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Abstract

Background: Halo structure is an interesting exotic configuration developed in some light weakly

bound nuclei, where a valence particle orbits a nuclear core. Signatures of halo structure can be

observed in the angular distributions of the elastic scattering induced by these nuclei at energies

around the Coulomb barrier. There are some well-studied reactions with neutron-rich halo nuclei,

such as 6He and 11Li. However, the portrait is scarce on the proton-rich side. Recent works confirm

the halo structure in the 8B nuclei but still lack more experimental studies for other proton-halo

candidates, such as 12N and 17F.

Purpose: In this work we report new experimental data for the elastic scattering of 12N on

197Au target at Elab = 70 MeV. The 12N is a proton-rich nucleus with proton separation energy

Sp = 600 keV, which is higher than the 8B (Sp = 137 keV) and almost the same as the 17F

(Sp = 601 keV).

Methods: Data were obtained at the Cyclotron Institute of Texas A&M University where the

12N radioactive beam was produced by the Momentum Achromatic Recoil Spectrometer. The

calculation of the optical model was used to fit the measured angular distribution for the elastic

scattering and to obtain the reaction cross section σR. We also performed continuum discretized

coupled-channel calculations to compare with the experimental data.

Results: The angular distribution of the elastic cross sections exhibits a suppression of the Fresnel

peak. From the fitting of the optical model, we obtain the total reaction cross section, σR =

1269±41 mb. The agreement between the CDCC calculation and the experimental elastic scattering

data is limited and the breakdown does not exhaust the measured σR.

Conclusions: The resulting reduced reaction cross section σRed for 12N+197Au is large and com-

parable to the one obtained for 8B+208Pb system. This suggests a strong decoupling of the valence

proton from the core because of the low binding energy and a dynamic polarization effect. More

research is required to estimate the contribution of core excitation.

I. INTRODUCTION

Light nuclei away from the valley of stability are characterized by low binding energies

that, in some cases, lead to the formation of an extended matter distribution and halo
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structure in which the valence particle(s) orbits far around a tightly bound nuclear core [1, 2].

These kinds of nuclei are also promising objects for theoretical developments on nuclear open

quantum systems, for which the continuum coupling becomes relevant to describe weakly

bound states [3].

Signatures of the halo configurations appear already in the angular distribution of the

elastic scatterings at energies close to the Coulomb barrier, where the halo configuration has a

stronger influence on the reaction mechanism. The angular distribution for elastic scattering

of halo nuclei usually exhibits a damping of the Fresnel (or Coulomb-nuclear interference)

peak and a large reaction cross section compared to its stable isotope counterpart. Damping

of the Fresnel peak arises from the effect of the breakup channel in the presence of Coulomb

and/or nuclear potentials [4, 5].

The halo configuration has been well studied for neutron-rich nuclei, such as 6He, 11Li,

and 11Be, whereas for proton-rich halo nuclei experimental data are scarce, mostly due to

difficulties in producing reasonably intense beams for measurements [6]. One of the most

studied proton-rich halo nuclei is the 8B nucleus. In 2019, Mazzocco et al. reported an

enormous reaction cross section for 8B + 208Pb at Elab=50 MeV [7]. Two years later, Sparta

et al. published new data for elastic scattering in the 8B+64Zn elastic scattering at an

energy approximately 1.5 times the Coulomb barrier [8], where a clear Fresnel peak can still

be observed (see Fig. 4 in Ref. [8]). In 2022, Yang et al. published data for the elastic and

angular correlation of the breakup fragments in the 8B+120Sn system at two energies around

the Coulomb barrier [9]. The elastic angular distribution shows a suppression of the Fresnel

peak due to the influence of the continuum states in 8B on the elastic scattering, although

it is not as significant as observed in the elastic scattering of neutron halo nuclei. Analysis

of the angular correlation between the breakup fragments (7Be and proton) provide strong

grounds to support that the break-up proceeds through the short-lived continuum states

and that the yield of 7Be is almost exhausted by elastic breakup.

Some recent measurements with proton-rich projectiles on heavy targets at energies

around the Coulomb barrier involve the 10C [10] and the 17Ne [11], both on the 208Pb target.

Their data exhibit damping of the Fresnel peak, but reaction cross sections are comparable

to those for weakly bound nuclei in the same mass region. Other proton-halo candidates,

such as 12N and 17F, still need further experimental investigations. In this work, we present

new experimental data for the elastic scattering of proton-rich 12N on the 197Au target at
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Elab = 70 MeV.

This paper is organized as follows: the experimental setup and data are presented in

Sect. II. Section III describes the theoretical approaches and discussions about the results.

Conclusions are presented in Sect. IV.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the Cyclotron Institute of Texas A&M University,

Texas, USA. The radioactive 12N beam was produced from the 3He(10B,12N)n reaction. A

10B3+ primary beam was delivered by the K150 Cyclotron accelerator at 107 MeV and

impinged on a 3He gas cell at 819 Torr and cryogenically cooled at 77 K. The produced

12N particles were selected by the Momentum Achromatic Recoil Spectrometer (MARS).

The intensity of the beam was monitored by a scintillator detector positioned downstream

of the MARS beam line. Due to the similarity in magnetic rigidity, the secondary beam

was composed of 12N7+ (≈ 44%) and 7Be4+ (≈ 56%) ions. The average rate of 12N during

the experimental runs was about 103 pps. The energies of the 12N and 7Be beams, after

the scintillator detector and before hitting the 197Au target, were 73.3 MeV and 42.0 MeV,

respectively.

A sketch of the scattering chamber is shown in Fig. 1. A 4.7-mg/cm2-thick 197Au film

was mounted on a target holder set at ∼ 30◦ relative to the secondary beam axis. The

energy loss of the 12N through the 197Au target is about 6.5 MeV. Therefore, throughout

this work, we assume Elab=70 MeV as the incident energy obtained by averaging the ingoing

and outgoing energies of the target.

The detection system consisted of three 500-µm-thick double-sided silicon strip detectors

(DSSSD) with front and back sides segmented in 128 strips. These detectors were mounted

in a diamond-shaped geometry, about 15.3 cm away from the 197Au target. This configu-

ration allowed coverage of scattering angles from ≈ 30◦ to 140◦ with some angular overlaps

between successive DSSSDs. The angular overlaps between the DSSSDs were useful in the

normalization procedure. The data readout is based on General Electronics for Time Pro-

jection Chambers [12] used in the Texas Active Target Time Projection Chamber [13]. The

energy calibration of the detectors was performed using a mixed alpha source with 239Pu,

241Am and 244Cm nuclides, which was also used to determine solid angles. The alpha source
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FIG. 1: Sketch of the experimental setup for the measurements of the elastic scattering.

The detectors cover the following angles (in the laboratory reference system):

26◦ < θ1 < 81◦ (det.#1), 60◦ < θ2 < 105◦ (det.#2) and 89◦ < θ3 < 140◦ (det.#3).

was placed at the target holder position for the indirect measurement of the solid angles,

assuming a uniform emission over the DSSSDs’ surface.

Typical energy spectra for two different angular ranges are shown in Fig. 2 (experimental

data in blue points). The elastically scattered 12N and 7Be particles are clearly distinguished

in the energy spectra at forward angles. The yield of 7Be is very faint at backward angles due

to the lower cross section compared to the yield of 12N. The energy resolution, measured

as the full width at half maximum (FWHM) of the peak, is about 4.0 MeV, mainly due

to the energy spread (∼ 3.0 MeV) related to the acceptance of the MARS, kinematics

broadening (∼ 0.5 − 1.0 MeV), and energy straggling after the target (∼ 1.0 MeV). The

angular resolution is estimated to be about 3◦ (in the laboratory reference system), based on

the size of the beam spot on the target, the relative distances between the target detectors,

and the width of the strip of the DSSSD detectors. The yields for the 12N scattering particles

were determined from the fit of a Gaussian curve on the peak in the energy spectra, whenever

the counting was statistically significant, and by integration of the region for the elastic

event, defined according to the energy resolution and centered on the elastic scattering

energy. Although the energy resolution does not allow for the distinction of elastic from

inelastic scattering, in this work we stick to the term elastic cross section since the inelastic

cross section is estimated to be negligible, according to coupled-channel calculations.

Since we do not have a E-∆E particle identification spectrum, we must rely on simulations

to estimate the yields of the 11C breakup fragment in the elastic peak, which could be
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FIG. 2: Energy spectra for 12N + 197Au in the angular ranges of 40◦ ≤ θlab ≤ 45◦ (panel a)

and 100◦ ≤ θlab ≤ 120◦ (panel b). A small contribution of 7Be (beam contaminant)

scattering is observed in the spectra. Simulations of elastic and breakup reaction channels

are shown with solid lines.

relevant at very backward angles. Monte Carlo simulations for the elastic and break-up

reaction channels were performed using the Geant4 [14] toolkit, including the relativistic

two- and three-body reaction generators [15]. The fitted optical model and the discretized

coupled channel continuum cross sections for elastic scattering and elastic breakup (details in

Sect. III) were adopted in the simulations. For the break-up channel, the relative energy (in

the center-of-mass system) between 11C and p, was assumed to be proportional to the semi-

classical photo-dissociation cross section [16]. The results of the simulation are compared

with the experimental spectra shown in Fig. 2. The simulated elastically scattered 12N

yields are shown as solid red lines and reproduce quite well the experimental data for 40◦ ≤

θlab ≤ 45◦ (see Fig. 2a). The contribution of 11C from breakup is represented by solid

black lines. The 11C breakup fragment becomes important only at backward angles (above

100◦, as shown in Fig. 2b) being at most 44% of the total peak for the last data points,

between 120◦ − 130◦. Estimates from the Monte Carlo simulation were employed to correct

the measured yields and obtain the elastic cross section.

The experimental angular distribution of the elastic cross section for 12N+197Au at

6



20 40 60 80 100 120 140
θcm (deg.)

0.0

0.2

0.4

0.6

0.8

1.0

σ/
σ R

ut
h

OM (12N)

FIG. 3: Elastic scattering angular distribution for the 12N+197Au at Elab=70 MeV. Error

bars are statistical only. The curve represents the optical model fit to the data. The band

curve represents the optical model calculations with energies ranging from 67 to 73 MeV.

See text for details.

Elab =70 MeV is shown in Fig. 3, normalized to the Rutherford cross sections. The error

bars correspond only to the statistical uncertainty. Other systematic uncertainties (beam

axis and target thickness uniformity) account for about 10%. No additional normalization

was necessary, which is considered a validation of the indirect solid angle measurement with

the alpha source. We also checked the yields of the contaminant 7Be which reproduce well

by Rutherford cross section for the 7Be+197Au system at Elab=41 MeV. This is considered

a good indication of the accuracy and consistency of the data reduction. The missing cross

sections in the angular region of θc.m.=80o to 110o correspond to the yields from det. #2

(see Fig. 1). The data from this detector were somehow compromised by some detection in-

efficiencies, resulting in low yields. Because these unexpected low yields have not been fully

understood, we removed them from the angular distribution. However, this was not a total

loss since we still have cross sections in two relevant and important regions of the angular

distribution, at fresnel peak and very backward angles, allowing analysis and discussion of

the elastic scattering for this system. The optical model curve, also shown in the figure,

is described in detail in Sect. III. The suppression of the Fresnel peak is observed in the

experimental angular distribution, which suggests a strong coupling with continuum states

(breakup).
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TABLE I: : Parameters of the optical potentials obtained from the fit of the elastic

scattering angular distribution for the systems indicated. The rV and rW are reduced radii,

using the convention Ri = ri × [A
1/3
p + A

1/3
t ] and the reduced Coulomb radius rC=1.06 fm.

The aV and aW are the diffuseness. We also include the reduced χ2.

System Elab V rV aV W rW aW χ2/N Ref.

(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)
8B+208Pb 50 50.1 1.00 0.13 15.0 0.93 1.85 1.39 [7]
10C+208Pb 67 82.2 1.19 0.12 17.6 1.60 0.14 3.44 [10]
12C+208Pb 64.9 15.1 1.29 0.33 5.37 1.26 0.33 0.89 [17]
12N+197Au 70 39.7 1.10 0.10 36.2 1.82 0.13 0.35 this work
14N+197Au 92 18.3 1.22 0.19 3.1 1.42 0.21 0.10 [18]
17Ne+208Pb 136 63.1 1.30 0.56 31.9 1.26 0.72 0.36 [11]

III. THEORETICAL ANALYSIS

A. Optical model and reaction cross section

Optical model (OM) calculations were performed for the 12N+197Au system using a com-

plex Woods-Saxon (WS) potential, with parameters adjusted to fit the experimental angular

distribution. Parameters from the OM analysis for the 10C+208Pb system at Elab=66 MeV

[10] were used as initial guessing values. The best values determined from a least square

minimization procedure are shown in Table I and the corresponding fit curve is shown in

Fig. 3. The band curve also shown in Fig. 3 has been constructed varying the beam energy

in the OM calculation within the experimental uncertainty (± 3.0 MeV) with the WS pa-

rameters fixed. As can be observed in this figure, the experimental data points lie mostly

within the limits of the band curve.

In Table I, we also include the WS parameters of the optical potential adjusted to fit the

experimental data for some similar systems available in the literature. For the 12N+197Au

system, the imaginary part of the adjusted optical potential exhibits a large reduced radius

(rW = 1.84 fm) compared to other systems compensated by a short diffuseness (aw =

0.14 fm). For the 8B+208Pb system, the opposite relationship is observed: a large diffuseness

and a short reduced radius for the imaginary part. Nevertheless, this shows that far-reaching

imaginary potential is required to absorb flux at surface, and consequently to suppress the
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cross sections at the grazing angle in both proton-rich systems. For stable systems, namely

12C and 14N, a shallow imaginary potential is sufficient to reproduce experimental data.

B. Reduction method for reaction cross sections

The total reaction cross sections for the 12N+197Au system was determined to be σR =

1269±41 mb. The uncertainty was estimated as the standard deviation of the σR calculated

with the OM at different energies, within the energy uncertainty of Elab = 70.0± 3.0 MeV.

A proper comparison of the total reaction cross section from different systems requires

a reduction method that removes (or at least reduces) differences arising from the static

properties among systems. Usually, conclusions from these reduction methods for reaction

cross sections are limited to very similar systems [19]. Here we discuss two reduction meth-

ods, as presented in [20, 21]: i) the fusion function method and ii) the simplified traditional

method, which addresses this issue.

1. The fusion function method

In the fusion function method [20], the reduced energy (ERed) and the reduced reaction

cross section (σRed) are defined as follows:

ERed,1 =
Ec.m. − Vb

ℏω
; σRed,1 = σR

[
2Ec.m.

ℏωR2
b

]
, (1)

where Rb, Vb and ℏω are the radius, height, and width of an inverted parabolic shape adjusted

to the Coulomb barrier.

The total reaction cross section consists of fusion and other non-elastic direct reactions

such as inelastic, transfer, and breakup cross sections. Fusion cross sections (σF ) can be

estimated using the Wong’s approximation [22], which describes penetration through a fixed

parabolic barrier. In terms of the reduced variables, Wong’s equation transforms itself into

an equation referred to as the universal fusion function (UFF) [23], which depends only on

the reduced energy given by:

σUFF = ln [1 + exp(2πERed)] . (2)

Although Wong’s approximation is fairly good at energies above Vb, its validity is limited

under the Coulomb barrier (it does not work too well for ERed < 0) and especially for light
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TABLE II: Reaction cross sections (σR) for selected proton-rich projectiles on 197Au and

208Pb. The optical potential (OP) used to define the parameter of the Coulomb barrier is

indicated as well the radius (Rb), height (Vb) and width (ℏω) of the adjusted parabolic

shape for each system. The reduced quantities as obtained from Eq. 1.

system Ec.m. σR OP Rb Vb ℏω ERed. σRed.

(MeV) (mb) (fm) (MeV) (MeV)
8B+208Pb 48.1 1112 SPP 11.2 49.4 4.49 -0.28 19.0

V00 11.3 48.8 4.33 -0.07 19.8

Pol. 11.2 47.8 4.30 0.08 19.9
10C+208Pb 63.9 753 SPP 11.3 58.8 5.19 0.65 14.3
12C+208Pb 61.4 429 SPP 11.5 57.7 4.70 0.79 8.5
17Ne+208Pb 125.7 1800 SPP 11.5 95.9 5.02 5.95 67.9
12N+197Au 66.0 1269 SPP 11.2 66.2 5.04 -0.04 26.3

V00 11.2 65.6 4.90 0.08 27.7

Pol. 11.2 64.1 4.88 0.39 27.9
14N+197Au 85.9 822 SPP 11.4 65.1 4.63 4.48 23.3

systems because the parabolic fitted barrier tends to be more transparent than the actual

barrier and, consequently, underestimates fusion cross sections. Moreover, contributions

from non negligible angular momenta are not explicitly considered. Nevertheless, σUFF can

be reasoned as a lower limit for σRed due to fusion.

The Table II shows the reaction cross section σR for some systems at energies close to

the Coulomb barrier available in the literature. The σR for the 12N+197Au system is large

compared to tightly bound systems, such as 14N+197Au (σR = 822 mb) and 12C+208Pb

(σR = 429 mb) [17], and comparable to the 8B+208Pb (σR = 1112 mb). In the latter system,

break-up is an important channel that contributes to σR due to the low proton binding

energy in the 8B nucleus (Sp = 0.138 MeV). In this sense, it is also expected that break-up

channel could be important in the 12N+197Au system as well, since the proton separation

energy in 12N is also small (Sp = 0.600 MeV). This expectation is supported by large inclusive

break-up cross sections for the 12N+208Pb system at higher energies (Elab = 343 MeV) [24].

Fig. 4 shows the σRed,1 for several light projectiles on 197Au and 208Pb targets. The

σRed,1 for stable projectiles (6,7Li and 12C) lies close to the UFF curve, which means that
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fusion is the main reaction channel to σRed. The reduced cross sections for systems with

neutron/proton-rich unstable projectiles, such as 6He and 7Be, are above those for stable

projectiles. In these projectiles, break-up is another important channel and the σRed,1 values

are roughly twice that for stable projectiles. Although the separation energy of 10Be is

high (Sn=6.812 MeV), the cross sections are quite close to the UFF curve, which requires

further investigation. In this plot, we observe astonishingly high σRed values for the reduced

cross section for 8B and 12N, which are well above the UFF curve for the other neutron-rich

projectiles. It is not clear whether break-up or limitations of the adopted reduction method

is responsible for this apparent huge enhancement of σRed.
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FIG. 4: Reduced total reaction cross section as a function of reduced energy for some

selected system (on heavy target), using the reduction method described in the text. The

dashed line curve is the Universal Fusion Function (UFF), representing the fusion limit.

Black arrows indicate the points for the 12N+197Au and 8B+208Pb systems when different

potentials are used to determine the barrier parameters. See text for discussions.

A shortcoming of the reaction function method is that it is heavily dependent on the

Coulomb barrier parameters, which in turn may depend on the particular nuclear optical

potential. It is usual to consider double folding potentials and, therefore, in this work we

adopt the São Paulo potential (SPP) [25] without a centrifugal term (ℓ = 0). This is a

double-folding potential that uses a two-parameter Fermi shape for the density distributions

of the projectile and target nuclei. Parameters were determined from a systematic analysis

and therefore do not account for cluster configurations of either the projectile or the target

nuclei. In Table II we list the parameters Rb, Vb and ℏω adjusted to the Coulomb barrier as
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defined by the SPP for some systems.

It has been pointed out that the reaction function method depends on a suitable de-

termination of the barrier parameters [19]. There is also the possibility that the cluster

configurations of the projectile affect the Coulomb barrier. Considering the cluster config-

uration for 12N, we can plot three situations regarding the interaction between the weakly

bound proton-rich projectile and the heavy target nuclei, as shown in Fig. 5. The dou-

ble folding SPP assumes standard matter densities distributions that is sketched in Fig. 5a.

However, the halo structure makes the Coulomb barrier lower than the one given by the SPP

calculated directly for the projectile-target system. Within the framework of the continuum

discretized coupled-channel (CDCC), we can define the V00 potential as:

V00(r) =

∫
d3r⃗|ψ0(r⃗)|2 [UpT (r⃗pT ) + UcT (r⃗cT )] , (3)

where ψ0(r⃗) is the ground-state wave function of the halo nucleus, UpT (r⃗pT ) and UcT (r⃗cT )

represent the proton-target and core-target interactions, respectively. This situation is rep-

resented in Fig. 5b.

The dynamic polarization of the proton-rich projectile is another feature that must be

considered. In this process, Coulomb repulsion between colliding particles pushes the valence

proton away from its nuclear core. This corresponds to a displacement of the valence proton

that produces an effective attenuation of the Coulomb barrier of the system. The extreme

picture of polarization is represented in Fig. 5c, in which the valence proton is behind its

nuclear core. In this scheme, we approximate the interaction between the projectile and the

target (Vpol.) by:

Vpol.(r) = UcT (rcT ) + UpT (rcT + rhalo). (4)

This produces a lower barrier compared to the previous ones.

A comparison between the Coulomb barriers produced by the VSPP, V00 and Vpol. inter-

actions for the 12N+197Au system is shown in Fig. 6. The Vb, obtained from an inverted

parabola fitted to the barrier, is higher for the VSPP (66.2 MeV) and lower for the Vpol.

(64.1 MeV). The V00 height is only 0.6 MeV below the VSPP one. The Rb and ℏω among

these nuclear potentials do not change significantly (less than 3%). These values are re-

ported in Table II for the 8B+208Pb and 12N+197Au systems. The reduced quantities based

on these barriers can be calculated. We plot the reduced total reaction cross section in

Fig. 4 as green circles (for 12N) and purple asterisks (for 8B). The lower Vb displaces the

12



FIG. 5: Illustrative representation of different nuclear potentials between the colliding

partners adopted to define the Coulomb barrier: (a) represents the double folding SPP,

with no cluster structure for the projectile; (b) represents the V00 potential, in which the

cluster configuration in the ground state of the projectile is taken into account; (c)

illustrate the extreme case of dynamic polarization, in which the proton valence particle

sets behind its nuclear core.

data points toward positive ERed values, without significant changes in σRed (also indicated

by black arrows in Fig. 4). Data points are still above the UFF curve (fusion) in both

systems; however, this simple approach suggests that a larger σR is characteristic in weakly

bound proton-rich projectiles, which results from the dynamic polarization and reduction

of the Coulomb barrier. Dynamic polarization also appears in reactions with neutron-rich

nuclei, but the subsequent attenuation in Vb seems to be smaller because the electric charge

of the projectile is in the nuclear core.
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2. The simplified traditional method

This method avoids using the barrier parameters required in the previous methods, which

make it model dependent. Transformations depend on geometrical parameters instead and

are based on the approximate relations to Rb and Vb:

Rb ∝
[
A1/3

p + A
1/3
t

]
, Vb ∝

ZpZt

A
1/3
p + A

1/3
t

, (5)

where Ai and Zi are the atomic mass and atomic number, respectively, for projectile nuclei

(i = p) and target (i = t) nuclei. The reduced variables are:

ERed,2 =
ZpZt

A
1/3
p + A

1/3
t

Ec.m. σRed,2 =
σR

A
1/3
p + A

1/3
t

. (6)

This method depends on the charges and masses of the nuclei and, therefore, is model

independent. However, there is no physical meaning attached to the ERed,2 and σRed,2 values.

In the previous method, for example, ERed,1 = 0 corresponds to the barrier height of the

systems and σUFF sets a lower limit to σRed,1.

In Fig. 7 we show a comparison between some selected systems using the simplified

traditional method. The 12N+197Au and 8B+208Pb now lies along the same trend as the

6,8He+208Pb systems. From this point of view, our estimate for the total reaction cross

section for the 12N+197Au system is connected to the spatial extension of the projectile

nuclei that can be considered as static (halo structure) or dynamic (polarization) effects.
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FIG. 7: Reduced total reaction cross section as a function of reduced energy for some

selected system (on heavy target), using the simplified traditional method. See text for

discussions.

Detailed study on this topic is beyond the scope of this work, and further data for proton-

rich is needed. However, we can conclude that the total reaction cross sections for both 8B

and 12N are similar.

C. Continuum discretized coupled-channels calculations

In this section, we discuss the contribution of the elastic breakup in the total reaction

cross section based on the three-body continuum discretized coupled channels (CDCC).

Calculations were performed using the computer code fresco [26]. The internal structure

of the target is ignored, while the weakly bound nature of the 12N projectile is modeled as a

11C+p system. In the ground state, the valence proton moves around the core in the 1p1/2

orbital.

The intrinsic Hamiltonian necessary to create the projectile ground state contains a nu-

clear interaction with parameters chosen to reproduce the halo radius (rhalo) for the
11C-p

model. The rhalo is related to the root mean square radius (rrms) of the nuclei 12N and 11C

as follows:

r2halo = [12× r2rms(
12N)]− [11× r2rms(

11C)]. (7)

The above mentioned equation neglects the spatial extent of the 11C and proton. We have

found two different rrms values reported in the literature [27, 28]. Based on these values, we

obtain value for rhalo of 4.18 and 4.47 fm.
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This nucleus has no excited bound state, and the remaining projectile states included

in the model space are in the continuum. These continuum states are square-integrable

wave functions obtained by taking the energy average of 11C + p scattering states within a

given energy range. They are then labeled by the midpoint of the energy interval and by

its angular momentum. The continuum was built with a fixed width equal to 2 fm-1 in the

momentum space, and orbital angular momenta up to ℓ = 2ℏ were considered. According to

Ref. [29], the 12N nuclei presents some resonant states from which the Jπ = 2− and Jπ = 1−

are the most intense ones. These resonances were constructed using a thinner mesh around

their corresponding excitation energy (E = 0.6 and 1.2 MeV, respectively) and using nuclear

interactions with a parameter slightly different from the one used to create the ground state.

The CDCC approach consists of solving the coupled equation with p-target (Up,T) and

core-target (U11C,T) interactions. These are the optical potentials responsible for the elastic

scattering of the valence particle (p) and the core (11C) with the target (197Au) that contain

both the Coulomb and nuclear components. The complex nuclear potential considered in

this work was the Koning-Delaroche [30] for p-target interaction and Akyüs-Winther [31] for

core-target interaction. To solve the set of coupled equations, the matrix elements Vα,α′(R)

were expanded to multipoles up to λ = 3 and the equations were solved numerically. We

considered radial distances up to R = 150 fm and angular momenta up to J = 500ℏ.

Fig. 8 shows the experimental elastic angular distribution compared to calculations. The

one-channel calculation (dashed magenta curve) takes into account only the projectile ground

state, without couplings with the continuum and assuming rhalo = 4.17 fm. These couplings

(with the continuum) are considered in the CDCC calculations (solid black curve), causing

a small suppression of the cross section at forward angles (θ < 90◦) and enhancement at

backward angles.

To investigate the effect of the parameter rhalo, adopted to construct the intrinsic states

in the nucleus 12N, we performed two additional CDCC calculations assuming rhalo = 4.47

and (a hypothetical) rhalo=5.00 fm. The results of these calculations are shown as dot-

dashed blue and dotted orange curves, respectively, in Fig. 8. The agreement with the

experimental data is limited and the rhalo changes a little the elastic cross section at the

grazing angles. Other calculations (not shown) using different optical potentials for the

core-target interaction and neglecting resonant states in 12N deteriorate the agreement with

the experimental data. In this work we have not performed four-body CDCC, in which the
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FIG. 8: Elastic scattering angular distribution for the 12N+197Au. The solid line

corresponds to the full CDCC calculation whereas the dot-dashed line is the calculation

with no coupling to the unbound states.

TABLE III: : Reaction, absorption (abs.) and elastic breakup (EBU) cross sections as

obtained from the one-channel and the CDCC calculations.

calculation σR (mb) σabs. (mb) σEBU (mb)

one-channel 676 676 –

CDCC 1297 605 692

12N is modeled as a 10B+p+p system. It is unlikely that this configuration gives a significant

contribution to elastic scattering because the two-proton separation energy in 12N is quite

high (S2p = 9.29 MeV).

Measurements of the break-up cross sections will be important to improve our study. In

Table III, we provide the reaction, absorption, and (elastic) breakup cross sections obtained

in the one-channel (no coupling) and full CDCC. According to the full CDCC, the elastic

break-up accounts for 54% of the reaction cross section.

IV. CONCLUSIONS

In summary, this work reports new experimental data for elastic scattering of the

12N+197Au system at Elab=70 MeV. The reaction cross section, as obtained from the

optical model fitted to the data, is large (σR = 1269± 41 mb). Using a reduction method to
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compare the reaction cross section among many systems, we show that our obtained value

is as large as the one measured for the 8B+208Pb in Ref. [7]. A possible interpretation for

the large σR observed in weakly bound proton-rich projectiles is the decoupling of a valence

proton from the core due to the low binding energy and the dynamic polarization effect.

The ultimate effect is a reduction of the Coulomb barrier that leads to higher reaction cross

sections compared to other weakly bound projectiles. A systematic analysis is needed to

study in depth the dynamic polarization in proton-rich nuclei. In addition, further theoret-

ical models are required to describe the full angular range of the present experimental data,

such as the inclusion of other channel decay and/or excitation of the 11C core and 197Au

target nuclei.
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