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The differential cross sections of the ''B(*He, d) '>C reaction leading to formation of the 0* ground state and
the 15.11-MeV 1+, 16.57-MeV 2~, and 17.23-MeV 1~ excited states of '2C are measured at Ej,, = 25 MeV. The
analysis of the data is carried out within the coupled-reaction-channels method for the direct proton transfer to
the bound and unbound states. The rms radii of the last proton in all states studied are determined. A comparison
of the rms radii of the '>B, 'C, and >N nuclei in the isobaric analog states (IASs) with isospin T = 1 determined
by different methods allows us to arrive at a conclusion that these nuclei in the 1~ excited states at E, = 2.62,
17.23, and 1.80 MeV, respectively, possess one-nucleon (neutron or proton) halo structure. The enlarged radii
and a large probability of the last neutron to be outside of the range of the interaction potential are also found
for the 2~ states of >B, '2C, and >N at E, = 1.67, 16.57, and 1.19 MeV, respectively. These IASs also can be
regarded as candidates for states with one-nucleon (neutron or proton) halo.
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I. INTRODUCTION

In the past few decades significant progress has been made
in studying the phenomenon of neutron and proton halos in
excited states of stable light nuclei [ 1-23]. Most of these states
are located close to or above the particle emission threshold.
One of the necessary characteristics of a nucleus in a halo
state is an increased nuclear radius or the enlarged separation
distance between the core and the last nucleon. Thus, the
measurement and determination of the rms radius plays a
crucial role in the problem of nuclear halos. We emphasize
that these exotic states of light nuclei are not limited by the
neutron-halo structures. Recently the observation of a proton
halo in the unbound 2.37-MeV 1/2% state of 3N, a mirror
state with respect to the 3.09-MeV state of '3C, was reported
[21] . The enhanced rms radius of '*N in this state was found
tobe equal to 2.91 £ 0.14 fm, a much larger value if compared
with the radius of the ground state (g.s.) of >N of 2.31 fm. The
value reported in Ref. [21] is similar to the radius of the mirror
13C nucleus in the 3.09-MeV 1/2* state (the estimates range
from 2.7 to 2.9 fm, as shown, for instance, in Ref. [16]).

Nucleon transfer reactions are traditionally used to ob-
tain information on single-particle (sp) states, spectroscopic
factors (SF), asymptotic normalizations coefficients (ANC),
and the nucleus-nucleus optical potential [6-31]. Also, these
reactions are widely used to search for the states with

2469-9985/2020/102(5)/054612(8)

054612-1

increased radii [6,7,9,11,16,22]. Charge-exchange reactions,
in particular the (*He, ¢) reaction, are also useful for obtaining
this information and have the advantage for studying unbound
states in the continuum spectrum [21,23]. Note that the inter-
pretation of a nucleon halo in the excited states located above
the particle emission threshold remains an open question.
In view of the lack of a way to quantitatively calculate the
weight of the asymptotic part of the nucleon wave function
describing the unbound state, difficulties arise in comparing
its asymptotic and inner parts.

In this connection, much current interest is focused on the
study of the nucleon transfer and charge-exchange reactions,
in which the isobaric analog states (IASs), presumably having
a halo structure, are populated. Indeed, replacing a neutron
in a halo state with a proton does not necessarily lead to the
appearance of an analogous proton-halo structure, and in the
case of IASs having a halo, the situation is more complicated.
The appearance of a halo is determined, in particular, by the
proximity of the valence nucleon to the emission threshold
and can be very different for a neutron and a proton. An
interesting example concerns the exotic mirror !N and '"Ne
nuclei in their ground states. This pair has attracted a lot of
interest in the last two decades in terms of their halo structure
being a system formed by a core plus two nucleons. !"Ne is
a Borromean nucleus, which is, as accepted [24,25], has a
two-proton halo. In the recent study of the neutron-rich '7-2>N
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isotopes [26], the increased matter radius of '"N was not
detected, and the halo structure for this nucleus was not con-
firmed. However, a thick neutron skin for the 2N isotopes
was detected, while a developed neutron halolike structure
was found for 22N. This fact is not surprising if one takes into
account that in '’N two protons are tightly bound to the N
core with the binding energy of 8.4 MeV and in the *2!N
isotopes two protons are weakly bound or unbound to the
core.

In our work, we study a triplet of the IASs with isospin
T =1 of the 2B, '2C, and >N nuclei. All these states are
located in the vicinity of the nucleon emission thresholds.
Taking into account the neutron halo structure in some excited
states of 2B, let us consider the possibility of the appearance
of proton halos for other members of this multiplet. Our goal
is to compare the rms radii of these nuclei in the IASs in order
to reveal the possible appearance of a proton halo.

The 2B nucleus is an odd-odd nucleus, and the neutron-
halo structure was found in the 1.67-MeV 2~ and 2.62-MeV
1~ states of 2B by studying the neutron transfer ''B(d, p) '>B
reaction [6,7,11,22]. Namely, the following properties of these
states were revealed: (1) close location to the neutron emission
threshold; (2) occupation of the s and d orbitals by the valence
neutron; (3) increased nuclear rms radius and halo radius; and
(4) an elongated neutron wave function, which provides the
probability of the last neutron to be outside of the range of
the interaction radius, the so-called D; coefficient, larger than
50%. The combination of these properties allows one to state
the appearance of a neutron halo in these excited states of >B.

The measured '>B and '>N spectra are very similar and
their low-lying levels correspond to the one-particle—one-hole
shell-model configurations [32-34]. Hence, one can expect
the existence of excited states with enlarged radii and a pos-
sible proton halo in '>N. The proton-emission threshold in
12N is located only 0.60 MeV above the ground state, thus
the IASs in 2N with spin-parities 1~ and 2~ belong to the
continuum spectrum. Recently, the '>C(*He, 1) '2N reaction at
E(*He) = 40 MeV, in which the 17 (g.s), 2+ (0.96 MeV), 2~
(1.19 MeV), and 1~ (1.80 MeV) states of >N were populated,
has been studied [23]. The distorted wave Born approxima-
tion (DWBA) calculations and the modified diffraction model
(MDM) [21,35-37] were applied to analyze the data. The
MDM analysis revealed the enlarged radii for the 1.19-MeV
27 and 1.80-MeV 1~ states in comparison with the rms radius
of the g.s. of 12N (2.47 £ 0.07 fm [38,39]).

The '?C nucleus is one of the most studied nuclear objects
and has a great importance in clustering in light nuclei and
nuclear astrophysics [32,34,40-42]. Nevertheless, studying
the detailed structure of the '>C spectrum above 15 MeV
excitation energy, especially in the region of the T = 1 IASs,
remains an interesting and beneficial task.

We present new data for the ''B(*He, d) '2C reaction at the
incident *He energy of 25 MeV. The differential cross sections
are measured for the g.s. and a number of excited states of '>C
above E, = 15 MeV. The energy levels above 5 MeV were
studied by this reaction in Refs. [43—45], but we believe that
the differential cross sections of the 'B(*He, d) '2C reaction
to the high-lying states of '>C with excitation energies of
16.57 and 17.23 MeV are reported for the first time.

We focus on the analysis of excited states with 7 =1,
which are the IASs of the corresponding states of the '”B and
12N nuclei. The data are analyzed by the coupled-reaction-
channels (CRC) method for direct proton transfer to the bound
and resonance states. The main goal of our work is to deter-
mine the radius of '?C in the studied states by calculating
the rms radii of the p-!'B sp wave functions. Finally, we
summarize the recent data on the excited states with increased
radii and possible neutron and proton halos in nuclei of this
isospin triplet obtained by different methods.

The paper is organized as follows: Sec. II describes the
experimental setup and the results of the measurements. The
theoretical analysis within the CRC method for direct proton
transfer is presented in Sec. III, where we also deduce the last
proton rms radii of '2C in the excited states. We discuss the
results and compare the rms and halo radii of some light nuclei
possessing neutron halos in the excited states in Sec. IV. The
conclusions are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The measurements were carried out at the University of
Jyviskyld (Finland) using the K130 cyclotron to produce a
3He beam at E |, = 25 MeV. The 150-cm-diameter Large
Scattering Chamber (LSC) [46] equipped with three sets of
AE-E detector telescopes, each containing two independent
AE detectors and one common E detector, was used. Each
device allowed carrying out measurements at two angles.
The measurements in center-of-mass (c.m.) angular range 10°
were conducted in one exposure. Two silicon pin diodes of
380 and 100 um were operating as AE detectors and 3.6 mm
lithium-drifted silicon detectors were used as E detectors.
The differential cross sections of the ''B(*He, d) '2C reaction
were measured in the c.m. angular range 4°-60°. The beam
intensity was about 20 particle nA. A self-supported enriched
(95%) boron foil of 0.275 mg/cm? thickness was used as a
B target. The '°B, '>C, and N nuclei were impurities in
the target, so peaks for the excited states of !'C, N, and >0
are also present in the measured spectra. Fortunately, this did
not compromise our measurements as all the levels below the
excitation energy of 15 MeV were well separated thanks to the
total energy resolution of about 80-120 keV. This very good
energy resolution was needed to resolve the 4~ or 2~ and 17
states in 12C, which was achieved with a monochromatization
method described in Ref. [46]. The procedure reduces the
energy spread of the native cyclotron beam by a factor of 2
to 3, hence making this measurement possible.

In Fig. 1 a sample deuteron spectrum from the
"B(*He, d) '2C reaction at 6y, = 23° showing the excited
states of 12C up to E, ~ 23.5 MeV with both the isospins 7 =
0 and T = 1 is presented. The spectrum peaks were identified
and parametrized using a standard decomposition method: the
spectrum peaks were fitted with a Gaussian shape. With the
known energy calibration, the peak positions and widths were
fixed in accordance with the generally accepted values, while
the areas under the peaks were treated as free parameters. In
Fig. 1(b), a decomposition of the spectrum region from 16 to
19 MeV is shown in detail.
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FIG. 1. (a) A deuteron spectrum from the 'B(*He, d) '2C reaction at 6y, = 23° with the excitation of '>C states up to E, ~ 22.5 MeV.

(b) The detailed spectrum region from 16 to 19 MeV.

As a result the deuteron angular distribution for the g.s.
and the excited 15.11-, 16.57-, 17.23-MeV states of 2C were
extracted using the 'B(*He, d) '>C. The resulting differential
cross sections are presented in Figs. 2-5.

III. THEORETICAL ANALYSIS

We study the excited states of '>C with 7 = 1: 15.11-MeV
1*, 16.57-MeV 27, and 17.23-MeV 1~ states, which are
excited through a proton-transfer ''B(*He, d) '2C reaction.
Accordingly to the charge independence of nuclear forces,
these states are the IASs of the 1T g.s., the 1.67-MeV 27, and
the 2.62-MeV 1~ states of 1?B. They are also the IASs of the
1+ g.s,1.19-MeV 27, and 1.80-MeV 1~ states of >N [32,34].

A. Elastic scattering analysis

The first step of the analysis includes choosing reasonable
optical potentials (OPs) to fit the experimental elastic-
scattering angular distribution. The effective potentials are
represented by the OPs of the standard form:

T

Ao\2
V() = Veou(r) = Vofo(r) + Vs.o.( ) 2(L-s)
My C

1d . d
X;Efs.o.(r) - l[W - 4WDE]fW(")v (D

fir) = {14exp[(r — rAY?) /a]} ™', i=0, so.,and W,
)

with the real, spin-orbital, and imaginary components, re-
spectively. The Coulomb interaction is represented by the
Veoul(r) potential of a uniformly charged sphere of radius
RC = rcA; .

Parameters of the OP used for the *He+ ''B channel
at 25 MeV are chosen based on the global parametrization
presented in Refs. [47] and taking into account the elas-
tic scattering and reaction coupling effect. The final sets of
parameters (see Table I) correspond to the best fit of the

elastic-scattering data available at laboratory energy around
25 MeV.

Parameters of the OPs describing the d + '?C interaction
at 17-20 MeV are calculated based on the global parametriza-
tion presented in Ref. [48] and taking into account the
corresponding energy dependence of the depths and radial
parameters of OPs (see Table I).

B. Coupled-reaction-channels analysis

Our analysis is performed within the CRC method by
using the code FRESCO [49]. Calculations of the differ-
ential cross sections of the '"B(*He,d)'’C reaction are
carried out in the framework of the one-proton direct trans-
fer mechanism to the bound and unbound excited states
of '>C: *He(lwe) + '"B(s) — [d(Ia) + p(s,)] + "B(Is) —
d(Iz) + ">C(Ic). This mechanism is characterized by the fol-
lowing angular-momentum coupling scheme (see, e.g., [50]):

Iie=ji+1s, ji=s,+1,
Ic=jo+1Isg, Jjo=s,+h, 3
L=ji+j=h+1b,

where s, I, Iye, Ic, and Iy are proton, deuteron, 3He, 2¢
and ''B spins, L is the transferred orbital angular momen-
tum, and /; (l;) and j; (j,) are the orbital and total angular
momenta of the proton in 3He (20).

In the accepted two-body approximation, the model sp
wave functions are used instead of the exact overlap wave
functions, which describe the proton wave function in the
corresponding state of *He and '*C. If the proton is bound at
negative energy ¢, around the core, then its wave function is
found as the eigensolution of a given potential with boundary
conditions corresponding to the bound state by varying the
depth of the binding potential.

We use the proton ls;, sp wave function in *He
with orbital angular momentum /; = 0 generated by the
Woods-Saxon potential with the depth of 76.3 MeV, the ra-
dius R = 1.13 fm, and the diffuseness parameter a = 0.95
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TABLE 1. Parameters of the optical model potentials for the ''B(*He, d) >C reaction calculations.

Vo 4] dao w rw aw Wp T'wy aw, Vso. Fs.o. Ay o. rc
Channel (MeV) (fm) (fm) MeV)  (fm) (fm) (MeV fm) (fm) (fm) (MeV) (fm) (fm) (fm)
‘He +''B 123.0 1.184  0.732 4.0 142 0.823 11.0 1.207  0.775 2.07 0.747  0.88 1.289
d+"C 94.40 1.050 0.776 4.8 1.87  0.730 3.0 1.87 0.730 1.0 0.8 0.5 1.3

fm. This wave function is characterized by the sp ANC
bpa =0, =12 = 2.076 fm~'/2 in accordance with Ref. [51].

The structure of the '>C levels is considered in terms of
the shell model and corresponds to a population of the single-
proton states (their configurations are presented in Table II).
It is assumed that the last proton occupies the 1p3,, orbital
in the 0% g.s. of 12¢ and the 1p, 2s, 1d, 1f, and 1g shells
in the other studied excited states of '>C. The radial quantum
number 7, defines directly the number of nodes in the radial
solution.

Cross section calculations to the bound states of '>C are
carried out with the normalized sp overlap p + ''B wave
functions generated by the Vi, () potential of Woods-Saxon
shape with varying radii and diffuseness parameters. The
depth of the Viig,, potential is adjusted to fit the proton binding
energy in given state. The geometric parameters and the spec-
troscopic amplitudes ©;’7 tb (the reduced widths) are adjusted
to fit the differential cross sections, especially in the region of
the main peak.

The asymptotic behavior for » > Ry (Ry is the channel
radius) of the radial sp overlap wave function is described by
the Whittaker function dependent on the binding energy ¢,
and is proportional to the sp ANC b,;. Given that the bound
nucleon radial wave function is square integrable (normalized

to unity), its rms radius is associated with the rms distance
between the last nucleon and the core [6,7,9,11,16,22].

Optimal sets of the geometric parameters of the ''B +p
interaction potentials giving the best fit to the data for different
states are shown in Table II, as well as the sp ANC b,,,;,. The
calculated differential cross sections of the 'B(PHe, d) 2C
reaction to the g.s. and the bound 15.11-MeV 1% state are
shown (by lines) in Figs. 2 and 3 in comparison with the
measured data.

The threshold of proton emission in >C lies at Ey, = 15.96
MeV, so the 16.57-MeV 2~ and the 17.23-MeV 1~ states are
the resonant continuum states with widths of 0.3 and 1.15
MeYV, respectively [32,34].

Cross-section calculations to the unbound states of '>C
with spin /¢ are carried out with the scattering wave functions
corresponding to the resonant scattering of a proton on the
core !'B nucleus. The asymptotic parts of the resonant wave
functions are described in terms of their S-matrix elements.
In order to calculate a form factor of a continuum state, the
resonant energy-averaged wave function, the so-called “bin”
wave function [52]

2 [k
o=, /k w (k)i (r)dk

“

TABLEIL The excitation energy, spin-parity, proton binding energy, level width, depth, and geometric parameters of the !' B +p interaction
potential, sp quantum numbers (the radial quantum number, orbital and total angular momenta), sp ANC, spectroscopic amplitude, and the last

proton rms radius for the states of 12C.

Ex JT 8/} r VO ro a bnzlz ®expt R])
(MeV) ! (MeV) (keV) (MeV) (fm) (fm) ol j (fm~17%) mbjo (fm)
0.0 ot —15.96 1.5 0.80 1 1 32 15.82 1.0 2.9+0.1
15.11 1t —0.85 1.30 0.65 1 1 12 1.28 0.18 4.0+0.2

1 1 32 1.23 0.18
1 1 52 0.07 0.13
16.57 2- 0.61 300 150 1.20 0.855 2 0 1/2 1.55
1 2 32 0.64
1 2 52 0.64
1 4 172 0.40
16.57 2 —0.01 1.25 0.65 2 0 12 0.40 6.76 + 0.35
1 2 312 0.16
1 2 52 0.16
1 4 72 0.10
17.23 1- 1.27 1150 150 1.25 0.90 2 0 12 0.34
1 2 32 0.23
1 2 52 0.23
17.23 1- —0.01 1.25 0.75 2 0 12 0.29 7.05 +0.35
1 2 32 0.18
1 2 52 0.18
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FIG. 2. Deuteron angular distribution from the "B(*He, d) '*C
reaction populated the 0 ground state of '>C at Ejp, = 25 MeV
(squares) in comparison with the CRC (line) calculation.

is introduced. Averaging is carried out over the energy bin

range k| < k < kp, where k = [/2u(E, — Ew )]/ is the lin-
ear momentum of a proton relative to B in 2, i is the
reduced mass, and E, is the excitation energy of the unbound
state. The ¢ (7) are the continuum solutions of the scattering
Woods-Saxon potential (the depth and the geometric param-
eters are shown in Table II). The wave functions ®(r) are
normalized to unity, (® | ®) = 1, within a sufficiently large
integration interval over r (we choose a maximum radius
R =400 fm). To ensure convergence of ®(r), the normalized
weight functions w(k) corresponding to the resonance behav-
ior,

w(k) = exp(—idy) sin(y), &)

153
N= [ |wk)|*dk, ©6)
ki

are introduced, where §; are the scattering phase shifts for
i (r).

We calculate the reaction cross sections by using two dif-
ferent proton wave functions in the excited state of '>C: (a)
the resonant wave functions ®(r) [Eq. (4)] and (b) the bound

"B(C'He, d)*C(1", 15.11 MeV)]
E_ =25MeV

—_
(e}
G

do/dQ (mb/sr)
=

¥}

—_
o
T

30 40 50 60 70
6 (deg)

C.

FIG. 3. The same as in Fig. 2, but for the excited 15.11-MeV 1™
state.

= "B(*He,d)"’C (16.57 MeV, 2°)
’5100 | Elab =25 MeV
35
g
g .
10"}
o}
o
.2» =
o NES
0 10 20 30 40 50 60 70

0., (deg)

FIG. 4. Deuteron angular distribution from the ''B(*He, d) '>C
reaction populated the excited 16.57-MeV 2~ state. The solid and
dashed lines correspond to the CRC calculations with the bound and
resonant wave functions.

wave functions calculated with the small (fictitious) negative
(—0.01 MeV) binding energy of the valence proton. Figures 4
and 5 show the differential cross sections calculated with
the bound (solid lines) and the resonant (dashed lines) wave
functions.

Calculations with both wave functions reproduce the ex-
perimental deuteron angular distributions in a similar way;
therefore the calculations with bound wave functions could be
taken as a good approximation. It is obvious that the absolute
values of the experimental spectroscopic amplitudes @Z’;thz
determined from the calculations with continuum and bound
wave functions are different, but the relative weights of the sp
configurations are found to be the same (within the error bars)
regardless of the choice of the wave functions. The values of
ey ljz deduced from our CRC analysis are shown in Table II
for both cases.

It is well known that the shape of the proton + core (p +
18 and p + d ) interaction potential defined by the geometric
parameters strongly affects the differential cross section of
the proton transfer reaction. In nucleon transfer reactions, this
influence mainly affects the spectroscopic amplitudes and, to
the same extent, the shape of the angular distributions. The

"B(He,d)"’C (17.23 MeV, 1)
E_ =25MeV

)

_
> S

do/dQ (mb/sr)

._.
<
8
T

! !

0 10 20 30 40 50 60 70
6 (deg)
c.m.

FIG. 5. The same as in Fig. 4, but for the excited 17.23-MeV 1~
state. The dash-dotted line corresponds to the CRC calculations with
the geometric parameters ryp = 1.20 fm and @y = 0.50 fm.
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TABLEIIL. The spin-parities, excitation energies, rms matter radii, and D coefficients of the '*B, 'C, and >N nuclei in the isobaric analog

T =1 states.
12B I2C 12N
JT Ex ers Dl Ex ers Dl Ex ers
s (MeV) (fm) % (MeV) (fm) % (MeV) (fm)
1" 0.0 2.39 £0.02* 11° 15.11 2.40 £0.06 30 0.0 2.47 £0.07°
2= 1.67 2.734+0.11° 53b 16.57 2.88+£0.13 47 1.19 2.840.2¢
1~ 2.62 3.00£0.11° 62° 17.23 2.94+0.13 52 1.80 3.340.2¢

4Reference [54].
bReference [22] by using Rns(''B) = 2.29 fm.
‘Reference [55].
dReference [23].

best description of the data and reasonable or known values
of the SFs are the criteria for selecting potential parameters.
We studied the effect of the parameter choice in detail in the
previous works [16,22]. In the current calculations, the best
fit of the experimental deuteron angular distributions for the
high-lying states is achieved using the geometric parameters
of the !'B +p interaction potential with nearly standard values
(see Table II). The last column of Table II contains the values
of the rms radius of the bound sp wave functions (the last
proton rms radius), R ,, in the studied states of '*C. It is evident
that R, decreases with decreasing geometric parameters of
the interaction potential. In Fig. 5, by way of illustration, we
show (by dash-dotted line) the cross section of this reaction
populating the 17.32-MeV 1~ state, which is calculated with
the reduced geometric parameters ro = 1.2 fm and ay = 0.50
fm. One can see that the agreement of this calculation with the
data is significantly worse. Thus, the derived error bars for R,
of approximately 5% characterize the ambiguity in determin-
ing the geometric parameters and the fictitious binding energy
(from —0.005 to —0.1 MeV).

IV. DISCUSSION

Let us estimate the radii of '>C in the continuum excited
states using the last proton rms radius R,,, which is approxi-
mated as the rms radius of the bound sp proton wave function
in '2C. It should be noted that R, for the 16.57-MeV 2~
and the 17.23-MeV 17 states are significantly enhanced in
comparison with those for the g.s. and the 15.11 -MeV 1"
state (see Table II). The most important result follows form
the comparison of the rms radii of the '2C, '?B, and >N nuclei
in the corresponding 7 = 1 IASs. It is evident that if the halo
state is characterized by the extended radius of the valence
particle, the nucleus in this state has an increased matter
radius. This fact is definitely seen from Table III, where the
rms matter radii of the 2B, 12C, and ‘2N nuclei in the studied
TIASs are shown. In order to calculate the nuclear rms radii, a
relationship [53] between the one-proton (one-neutron) radius
R, and the rms radii R, of the core-nucleus A and the (A + 1)
system,

(A4 D[Rms(A + DT> = A[Rims(A))* + [A/(A + DIR%, (7)

is used.

Table III shows the summary of the rms radii, Ry, of
the 2B, 2C, and >N nuclei in the IASs with T = 1 calcu-
lated in this work and obtained by other different methods
in Refs. [22,23,54-56]. The rms radii of 2C and °B are
calculated accordingly to Eq. (7) taking into account the
rms matter radius of 'B, Rms(''B) = 2.29 fm. This value
corresponds to the average value of the rms radius of ''B
presented in different references mentioned in Ref. [57] (note
that in Ref. [22], Rims(''B) = 2.09 fm was used following
Ref. [38]).

In accordance with a rigorous definition of a halo state for
exotic nuclei, it is assumed that the halo nucleon would spend
about 50% of the time outside the range of the core poten-
tial [58—62]. This is a sufficiently strict requirement, whereas
there are many “real halos” that are large, but have up to 50%
of the nucleon wave function remaining within the potential
well [58]. Also, less developed halos and halolike states do
not exactly satisfy this criterion. To calculate this probability
quantitatively, a coefficient D;(Ry) estimating the weight of
the asymptotic part of the wave function is introduced,

Di(Ry) = / h W (ryridr, ®)
R

N

where u;;(r) is a sp nucleon radial wave function. In Table III,
calculated values of D;(Ry) in percent at the distance about
Ry = 5.0 fm are also shown.

Our calculations show that the rms radii of the last proton
in all excited states under consideration are greater than that
in the g.s. of '>C.

The largest radii are found for the 1~ states at E, = 2.62,
17.23, and 1.80 MeV of 12B, 12, and 12N, respectively. It was
claimed in Refs. [6,7,11,22] that 2B in this state possesses
a neutron halo in view of not only the enlarged rms neutron
radius and the rms matter radius, but also the D; coefficient
value much greater than 50%. A similar result is obtained for
12C in the corresponding IAS: the enlarged rms proton radius
(7.1 &£ 0.3 fm), the increased rms matter radius (2.94 4 0.13),
and D; = 52%. The detected tendency can be traced in the
corresponding IAS of the >N nucleus, where a very enlarged
rms radius (3.3 &= 0.2 fm) was found by the MDM in Ref. [23].
Thus, we can propose that the excited 1~ states at 17.23 MeV
in >C and 1.80 MeV in >N possess the proton halo
structure.
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In Refs. [6,22], it was found that the 1.67-MeV 2~ state of
12B also can be considered as a halo state, with the last neutron
spending more than 50% of its time outside the range of the
core potential and the neutron rms radius R,(27) = Ry(27) =
5.9 £ 0.3 fm, which exceeds that for the g.s. by a factor of
1.7. We determine the rms radius of the last proton in the
corresponding IAS of '>C at 16.57 MeV excitation energy
to be equal to 6.76 & 0.30 MeV. The rms matter radius of
122 in this state calculated by Eq. (7) is Rims = 2.88 £0.13
fm, which is by a factor of 1.2 greater than that for its g.s.
[Rims(12Cgs.) = 2.35 £ 0.02fm]. The weight of the asymp-
totic part of the proton wave function, D; = 47%, is slightly
less than 50%. The MDM analysis performed in Ref. [23] also
revealed the enlarged rms matter radius (2.8 &= 0.2 fm) for the
corresponding IAS of the 2N nucleus. With respect to these
2~ excited states at 16.57 MeV in '2C and 1.19 MeV in 2N,
we can suggest a possible proton halolike structure.

Our results confirm the statement above that the halo phe-
nomenon has a universal character and appears both in the
ground states of exotic nuclei and in the excited states of
normal light nuclei. This statement is based on the enlarged
radii obtained in our works by different methods, as well as
the respective large values of the D; coefficient, which prove a
large probability of finding the last nucleon, neutron or proton,
outside the range of the sp interaction potential.

V. CONCLUSIONS

In recent years, studies of the nucleon transfer and charge-
exchange reactions populating isobaric analog states of light
nuclei have attracted considerable interest in view of their
relation with the neutron and proton halo structure of light
nuclei. In this work we studied a triplet of IASs with isospin
T =1 in the ?B, '2C, and 2N nuclei and compared their
rms radii. The appearance of neutron halo states of '>B was
demonstrated in Refs. [6,7,11,22], where the neutron transfer
'B(d, p) ’B reaction was analyzed by the ANC method.
The '>C(*He, t) >N charge-exchange reaction was studied in

Ref. [23] and the proton halo in the corresponding IASs of
12N was revealed by the MDM analysis. In our work, we
measured the differential cross sections of the proton transfer
"B(*He, d) '>C reaction to the g.s. and the excited 15.11,
16.57, 17.23 MeV states of '?C at 25 MeV with the aim of
finding a possible proton halo appearance in the IASs with
isospin T = 1 of the '>C nucleus.

A theoretical analysis of the data was carried out in the
framework of the CRC method for direct proton transfer. We
calculated the reaction cross sections to the unbound reso-
nance states of '>C in the continuum by using two different
proton wave functions: the resonant wave functions and the
bound wave functions calculated with the effective small neg-
ative binding energy of the valence proton. A comparison of
the calculated cross sections allowed us to estimate the last
proton rms radii in the 16.57-MeV 2~ and 17.23-MeV 1~
states of '2C, which were found to be significantly enlarged.
Finally, we compared the rms radii of 2 12 and 2N in
the IASs with isospin 7 = 1 determined by different methods
and arrived at a conclusion that the 2B, '2C, and 2N nuclei
in the 1~ excited states at E, = 2.62, 17.23, and 1.80 MeV,
respectively, possess one-nucleon (neutron or proton) halo
structure. This conclusion is based on the rms radius calcu-
lations and estimates of the weight of the asymptotic part of
the single-particle wave functions (D, coefficient values). The
enlarged radii and large values of D; coefficient are also found
for the 2~ states of °B, '2C, and °N at E, = 1.67, 16.57,
and 1.19 MeV, respectively. These IASs can be also regarded
as candidates for states with one-nucleon (neutron or proton)
halo.
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