] to available experimental
data on alpha-particle and ®He scattering on 13C,
which are rather scanty, showed that the 1/2] state at
3.09 MeV and the 1/27 state at 8.86 MeV do indeed
have enhanced radii. For want of experimental data,
it was necessary to perform our own experiments
aimed at studying alpha-particle scattering on 13C
at 65 and 90 MeV [21—23]. Both experiments were
performed by employing at the K130 cyclotron of
University of Jyvéskyla (Finland) with the use of a
large scattering chamber. These new experimental
data made it possible to conclude with confidence that
low-lying states of the ¥C nucleus feature structures
of several types. The 1/27 first excited state at
3.09 MeV is a state with a neutron halo [21, 22].
The 1/2; state at 8.86 MeV and the 1/2; state at
11.08 MeV are alpha-cluster states characterized
by enhanced radii—they are possible analogs of the
Hoyle state [21, 22, 24]. The values obtained for the
radii of these states agree within the errors with the
radius of the Hoyle state [19].

The result obtained for the 3/2; state at 9.90 MeV
is quite unexpected. It turned out that it was a com-
pact state of radius that is smaller than the ground-
state radius by about 10% [21—-23]. At the same
time, a dilute structure was predicted in [14] with
an enhanced radius more than 3 fm. In[13, 14], it
is assumed that this state has a rotational structure
and that the formation of a rotational band on its
basis is possible. The internal structure of the state
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in question was considered in [25], and it was shown
that this state had a ®Be(3/27 ) + a cluster structure.
A reduced radius obtained for it by the MDM method
is compatible with this. We have also considered the
isobaric analog state in 13N at 9.48 MeV [24] and
obtained, within the MDM framework, a radius that
agrees within the errors with the ground-state radius.
However, a rather large error in this result should be
noted. Therefore, it is necessary to perform additional
studies of this issue.

It is noteworthy that, in considering excited states
of the 13C nucleus, we did not found any signatures
of rotational bands. In [26], it was assumed that
a rotational band could be built on the Hoyle state.
This brings about the reasonable question of whether
rotational bands built on analogs of the Hoyle state in
the 13C nucleus exist. On the basis of the new type
of symmetry Ds, a rotational nature was predicted
in [27] for a whole group of low-lying states of the
13C nucleus. A similar symmetry type of Dsj, was
predicted earlier in [26] for the '2C nucleus.  Six
rotational band were proposed in [27] for the 13C
nucleus; that is, almost all of the low-lying states of
3¢ were distributed among the bands. In the casc
of confirmation of this hypothesis, our concepts of the
structure of 3C will change drastically.

Thus, we have seen that, despite the opulence
of both experimental and theoretical studies devoted
to 13C, there remain open questions concerning the
internal structure of some states. This served as a
motivation for us to perform a thorough theoretical
analysis of existing experimental data. In this ar-
ticle, we present the results obtained by analyzing,
in the distorted-wave Born approximation (DWBA)
our experimental data on alpha-particle scattering on
13C at the energies of 65 and 90 MeV [21—24]. The
calculations by the DWBA method were performed
using the FRESCO [28] and DWUCK4 [29] codes.

2. EXPERIMENT

The experiments were conducted at two energy
values of 65 MeV [21] and 90 MeV [22, 23] at the
K130 cyclotron of University of Jyvaskyla (Finland)
with the use of a large scattering chamber. Seli-
supported 3C films 0.3 mg/cm? thick were used
as targets, where the impurities were exhausted by
the presence of 12C and %0 only in a total amount
not exceeding 2%. These impurities did not have
a substantial effect on !3C states. In order to ob-
tain the required resolution of 200 to 250 keV, the
monochromatization of the beam used was performed
before the experiment. This made it possible to re-
duce the spreading of the beam by a factor of two
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to three. The scattered alpha particles were detected
by means of the standard AE—F procedure. Thin
detectors 100, 250 and 380 um thick were used as
AFE detectors. All E detectors were 3.6 mm thick.
Simultaneously, four telescopes were used positioned
at different angles in the reaction plane. The telescope
was moved after each series of measurements, with
the result that the total measured angular range was
5° to 72° in the laboratory frame for the experiment at
65 MeV and 6° to 40° for the experiment at 90 MeV.
Files of sequential events were accumulated in the
course of the experiment, and these files were pro-
cessed in an off-line mode.

The experimental spectra cover the energy range
extending to an excitation energy of about 12 MeV.
Typical spectra of both experiments are given in
Fig. 1. The background in the figures is represented
by a dashed line. Basically, this background is phys-
ical and admits a description in terms of the 2C +
n+a and ?Be + a+ a phase spaces represented
by the dashed line in Fig. 1. Angular distributions
were obtained for elastic scattering [21—23] and for
excited states at 3.09 MeV [21, 22, 24]; 3.68, 7.55,
and 8.86 MeV [21, 22, 24]; 9.90 MeV [21—-24]; and
11.08 MeV [24]. Data on the angular distributions
for the 3.68- and 7.55-MeV states are presented here
for the first time. The angular distributions obtained
in the experiments under discussion were analyzed
using the FRESCO [28] and DWUCK4 [29] codes.

3. THEORETICAL ANALYSIS OF DATA

In order to analyze data on inelastic scattering, we
apply the DWBA method. The use of this method re-
quires knowing optical potentials that describe elastic
scattering in the entrance and exit reaction channels.

3.1. Optical Potential Model

In order to describe elastic scattering in nucleus—
nucleus collisions at energies in the range extend-
ing to 100 MeV per nucleon, a SemiMicroscopic
(SM) model was developed in [30] within the Dis-
persive Optical Model (DOM) for optical potentials
(SMDOM). Later on, the SMDOM approach, which
is theoretically based on the effective-potential for-
malism [31], was tested many times.

Within the SMDOM framework, the optical po-
tential is represented in the form

V(T, E) = VCoul(r) + VF(Tv E) (1)
+ Vp(r,E) +iW(r, E) + Vso(r),
where Vioui(r) is the Coulomb potential of a uni-
formly charged sphere whose radius R is estimated

by employing the root-mean-square radii of collid-
ing nuclei. The second term in expression (1) is
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Fig. 1. Typical experimental specira: (a) lypical spectrum al an angle of 38.5° in the experiment al the energy of 65 MeV and
(b) lypical specirum at an angle of 20 in the experiment at the energy of 90 MeV. For eilher spectrum, the background is

represented by lhe dashed line.

the mean-field potential calculated microscopically
on the basis of the double-folding model (see below).

The third and fourth terms represent the dynam-
ical polarization potential constructed phenomeno-
logically on the basis of of a combination of the vol-
ume and surface Woods—Saxon forms. [ts imaginary
(absorbing) part has the form

df (zp)

W = —iWs (E) f (zs) +i4Wp (E) drp

. (2)

where f(z) = (e* +1)™!, zg(py = (r — Rg(p))/as(p):
and RS(D) =TS(D) (A;;/S + Atl/s)

The geometric parameters (radii and diffuseness
parameters of Woods—Saxon forms) are assumed to
be energy-independent. This permits taking explicitly
into account dispersion relations and representing
the real part of the dynamical polarization potential
(dispersion correction) in the form

& (wp)

Ve (r,E) = Vs (E) f(zs) + Vp (E) dap

The parameter of the dynamical polarization po-
tential are determined from a simultaneous analysis
of all available sets of data at different energies. Four
strength parameters (Vs, Vp, Ws, and Wp) are de-
termined at each energy value, whereas four geomet-
ric parameters (rg, ag, rp, and ap) are assumed to
have the same values at all energies.

Expression (1) also includes a standard phe-
nomenological spin—orbit potential V,,(r) (in target
spin) in the form of the derivative of the Woods—
Saxon form. This term permits improving the de-
scription of data at large angles.

This model, which employs dispersion relations,
effectively involves a smaller number of adjustable
parameters than the usual phenomenological optical
model, where one determines the whole parameter set
at each energy value. This makes it possible to reduce
ambiguities in the analysis.

3.2. Calculation of the Mean-Field Potential

A microscopic calculation of the mean-field po-
tential on the basis of the double-folding method with
allowance for the exchange component (which arises
as a consequence of the Pauli exclusion principle)
became widespread. The approximation of single-
nucleon knockout exchange (SNKE) is used for the
exchange component (see, for example, [30, 32] and
references therein). A method for correcting the ex-
change component in terms of its energy-dependent
renormalization determined empirically was proposed
and tested in [33, 34]. Although this method implies
a two-step analysis, it permits taking effectively into
account multiparticle exchange via correcting the en-
ergy dependence of the exchange component. A
simple approximation for nuclear density matrices in
calculating the exchange component was proposed in
the same studies. This approximation, which simpli-
fies the calculations substantially, yields a result that
is close to that in the harmonic-oscillator model, but
which shows a more correct asymptotic behavior. A
more appropriate approximation for calculating den-
sity matrices was recently proposed and tested in [35].
This approximation leads to results that are closer to
those in the harmonic-oscillator model at small radii
as well.
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In the present study, we apply this microscopic-
calculation version, which is the most recent one. In
the SNKE approximation, the mean-field potential for
the interaction of nucleus a with nucleus A can be
expressed (see, for example, [30]) in terms of the con-
volution integrals for the direct and exchange com-
ponents (spin variables and spin components being
omitted) as

Ve=VP 4+ VE (4)
Here, the potentials are treated as matrices in which
the diagonal terms are optical potentials that deter-
mine elastic scattering in the channel being consid-
ered, while off-diagonal terms are transition poten-
tials that are responsible for inelastic excitations.
The direct component has the form

7Py =3 VP (), (5)

T=0,1
VP (r) = / dridragisP (s) o (1) o (ra),

where p‘%’A stands for the scalar (7" =0) and isovector
(T =1) components of nuclear densities (transition
densities for ofi-diagonal elements), s = r; —rg +ris
the radius vector between individual nucleons of in-
dividual nuclei, and r is the distance between the
centers of mass of the nuclei.

The localized exchange component has the form

VE(rE)= Y VF(rE), (6)
T=0,1

VE (r,E)= /dTIdTQQ%E (s) p7 (r1,m1 4+ 8)

iK (E,r) s)
=]

Here, p- (r1,72) are the respective components of the
nuclear density matrices (transition density matrices
for off-diagonal elements), while the local momentum
K (E,r)is given by

K (E;r)=5(E-V () -V @), (7)
where V (r) and V¢ (r) are the nuclear and Coulomb
potentials of interaction between colliding nuclei.

A density dependence in the form of a density-
dependent factor modifying the M3Y model interac-
tion is included in the effective nucleon—nucleon in-
teractions (central direct and exchange components
in the case being considered); that is,

g(s,p)=f(p)g(s), (8)

where the indices are omitted. In the present study,
use is made of the parametrization

f(p)=C[1+ae — | (9)

X pf (g, 79 — 8) exp (
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in the CDM3Y6 version, where the parameters are
determined on the basis of the properties of cold nu-
clear matter [36], but, in contrast to that study, an ad

hoc energy dependence is not introduced here.
Further, the application of Fourier—Bessel integral
transformations leads to expressions for calculating
the exchange component. Specifically, we have
Vi (E.r) (10)

oo

—ar [ g5 (5,0) o (K (B,r) 5/) s%ds

0
x /f% (r1,8) F (Ir1 — 71, 5) dr1,

where K (E,r) is the modulus of the local momentum
and the density matrices reduce, after the separation
of part of the angular variables, to the so-called den-
sity profiles f% (z,s) (i = a, A). Taking into account
the approximation proposed in [35], we use for them
the expression

. . —_ 2
fres) =@ [1-Drgp| (b

g2
X exp “m "
)

where p% () is an empirical single-particle density
(matter density—isoscalar at T = 0 and isovector at
T =1)and

- 1
%5 = N+ (-1)TZ (12)
N (N -2) 12(Z-2)
R St M e

(in the case of N = Z, we assume that the isovector
components are absent).

For A < 4 nuclei, use can be made of the approxi-
mate formula that we applied earlier in [33] and which
corresponds to D% = 0.

For the harmonic-oscillator parameter, we make
use of the systematics from [37]:

b2, = b7, = b7 = 0.983A"% +0.373 [im”].  (13)

For the material alpha-particle density, we em-
ployed a Gaussian form, which yields the root-mean-
square radius of R, =1.47 fm. For the ground-
state matter density of the 3C nucleus, pp,(r) =
pp(r) + pn(r), we applied the model of the three-
parameter Fermi distribution traditionally normalized
to the number of particles. Also, we used the follow-
ing parameter values:

wp =0.1531m, ¢, =2.181m, (14)
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ap = 0.395 fm,
¢n = 2.16 fm,

It is noteworthy the proton distribution density p,(r)
leads values that are close to the experimental values
of the charge form factor [38] and the root-mean-
square charge radius, R., = 2.46 im [39]; the root-
mean-square matter radius is R, = 2.32 fm.

In order to correct the energy dependence of the
exchange component from [33, 34], we introduce an
additional normalization factor ¢ (E). After that, the
corrected exchange component of the mean field,

VEE)=1+¢(E)VONE) (r B),  (15)

is determined from a comparison of the energy depen-
dence of the volume integral of the mean field cal-
culated with the exchange component in the SNKE
approximation,

Jl(mSNKE) :JD_{_J(SNKE)’

wy, = 0.135 fm,
an = 0.395 fm,

(16)

with the empirical energy dependence of the volume
integral J,y (E) of the mean field in the form (17)
whose parameters are determined at the first stage
of a phenomenological analysis within the dispersive
optical model [40],

Jay (E) = a + bexp(—cE); (17)

that is,

JONKE) (BN (E) = J,y (B) — JSNE) (B). (18)

Since the parameters of the density dependence of
effective nucleon—nucleon interactions were fitted to
the properties of cold nuclear matter in the Hartree—
Fock approximation, which is expressed in terms of
the same convolution integrals [36], it is natural to set

¢(0) =0. (19)

In order to perform estimations at any energies, it is
convenient to approximate ¢ (F), for example, by a
polynomial.

A more comprehensive account of the two-step

procedure of analysis and details of the calculations
is given in [33—35].

4. RESULTS AND DISCUSSION

4.1. Results of Analysis of Data
on Elastic Scattering

On the basis of the optical-potential model de-
scribed above (SMDOM), we have performed an
analysis of experimental data on the differential
cross sections for elastic a+13C scattering at the
energies of Flup =48.7 MeV [41], 54.1 MeV [41],
65 MeV [21], and 90 MeV [22, 23]. We have obtained
the parameters of the SMDOM potential. At the first

GONCHAROV et al.

stage of a phenomenological dispersive analysis, an
empirical energy dependence of the volume integral
for the mean-field potential was determined in the
form

Jov(E) = 309.3 + 50 exp(—0.003Er).  (20)

Apart from a constant, this result coincides with the
dependence obtained earlier for the a+'2C system [6].
The correcting factor ¢ (E) was approximated by
third-degree polynomial as

H(E) = 1.115 x 1073 Ey — 1.79
x 1075E2 + 1.5 x 1078E3 .

(21)

The strength parameters of the dynamical polariza-
tion potential that were found at the second step of our
analysis are given in B Table 1 along with the volume
integrals and calculated reaction cross sections. For
all energies, the geometric parameters were fixed at
the values

rg =12Im, ag=0.50fm, (22)
rp =0.70fm, ap = 0.40 fm,
re = 0.7 fm

in determining the radii of the potentials, R; =r;
(43 + A3 (i =S, D, C, s0). Table I also gives
the parameter values evaluated at the energies corre-

sponding to the exit channels of inelastic scattering
that lead to the excited states being studied.

A standard phenomenological spin—orbit poten-
tial (in target spin) made it possible to improve the
description of the data at large angles upon employing
the following parameter values:

Vso = 5.0 MeV, ry,, =0.651m,
aso = 0.8 frm.

(23)

The quality of description of the experimental an-
gular distributions can be seen in Fig. 2. At the
present time, there are virtually no data on the reac-
tion cross sections for a+13C scattering in the energy
range considered here. Nevertheless, a comparison
with data available for the a+12C system (see Fig. 3)
shows that the potential that we constructed yields
adequate values. [t should be emphasized that the
SMDOM optical potential was originally constructed
with allowance for dispersion relations for the dy-
namical polarization potential. If we approximate
the energy dependence of the volume integral of the
imaginary part by linear straight-line segments on the
basis of the empirical values of the imaginary part of
the SMDOM potential, then the calculation of the
difference dispersion integral [43]

Jp (E,Es) = Jp (E) — Jp (Es) (24)

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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Table 1. Strength parameters of the dynamical polarization potential, volume integrals, and reaction cross sections

Elab, MeV Vs, MeV | —Vp, MeV|—Wg, MeV|-Wp, MeV [-Jy, MeV Im® | —Jw, MeV fm?|o,, mb
48.7 7.73 —7.98 6.9 7.0 402.0 87.1 964.9
54.1 7.5 —8.95 7.4 7.8 396.1 94.4 958.9
50.469~ (1/27, 11.08) 7.69 —8.38 7.05 7.27 400.1 89.4 962.1
50.579* (1/2%,10.996) 7.68 —8.39 7.07 7.31 400.0 89.7 962.2
52.020* (3/27,9.9) 7.62 —8.69 7.19 7.52 398.3 91.5 959.7
53.379* (1/27, 8.86) 7.55 —8.92 7.3 7.72 396.8 93.2 957.4
55.101* (5/2, 7.55) 7.46 —-9.23 7.45 7.9 394.8 95.1 954.7
59.944* (5/2%,3.85) 7.13 —9.78 7.82 8.47 389.4 100.4 946.5
60.166% (3/27, 3.68) 7.11 —9.83 7.85 8.5 389.1 100.8 946.4
60.948~ (1/27, 3.09) 7.05 —9.86 7.90 8.54 388.3 101.6 945.0
65.0 6.67 —10.16 8.2 8.9 383.4 105.4 938.5
75.451*(1/27,11.08) 5.05 —10.09 8.68 9.05 367.3 110.4 916.4
77.004* (3/27,9.9) 4.8 -9.97 8.75 9.0 365.2 110.9 913.5
78.3657 (1/27, 8.86) 4.54 —9.85 8.8 8.95 363.0 111.2 910.6
80.089* (5/27,7.55) 4.2 -9.6 8.85 8.85 360.4 111.3 906.7
85.160" (3/27, 3.68) 3.03 —8.9 8.93 8.5 351.1 111.1 893.8
85.942% (1/27, 3.09) 2.85 —8.8 8.94 8.42 349.6 110.8 891.8
90.0 1.8 —8.0 9.0 8.0 341.9 110.1 881.6

* Eslimated values al energies corresponding lo exit channels ol inelaslic scallering lo the exciled states being sludied.

Jw (E)
"~ Es) (E'- B)

and addition of this dispersion correction to the vol-
ume integral of the mean-field potential yields the
volume integral of the total real part of the optical
potential. Apart from a constant, the volume integral
obtained in this way agrees well with the empirical
values deduced from the analysis of experimental data
on elastic scattering (see Fig. 4).

— (E_ES)P/dE/(E

s

In the energy range being considered, the effect
of rainbow scattering clearly manifests itself in the
experimental differential cross sections. The calcu-
lation performed with the above SMDOM potential
in the case of the vanishing imaginary part of the
dynamical polarization potential and aimed at deter-
mining the cross section corresponding to the far-side
component of the amplitude shows a broad maximum
that is characteristic of rainbow scattering, which is
followed by a smooth decrease, and which is preceded
by a deep minimum—the main Airy minimum. The
positions of this minimum agree well with the regu-
larity found earlier and repeatedly confirmed (see, for
example, [34] and references therein), which consists

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022

in the linear dependence on the inverse energy, as can
be seen in FFig. 5.

The use of rainbow effects also made it possible to
reduce the ambiguity in determining the parameters
of the optical potential, and a rather smooth energy
dependence of this potential in the energy range being
considered permitted evaluating the parameters and
integral characteristics of the potential at the ener-
gies of exit channels of inelastic scattering that are
presented in Figs. 3—5.

4.2 Analysis of Data on Inelastic Scattering

The data from [{21—23] on a+13C scattering at
the alpha-particle energies of 65 and 90 MeV that
leads to the excitation of the 1/2% (3.09 MeV), 3/2~
(3.68 MeV), 5/2F (3.85 MeV), 5/27 (7.55 MeV),
1/2= (8.86 MeV), 3/27 (9.9 MeV), 1/2%
(10.996 MeV), and 1/27 (11.08 MeV) states were
analyzed by the DWBA method by employing the
FRESCO [28] and DWUCK4 [29] codes.

4.2.1. Theoretical description of inelastic
scattering. The differential cross section is de-
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Fig. 2. Dillerential cross sections for elastic a+'2C scallering al the energies of (from bottom 1o top) 90 MeV [22], 65 MeV
{21] (the cross-section values were muiliplied by 10?), 54.1 MeV [41](the cross-seclion values were mulliplied by 10*), and

48.7 MeV [41] (the cross-section values were mulliplied by 10°). The solid curves represent the resulls of the calculalions
performed with the SMDOM potential.
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Fig. 3. Cross seclions for the a4'3C reaction according fo (closed circles) calculations with the SMDOM polential, (open
circles) calculalion with evalualed parameters of lhe SMDOM polential al the energies of exil inelastic-scallering channels,

and (squares) experimenial dala from [42] Tor the a+12C syslem.

termined by the squared modulus of the inelastic- X Uy (1) ugj) (K,r)dr,
scattering amplitude [31]

where u&ﬂ and UE;) are distorted waves—that is, the

- EE 7 n wave functions for elastic scattering in the entrance

Tora = /ua’ (K ’T) - (25) and exit channels. In order to calculate the distorted

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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Fig. 4. Volume integrals of the real, Jv (lop), and imaginary, Jw (boltom), parls of lhe oplical polential: (closed symbols)
calculalion with the empirical SMDOM polential and (open symbols) calculations with evaluated paramelers of the SMDOM
potential al the energies of exil inelastic-scallering channels. The dash-dotied curve represenis the volume integral of the
mean-field potenlial (20), the solid curve in the lower part is a linear approximalion of Jw, and the solid curve in the upper part
stands for the volume integral Jy of the lolal real pari of the optical potential {aken {o be the sum of the mean field in (20) and
{he dispersion correclion in (24).
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Fig. 5. Posilions of firsl Airy minima: (closed circles) calculation with the empirical SMDOM polential, (solid line) linear
approximation, and (closed circles) calculation with the evaluated paramelers of the SMDOM polential at the energies of exil
inelastic-scatlering channels.

waves, we use the strength parameters of the SM-  inelastic interaction sandwiched between the target-
DOM potential at respective energy values that was  nucleus wave functions in the entrance and exit chan-

obtained above (see Table 1). nels, have a standard form,
The multipole expansion of the inelastic form fac- Uy (1) = Z F ()i "Yiy (7), (26)
LM

tor, which is the matrix element (overlap integral) of

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022



794

dG/fo, mb sr”!
10°
102é
10! _
100;

107" E

1 0—2 1 1 L 1

GONCHAROQV et al.

0 20 40

60 80
Ocm.» deg

Fig. 6. Differenlial cross seclions for inelastic a+'C scaltering at the energies of 65 and 90 MeV (lhe cross-section values
were muHiplied by 10?) that leads to ihe excilalion of the 3/27 slale al 3.68 MeV: (points) experimental data and (solid lines)
DWBA calculalion. For the energy of 65 MeV, the dash-dotted and dashed curves represenl the contribulions of, respectively,
lhe 3/27 slale at 3.68 MeV and the 5/27 slale al 3.85 MeV, while the solid curve stands for the sum of these contribulions.

where the values of L and M are determined by the
rank of inelastic interaction coupling the spins of the
nuclei involved and their projections in channels o
and .

In the problems addressed here, we will apply
various phenomenological model forms of the radial
inelastic form factors Fp, (r).

4.2.2. Analysis of data on inelastic scattering
leading to the excitation of the states at 3.68 and
7.55 MeV. In [27], it was assumed that the states
at 3.68 and 7.55 MeV are members of the ground-
state rotational band (K™ = 1/27). This hypothesis
is favored by the proximity of the values obtained
within the MDM framework for the radii ol these
states: 2.3 £0.1 fm for the state at 3.68 MeV and
2.3+ 0.1 fm for the state at 7.55 MeV. These radii
agree within the errors with the ground-state radius.
In view of this, the radial inelastic form factor Fp, (r)
is treated within the semimicroscopic rotation-model
approach. For a given value of the orbital-angular-
momentum transfer L, this approach yields

Fi(r) = VL (n E) + VP (r, B) + VL (r). (27)

In expression (27), the last term V£, which is
responsible for Coulomb excitation, is expressed, in
a standard way (see, for example, [28, 31]), in terms
of the deformation of a uniformly charge sphere; that
is,

VE(r) = M(EL)e*(4m)Y2(2L + 1)"1r~ L1, (28)

where the reduced matrix element is expressed in
terms of the reduced transition probability as

M(EL) = £[(I 4+ 1)B(EL,I — I')]*2.  (29)

In expression (27), the first term V' (r, E) is the
offi-diagonal part of the mean-field component of the
effective potential [31]. This off-diagonal part is ex-
pressed in terms of the transition density in just the
same way as in[32]. Forit, we employed the empirical
rotation-model form [31], which is proportional to the
radial derivative of the ground-state matter density;
that is,

i (r) = —87 (dm)~V2dpy

where 87" is the deformation-length parameter.

For transitions within the ground-state rotational
band, the dynamical polarization potential (DPP)
part of the inelastic form factor, VPFP(r,E), is
calculated on the basis of the usual rotation model via
deforming, with the aid of the respective deformation-

length parameters 0¥ and 6%, the radii of the dy-
namical polarization potential part of the SMDOM
potential [28, 31]; that is,
VPPP(r, E) = —6F (47)~Y2dVp /dr
— iy (4m) V24w /dr.
The following approximation is usually assumed to be
quite accurate:

(30)

(31)

oM =68 = 6% =4, (32)

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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Fig. 7. Differential cross sections for inelastic a+'*C scallering al the energies of 65 MeV and 90 MeV (ihe cross-section
values were mulliplied by 10% in lhe laller case) that leads lo the excilalion of the 5/27 slate al 7.55 MeV: (poinls) experimental

data and (lines) DWBA calculalion.

The parameters 6, and M(EL) (or B(EL,I — I'))
are taken to be adjustable and are found from an
analysis of experimental data on differential cross sec-
tions.

Figures 6 and 7 show the calculated differential
cross sections along with their experimental counter-
parts for inelastic a+'3C scattering at the energies of
65 and 90 MeV that leads to the excitation of the 3 /2~
state at 3.68 MeV and the 5/27 state at 7.55 MeV.
The values obtained for y and B(EL,I — I') from
an analysis are given in Table 2.

[t should be noted that, at the energy of 65 MeV,
the 3/2~ state at 3.68 MeV and the 5/2% state at
3.85 MeV were not separated experimentally. For this
reason, the results of the calculations for both of them
and their total contribution are shown in Fig. 6. The
form-factor model used here for the transition to the
5/2% state at 3.85 MeV is presented below.

In order to estimate the contribution of the exci-
tation of the 5/2% 3.85-MeV state at the laboratory
energy of Fj,, = 65 MeV, we assumed that this ex-
citation is a collective one (octupole vibration) and
that it is reasonable to approximate the inelastic form
factor in just the same way as in Egs. (27)—(31) by
employing the transition density in the form of the first
derivative of the ground-state matter density in (30)
at the orbital-angular-momentum transfer of L = 3.
We have obtained the following parameter values:
63 = 0.82 fm and B(E3,1/2~ — 5.27) = 220e? fm®.

4.2.3. Analysis of data on inelastic scattering
leading to the excitation of the state at 3.09 MeV.

PHYSICS OF ATOMIC NUCLEI

Vol.85 No.6 2022

We assume that the 1/27 state at 3.09 MeV is a
single-particle excited state of the 2s, /, valence neu-

tron in the potential of the 2C core in the ground
state (with spin J. = 0). The inelastic form factor
can then be modeled by means of the so-called mi-
croscopic approach to describing inelastic scatter-
ing [29]. Here, the radial form factor is determined by
the overlap integral of the nucleon—nucleon interac-
tion with single-particle wave functions for the Ip;/,

valence neutron in the ground state of the 3C target
nucleus and the 2s;, valence neutron in the 1/2%

excited state of the 13C nucleus at 3.09 MeV. Here,
the allowed values of the spin-moment and angular-
momentum transfers are S=0and J =L =1, re-
spectively. We have

Fy (r) = 4nNy/2J; + 1
x (f1J2J¢ 1YL (71) [l5172:)

(33)

o>
X /drl'r'%R[flji (r)vr (ryr1) R, (1),
0

where Ry, ;, (r1) and Ry (r1) are the normalized (to
unity) single-particle neutron radial wave functions
for, respectively, the initial (spin J;) and final (spin Jf)
states of the target nucleus, (j1joJ¢||YL(71)||J1J2:) is
the reduced matrix element, and js = J. is the core
spin. The normalization factor N carries spectro-
scopic information about the single-particle states
being considered.
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Table 2. Deformation lengths and reduced probabilities for transitions in the ground-state rotational band

Eap, MeV I™(E*) state L dz, fm B(E2,1/2= — I), e? im*
65 3/2~ (3.68 MeV) 2 1.05 13.7
90 1.2 13.7
65 5/27 (7.55 MeV) 2 1.02 20.5
90 1.02 20.5

For the nucleon—nucleon interaction v, we used
the Yukawa potential form containing central (¢) and
tensor (T") components. In all cases, we employed
fixed values for the inverse radius, p. = 0.707 im~!
and pr = 1.139 fm~!, and for the strength parame-
ters of the Yukawa potential, v, = 6.6 MeV and vy =
8.5 MeV.

The single-particle wave functions for the ground
and excited states of the 13C target nucleus were
calculated by means of the standard procedure that
involves fitting the depth of the well of the Woods—
Saxon form V at a fixed value of the neutron sep-
aration energy. The geometric parameters for the
ground state were fixed at the conventional values of
R=12x12/3=2.747 im and a = 0.65 im. The
geormetric parameters for the excited state were taken
to be free parameters, along with the normalization
factor N. They were fitted in such a way as to describe
experimental differential cross sections at least in the
region of forward angles, which contains diffraction
structures. Originally, the experimental differential
cross sections at the energies of 65 and 90 MeV were

Pm> fm—3

107!
10—2;
1073
104;

107

10785 : : - ' =
0 2 4 6 8 10 12 14
r, fm

Fig. 8. Maller densily of the 3C nucleus: (dashed curve)

ground slale and (solid curve) 1/27 exciled slate al
3.09 MeV.

analyzed by applying, in the exit channel at respective
energies, the SMDOM potential (with parameter val-
ues from Table 1) featuring the mean-field component
calculated by employing the ground-state density of
the target nucleus. This resulted in evaluating the
parameters of the Woods—Saxon potential, which
determines the single-particle wave function for the
2819 valence neutron in the 1/27 excited state of

the 13C nucleus at 3.09 MeV. The results are the
following:

V =43.33 MeV, R =2.747[m,
a=1.5fm.

(34)

The single-particle wave function obtained within
this approach for the s;/, valence neutron has a
long extension (its root-mean-square radius is R, =
6.36 im), showing a signature of a neutron halo in
the 13C nucleus in the 1/27 state at 3.09 MeV. The
evaluation of the root-mean-square radius of the
B3C(Ry,) nucleus in this state within the model being
considered (in just the same way as, for example,
in [44]) according to the fermula

13R2, = 12R? + 12R2 /13 (35)

leads to R,, = 2.8 fm. A similar value was obtained
for the radius within the MDM frameworl: 2.9 &+
0.2fm[21, 22]. Here, R, = 2.33 fm is the root-mean-
square radius estimated for the 12C corc in a standard
way (see, for example, [45]) on the basis of the known
mean-square charge radius (r?).,. The matter radius
of the proton distribution in nuclei is given by [45]

(r?)p = (r")en = (rB) — (rX)N/Z  (36)
—0.75/m? — Aj.

The values of the charge radii for the proton, (r%) =
0.7714, and for the neutron, (r%) = —0.1149, were
taken from {39]. The last two terms in expression (36)

are relativistic corrections, which are usually disre-
garded (they are about 0.033).

The second term in (35) is usually associated with
the square of the halo radius, which is estimated at
Ry, =6.1 fm in this case.

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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data, (solid curves) DWBA calculation, and (dashed curve) calculation with an enhanced dilluseness parameter of the

imaginary parl of the SMDOM polential.

Within the model being considered , the density
of the 13C nucleus in the 1/2% state at 3.09 MeV
was determined as the sum of the single-particle
distribution density of the 2s; ;, valence neutron and

the ground-state density of the 2C nucleus. The
latter was calculated within the model of the three-
parameter Fermi distribution normalized in a stan-
dard way to the number of particles. Use was made

of the following parameter values:
wp = wp, = 0.17 fm, (37)

ap = ap = 0.39 fm.

¢p = Cp = 2.21m,

The proton distribution density pp(r) yields a
known value for the root-mean-square charge radius,
Ry, = 2.47 im [39], the root-mean-square matter
radius is R, = 2.327 fm.

For the sake of convenience and in order to im-
prove the accuracy of the computations, this sum was
then approximated numerically with a smaller step.
The result obtained for the matter density in the 1/2*
excited state at 3.09 MeV upon this approximation is
shown in Fig. 7 along with the ground-state density.

The distribution of the matter density in the 1/27
excited state at 3.09 MeV is more extended, differ-
ing substantially from the ground-state density. In
order to render DWBA calculations self-consistent,
it is therefore necessary to employ, in calculating the
mean-field potential, this excited-state density. An
analysis performed anew showed an improved de-
scription of the angular distributions at same values of

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022

the parameters of the single-particle potential in (34)
and somewhat changed values of the normalization
factors—N = 8.6 at the energy of 65 MeV and N =
7.0 at the energy of 90 MeV. The calculated differ-
ential cross sections are given in Fig. 8 along with
experimental data.

As was indicated by many physicists who studied
the scattering of nuclei that have a nucleon halo (see,
for example, [46, 47]), the presence of a halo leads
to an increase in the absorbing part of the optical
potential in the surface region and to the respective
dispersion correction to the real part, enlarging the
reaction cross section. We have performed a calcu-
lation for the case where the diffuseness parameter
of the volume part of the dynamical polarization po-
tential was increased by 30%. The result is shown
by the dashed line in Fig. 9. The reaction cross
section became larger by 10%. The change in the
angular distributions turned out to be insignificant in
the region where experimental data are available.

4.2.4. Analysis of data on inelastic scatter-
ing leading to the excitation of the 8.86-MeV
state. This state is viewed as an alpha-cluster
state—possibly an analog of the Hoyle state in the
12C nucleus. It has an enhanced root-mean-square
matter radius estimated at R,,, = 2.7 im (see, for ex-
ample, [24] and references therein). Available experi-
mental data show a rather strong monopole transition
to this state. In order to describe this transition,
we considered the inelastic form factor specified by
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Egs. (27)—(29), where, for the component VLF(r, E)
at L =0, we took the following simple model expres-
sion:

Vo (r, E) = —8o(4m) " /2d/dr
x {Uo/[1 + exp((r — Ro)/ao)]}-
Retaining the condition in (31) for §y and fixing the

(38)

107 : : :
0 2 4 6

r, fm
Fig. 11. Maller densily of the 'C nucleus:
(dashed curve) ground stale wilth R, =2.32 fm

and (solid curve) 1/27 exciled slale al 8.86 MeV with
m = 2.7 fm.

value of B(E0,1/2~ — 1/27) = 0.65¢2, we deter-
mined the parameters 8y, Uy, Ry, and aq from a fit
to the shape and normalization of the angular distri-
bution. In just the same way as in preceding case, the
analysis of the experimental differential cross sections
at the energies of 65 and 90 MeV was first performed
by applying, in the exit channel at respective ener-
gies, the SMDOM potential (with parameter values
from Table 1) involving the mean-field component
calculated with the ground-state density of the target
nucleus. The results of the calculations are given in
Fig. 10 (dashed line) along with experimental data.

For the model of the matter density of the 13C
nucleus in the 1/27 state at 8.86 MeV, we took a
three-parameter Fermi distribution that was normal-
ized in a standard way to the number of particles and
whose parameters were chosen in such a way as to
obtain the root-mean-square matter radius of 2.7 fm
(the radius calculated within the MDM framework
is 2.7+0.1 im [21, 22]); in addition, its shape was
required to correspond to the shape of the ground-
state distribution approximately to the same extent as
the distributions in the ground state and in the Hoyle
state of the 2C nucleus correspond to each other—
for example, in the AMD model [48]. For the 1/2~
state at 8.86 MeV, Fig. 11 shows the model density
obtained at the following parameter values:

wp = 0.31 Im,
ap = 0.42 fm,

cp = 2.6 m,
wy, = 0.29 fm,

(39)

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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¢, =2.58fm, a,=0.42fm.

Employing this density, we have calculated anew the
mean-field potential, which we used thereupon in the
exit-channel potential. This improved somewhat the
description of the angular distributions (see Fig. 10)
nearly without a change in the parameters of the
inelastic form factor that were found earlier [see (37)]

abs(Up), MeV

1072

]0—4 ya
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10
r, fm

Fig. 13. Form factor for inelastic a+'2C scallering oc-
curring at the energy of 90 MeV and leading to the
excilalion of the (dashed curve) 1/27 slale at 8.86 MeV
and (solid curve) 3/27 stale al 9.9 MeV.
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and which became
50 =0.14 flTl,
Ry = 5.514 fm,

UO =22.0 MeV,
apg = 0.55 im.

(40)

4.2.5. Analysis of data on inelastic scattering
leading to the excitation of the 9.9-MeV state. As
was indicated in [24], the root-mean-square radius
in this state was estimated at R,, = 2.0 (0.3) fm by
means of the MDM analysis. This result is close to
the radius of the 13N nucleus in the 3/2~ analog state
at 9.48 MeV and, within the error interval, complies
with the ground-state radius of !3C. In the entrance
and exit channels, we therefore used the SMDOM
potential containing the mean-field component based
on the ground-state density, setting its parameters to
the values from Table | at respective energies.

Since the nature of this excitation is not clear,
we once again made use of the phenomenological
inelastic form factorin (27), where, for the component

VF(r,E) at L = 2, we took the model surface form
Vi (r, E) = —8,(4n)~/2d/dr (41)
x {Ua/[1 + exp((r — Ra)/a2)]}-
Retaining the condition in (32) for d2 and fixing the
value of B(E2,1/2~ — 3/27) = 0.22¢2 im%, we de-
termined the parameters 8y, Us, Ra, and ag from

a fit to the shape and normalization of the angular
distribution. The results are the following:

0y =0.22 fm, Uz =52.0 MeV, (42)
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Ry =3.939fm, ay=0.25m.

The quality of description of the experimental data is
illustrated in Fig. 12.

We note that the inelastic form factor, which is
the overlap integral of the ground- and excited-state
wave functions, carries information about the nature
of the excited state. A comparison of the radial in-

1072
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Fig. 15. Malerial densilies of the '3C nucleus in the
(dashed curve) ground slate with R, =2.32 fm and
(solid curve) 1/27 exciled stale at 11.08 MeV wilh Ry, =
2.8 fm.

elastic form factors obtained from our analysis of the
transitions to the 1/2~ state at 8.86 MeV and the
3/2~ state at 9.9 MeV and presented in Fig. 13 shows
that the assumption that these states are the first two
members of the same rotational band is questionable.
More likely, the 3/27 state at 9.9 MeV may itself be
the basis of the K™ = 3/2~ rotational band.

Theirradial dependence shows that the wave func-
tion for the 3/27 state at 3.9 MeV has a substan-
tially smaller spatial extension than the extension of
the 1/27 state at 8.86 MeV, and this corresponds
to a substantially smaller root-mean-square radius
obtained earlier within the MDM framework.

4.2.6. Analysis of data on inelastic scatter-
ing leading to the excitation of the 10.996- and
11.08-MeV states. Earlier, it was assumed (see, for
example, [24]) that the 1/27 state at 11.08 MeV, as
well as the 1/27 state at 8.86 MeV, may be viewed as
an alpha-cluster state characterized by an enhanced
root-mean-square matter radius estimated at R,, =
2.8 fm. Also, experimental data show quite a strong
monopole transition to this state.

In order to describe this transition, we therefore
employed the same form in (38) for the component
VE (r, E) of the inelastic form factor at the fixed value
of B(E0,1/2~ — 1/27) = 0.056¢?, determining the
parameters dg, Up, Ry, and ap from a fit to the shape
and normalization of the experimental angular distri-
bution. In just the same way as in the preceding case,

PHYSICS OF ATOMIC NUCLEI Vol.85 No.6 2022
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Fig. 16. Diflerential cross sections for inelastic a4'3C scallering at the energy of 65 MeV. The poinls represent experimental
data. The dash-dotled and dashed curves sland for the resulls of DWBA calculations for the conlribulions of, respeclively, the
1/27 slate at 11.08 MeV and the 1/27 slate al 10.996 MeV. The solid curve is the sum of these contributions.

we first performed an analysis of the experimental
differential cross sections at the energy of 90 MeV,
applying, in the exit channel at respective energies,
the SMDOM potential whose parameters were set to
values in Table 1 and which contains the mean-field
component calculated by employing the ground-state
density of the target nucleus. The results of respective
DWBA calculations are given in Fig. 14 (dashed line)
along with relevant experimental data. -

For the model of the matter density of the 3C
nucleus in the 1/27 state at 11.08 MeV, we then
took the three-parameter Fermi distribution normal-
ized in a standard way to the number of particles.
The parameters of this distribution were chosen in
such a way as to obtain the root-mean-square matter
radius of 2.8 fm (the radius calculated within the
MDM framework is 2.8 + 0.2 fm) and to render its
shape similar to the shape of the distribution in the
1/2~ state at 8.86 MeV. Figure 15 shows the model
density obtained for the 1/27 state at 11.08 MeV
upon employing the following parameter values:

wp =wp =031m, ¢, =c, =2.8Im, (43)

ap = an = 0.42 Im.
The mean-field potential was calculated anew with

this density and was thereupon used in the exit-
channel potential.

This improved somewhat the description of the
angular distributions (see Fig. 14) nearly without a
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change in the parameters found earlier for the inelas-
tic form factor:

(50 =0.1 fm,
Ro = 5.514 fm,

Up = 20.0 MeV,
apg = 0.60 fm.

(44)

After that, we analyzed the data at the energy of
65 MeV. Unfortunately, the 1/27 state at 11.08 MeV
and the 1/27% state at 10.996 MeV were not sepa-
rated experimentally in that case. Therefore, we had
to consider the summed contribution of the angular
distributions of these states. For the 1/27 state at
11.08 MeV, we took the same form factor as that at
the energy of 90 MeV, only changing the value of the
normalization parameter §p. The second state has a
very close excitation energy; therefore, it is natural
to assume that is also a cluster state characterized
by an enhanced radius that is close to the radius

of the 1/27 state at 11.08 MeV. For the inelastic
transition occurring to the 1/27 state at 10.996 MeV
with orbital-angular-momentum transfer L =1, we
used the same model expression (27) for the form

factor with the component V' (r, E) of the inelastic
form factor; that is,

Vi (r, B) = —61(4m)~2d/dr

x {U1/[1+exp((r — R1)/a1)l}.
At the fixed value of B(E1,1/27 —1/27) =
0.018¢? fm?, the parameters d;, Ui, Ri, a1, and

dp were determined from a fit to the shape and
normalization of the summed angular distribution.

(45)
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Fig. 17. Form faclor for inelastic a+'3C scallering oc-
curring al the energy of 90 MeV and leading lo the
excilalion of lhe (dashed curve) 1/27 stale al 8.86 MeV,
(solid curve) 1/27 slale at 11.08 MeV, and (dash-dotled
curve) 1/27 slate at 10.996 MeV.

In the entrance and exit channels, we used the
SMDOM optical potentials at respective energies
with parameters set to the values in Table 1 and with
allowance for the enhanced radii of the density in
calculating the mean-field component. The quality
of description of experimental data is illustrated in
Fig. 16.

We have obtained the following parameter values:

50 =0.07 fm, 51 =0.3 fm, (46)
U =155MeV, R;=5.514fm,
ay = 0.9 fm.

Figure 17 shows the components V7 (r, E) of the
inelastic form factors for the 1/2~ state at 11.08 MeV,
the 1/2% state at 10.996 MeV, and the 1/2~ state at
8.86 MeV.

On the basis of the component determined for the
10.996-MeV state, the radius of this state was esti-
mated for the first time within the MDM framework.
The result is 2.9 0.1 fm.

A comparison of the shapes of the inelastic form
factors that we obtained gives ground to assume that,
in all three states, the 13C nucleus, has enhanced radii
and similar structures.

9. CONCLUSIONS

A theoretical analysis of experimental data on
elastic and inelastic alpha-particle scattering on 13C
nuclei at the energies of 65 and 90 MeV that leads,
in the case of inelastic scattering, to the excitation
of the states at 3.09, 3.68, 7.55, 8.86, 9.90, and

GONCHAROV et al.

11.08 MeV have been performed. Data on the angular
distributions for the states at 3.68 and 7.55 MeV have
been presented for the first time.

Data on elastic scattering in the energy range
of Elap = 48.7—90 MeV were analyzed on the basis
of the SemiMicroscopic Dispersive Optical Model
{SMDOM). This model, which resorts to dispersion
relations, effectively involves a smaller number of
variable parameters than the usual phenomenologi-
cal optical model, where one determines the whole
sel of parameters at each energy value individually.
This makes it possible to reduce the ambiguity of
the analysis. Within this approach, the mean-field
potential has been calculated microscopically on the
basis of the double-folding model with allowance for
the exchange component. In particular, the empirical
energy dependence of the volume integral has been
found for the mean-field potential. The parameters of
the SMDOM potential have been determined. The
use of rainbow effects observed in differential cross
sections also made it possible to reduce the ambiguity
in determining the parameters of the optical potential,
and a smooth energy dependence of the parameters of
the constructed potential in the energy range being
considered permitted estimating the parameters and
integrated characteristics of the potential at energies
of exit inelastic-scattering channel. A rather good
description of the data on elastic scattering has been
obtained.

Experimental data on inelastic scattering have
been analyzed with the aid of the DWBA method.
In this analysis, we have employed the strength pa-
rameters of the SMDOM potential at the respective
energies that was obtained above.

Data on the states at 3.68 and 7.55 MeV have been
analyzed under the assumption that these states are
members of the ground-state rotational band. The
data have been well described in the region of first
diffraction oscillations, whereby the validity of this as-
sumption is confirmed. Within the MDM framework,
we have obtained, for these states, radii that, within
the errors, agree with the ground-state radius. These
two results confirm that the band in question may
indeed exist.

The 1/27 state at 3.09 MeV has been treated as a
single-particle excitation of the valence neutron in the
s state in the potential of the 2C core in the ground
state. The radial form factor is determined by the
overlap integral of the nucleon—nucleon interaction
and the single-particle wave functions for the 1p;/,
valence neutron in the ground state of the 13C target
nucleus and the 2s/, valence neutron in the 1/27%

exited state of the 3C nucleus at 3.09 MeV. The
single-particle wave function obtained for the 2s; /9
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valence neutron has a large extension (its root-mean-
square radius is R, = 6.36 fm), showing signatures of
a neutron halo in the '3C nucleus in the 1/27 excited
state at 3.09 MeV. The estimation of the root-mean-
square radius of the 13C nucleus (R, ) in this state on
the basis of the model being considered yields R,, =
2.8 im. A similar value of the radius was also obtained
within the MDM framework, 2.9 + 0.2 im. The dis-
tribution of the matter density in this state turned out
to be more extended, differing substantially from the
ground-state density. In order to render the DWBA
calculation self-consistent, it is therefore necessary
to employ, in calculating the mean-field potential in
the exit channel, this excited-state density. The use
of this rarefied density improved the description of
experimental data. In summary, these data are rather
well described over the whole energy range.

Our analysis has made it possible to extract the
component corresponding to the 10.996-MeV state
and to estimate for the first time the radius of this
state within the MDM framework. The states at 8.86,
10.996, and 11.08 MeV have been treated as alpha-
cluster states. The data in question are rather well
described over the whole energy range. Moreover, the
form factors obtained for these states behave similarly,
which is indicative of the proximity of their properties.
It turns out that, within the errors, the radii of these
states agree with one another and that they are close
to the radius of the Hoyle state. These results sup-
port the assumption that the alpha-cluster states in
question are analogs of the Hoyle state in 12C.

For the 9.90 MeV state, we have employed a fully
phenomenological inelastic form factor since the na-
ture of this excitation is not clear. Owing to this,
we were able to attain a good description of the ex-
perimental data in the region of first difiraction os-
cillations. A comparison of the form factor obtained
for this state with the form factor for the state at
8.86 MeV demonstrates strongly different types of
behavior and a smaller spatial extension for the state
at 9.90 MeV. This confirms once again the reduced
radius that we obtained within the MDM framework.

The analysis that we performed by applying the
DWBA method has confirmed our results obtained
earlier from MDM calculations. Once again, the
coexistence of different structures in 3C have been
demonstrated. Specifically, shell states neighbor col-
lective rotational states and exotic structures, such as
a neutron halo and alpha-cluster states characterized
by enhances radii. The problem of the compact state
at 9.90 MeV remains open and will possible require a
new experiment with a 3He beam.

Our present analysis has confirmed once again the
potential of the distorted-wave method, which may
provide information about the wave function for the
state of interest via tests of various nuclear models in
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terms of the reaction form factor, which is the overlap
integral of the wave functions for the primary target
nucleus and the final nuclear product in the state
being studied. Moreover, such a theoretical analysis
permits separating, in the cases where this is impos-
sible in experimental data, the contributions of close
levels or the contributions of several components as-
sociated with different angular-momentum transfers.
This was successfully done for the experimental data
at 65 MeV: the components of the states at 3.68 and
3.85 MeV, as well as the components of the states at
10.996 and 11.08 MeV, could be singled out in the
common peak.
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