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Angular distributions of the '"N+12C elastic and inelastic scattering
were measured at Elab(15N) = 81 MeV to study the nuclear—nuclear in-
teractions and possible transfer contributions to the scattering. The data
were analyzed with the coupled-reaction-channels (CRC) method using the
5 N+-12C optical potential of Woods—Saxon shape. The elastic and inelastic
scattering as well as the most obvious one- and two-step transfer reactions
were included in the channel-coupling scheme. The '*N+!2C optical poten-
tial and deformation parameters of '°N were deduced. The transfer reaction
contributions to the >N+12C elastic and inelastic scattering channels were
estimated. The 'SN+12C elastic scattering at 81 MeV was compared with
the 1“N+12C elastic scattering of 1N beam energy 78 MeV.
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1. Introduction

Studies of the elastic and inelastic scattering between 1p-shell nuclei
have shown a wide variety of reaction contributions to their interaction that
is most easily probed by obtaining data at large angles through carrying
out the experiments in inverse kinematics. By scattering the heavier beam
particle from the lighter mass target and then detecting both particles at
forward angles, it has been possible to gather data simultaneously for the
forward and backward hemispheres. The results of these studies show that
the forward angle data are well-described by potential scattering and the dif-
ferences in the potentials that describe them reflect isotopic effects between
the interacting pairs. It is in the backward hemisphere scattering data that
the internal structure of the interacting pairs is probed, with cross sections
there varying by factors of ten. It has been possible to study the processes
contributing to the scattering through the use of coupled-reactions-channels
(CRC) calculations that include various contributions such as from ground
state reorientation of nuclei with large ground state quadrupole moments
like Be, or nucleon transfers between the interacting pairs. The study of
the inelastic scattering has allowed the extraction of deformation parameters
for a large number of excited states in these 1p-shell nuclei and it has been
possible to determine their impact on the forward angle elastic scattering.

In the present work, the elastic and inelastic scattering of 1°N ions by
12C were measured at the energy Ej.n(*°N) = 81 MeV together with the
12C(1PN, X) transfer reactions with stable and unstable nuclei in the exit
channels over the full angular range through the use of inverse kinematics.
This beam—target combination allows the contribution of potential scatter-
ing to the large angle data to be studied. A previous work [1] that focused on
measuring resonances in the compound system 27 Al through the 2C(1°N, a)
reaction, also included "N+12C elastic scattering data measured at energies
Elap(15N) = 22.4 to 31.4 MeV for 6.y, > 140° to search for correlations be-
tween any structures seen in the alpha elastic channels. These large angle
elastic data were also analyzed in the present work to further quantify the
energy dependence of the potential parameters found from the present higher
energy analysis. In addition, the new data were compared with “N-+'2C
scattering data at the energy Ei.,(**N) = 78 MeV [2] to study isotopic
effects in the 115N +12C interactions and scatterings.

To explore the possible contributions of the transfer channels to the
15N 412C elastic and inelastic scattering data, CRC calculations were carried
out. The spectroscopic amplitudes of nucleons and clusters needed for the
CRC calculations were calculated within translational invariant shell model.

The paper is organized as follows. Section 2 contains a brief summary of
the experimental procedure, Section 3 gives the results of CRC calculations,
and the last section provides a summary of this work.
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2. Experimental procedure

Angular distributions of the >N+ !2C elastic and inelastic scattering were
measured simultaneously with the 2C(°N, X) transfer reactions with an
81 MeV beam of °N from the cyclotron U-200P of the Heavy Ion Laboratory
(HIL) of the University of Warsaw. The beam energy spread on the target
did not exceed 0.5%. A self-supporting ~ 500 pg/cm? foil of natural carbon
was used as the target.

The experimental set-up ICARE [3] was used to perform the measure-
ments. The ICARE system consists of the 1 m diameter reaction chamber
with up to 48 AF—-FE gas and semiconductor telescopes, supplied with the
electronics and data acquisitions systems. The detectors can be mounted
in any configuration preferred by users, using internal mounts. The self-
supporting target holder allows using up to 6 different targets. Angle and
target changes can be operated remotely without the necessity of opening
the reaction chamber.

The reaction products were detected by four silicon AE-E telescopes
with the 40 pm silicon AE-detectors and 0.3 mm silicon E-detectors.

A typical AE(E) spectrum of the 2C(!N, X) reaction products is
shown in Fig. 1. As one can see, the reaction products with Z = 3-8
were well-resolved by charge as well as mass.
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Fig. 1. Typical AE(FE) spectrum of the 2C(!°N, X) reaction products.

The areas under the peaks of the residual >N and '2C spectra were used
for obtaining the elastic and inelastic scattering angular distributions. The
scattering angle 6., was related to the angles of the registered ions in the
following way: Oem = Oem(°N) and Oep = 180°0en (12C). In this way, the
angular distributions for the 2C(1°N, PN)!12C scattering were determined
over the whole angular range.
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The area errors of the peaks were estimated to be about 20%, if the peaks
were well-resolved and 30-40% for poorly resolved peaks. These errors were
greater than the statistical errors.

The angular distribution of the >N+12C elastic scattering were normal-
ized to the OM cross section at small angles where it is relatively independent
of the nuclear potential parameters. The x?-criterion was used to obtain the
normalization factor. The normalization error was smaller than 20%. The
same factor was used to normalize the angular distribution for the elastic
and inelastic scattering data at forward and backward angles.

3. Data analysis

The data of the N+12C elastic and inelastic scatterings were analyzed
with the CRC method using the optical model potentials in the entrance
and exit channels of Woods—Saxon (WS) form

Uws(r) = — Vi [1 +exp <’” ;fvﬂ‘l —iWs [1 +exp <T;§W>] o
(1)

Here,

Ro=ri (40 +4{°%)  =v.w.0),

where Ap, A and Zp, Zt are the mass and charge numbers of >N and '2C,
respectively. The Coulomb potentials of a uniform charged sphere was used

| ZpZre* (3—1?) /2Rc,  r<Rc,
VC(T) o { ZPZT62/7’, > Rc, (2)

with the parameter rc = 1.25 fm.

In the CRC analysis, the '>’N+'2C elastic and inelastic scattering for the
transitions to the ground and excited states of 12C and "N as well as most
important transfer reactions were included in the channels coupling scheme.

The transitions to the excited states of 12C and N are shown in Fig. 2.
Concerning the reaction channels, one-step exchange of triton as well as
various two-step processes were included in the analysis (see Fig. 3).

It was assumed that the rotations and vibrations of the deformed ?>C and
15N nuclei dominate their low-energy nuclear excitations. The transitions to
these states were calculated using the standard form factors

. (5)\ dU(T) (3)
Aam  dr ’

where 9y is the length of A-multipole deformation. The values of the defor-

mation parameters Jy and 8\ = d\/R (R =1.25 Al/g) of 2C and PN in the

ground states taken from Refs. [4, 5| and deduced in this work are listed in
Table 1.

Vi(r) =
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Fig.2. Coupling scheme for the transitions to the excited states of 2C and '°N
including their reorientations.

12 15 12 14 15 13 15 13 12 12 11 12

c By c YN e Be PN B¢ Be B¢ c c ¢
> > > > & > > Y

t & + d& &n + n& Ad + n4& ¥n + NhY &£n +
———— & & e > > * »
15N IZC ISN 13C IZC ISN 14N 12C 15N 14N ISN 15N 16N ISN
12 13 12 12 11 12 12 16 12 12 8 12

c PN c B Yc o ¢ Be ¢ ¢ M4y U¢

1516, 15 - ol n v

ISN 14C ISN N 0 N 1 11B ISN 15 ]9F ISN 15N BC 15N
12 12

12C ]_i]B 12C IZC ISN IZC 12C 9B 12C IZC 150 IZC C QBB C

d¥y &£d + t& L + t¥ £t + e & ¥ He + qew 43He

ISN I'.’O 15N ISN 12C 15N 15N 180 ISN 15N 12B ISN 15N ]S—F 15N

Fig. 3. Diagrams of one- and two-step transfers contributing to the "’ N-+'2C scat-
tering calculations.

For the transfer reactions, the spectroscopic amplitudes .S, of transferred
clusters or nucleons were obtained within the translational invariant shell
model (TISM) [6] using code DESNA [7, 8]. The amplitudes S, are listed
in Table II (A is a nucleus composed of the core C' and the transferred
particle x).
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TABLE I
Deformation parameters of 12C and '°N.
Nucleus  Fey J* X 6 /W Ref.
[MeV] [fm]
12 4439 2t 2 —1.07 —0.37 [4]
15N 5270 5/2F 3 1.0 0.32 [5]
5299 1/2F 1 1.0 0.32 [5]
6.324 3/2= 2 1.0 0.32 5]
7155 5/2F 3 1.0  0.32 5]
7301 3/2F 1 1.0 0.32 [5]
7.567  7/2F 3 1.0  0.32 5]
8313 1/2% 1 1.0  0.32 this work
8571 3/2% 1 1.0 0.32 this work
@) B, = 6x/R (R = 1.25 AY/3 fm).
TABLE II
Spectroscopic amplitudes S, of z-clusters in A = C' + x systems.

A C T nL; Sy A C xr nlL; Sy
12¢ 8Be a 35 0.822 Nz 2C ¢t 1Dz 0.641
120 9Be SHe 2P3,  1.224® Ny 12C ¢t 1Gy, —0.393
12¢ B t 2Py, —1224® ®N;g 2C ¢t 1G7, —0.393
12¢ 108 d 1Ds 0.246  "Ngg '2C t 2S;,, 0641
12¢ 1B p 1Py, —1706 Ngs; 12C ¢t 1D3;  0.380
12¢ g n 1Py,  1706@ N BC 4 25 0.248(2)
13C 12¢ n 1P,  0.601 1Dy 0.444(®
13N 12¢ p 1P, 0601 5N “C p 1P, —0.598
14N 12¢ d 28 0.615 1PN UN n 1P, —1.091®)
15N 1B a 2D, 0.435@) 1Py, 0.386
15N 2B SHe 1Py, 0.254®) 150 12C SHe 2Py  0.380

1P3/2 —0.090 16N 15N n 1D3/2 —0.270
15N 2¢ t 2Py, 0380 160 BN p 1P, —1.461®
15N 12Cuq3 t  2P3, —0.712 160 2¢ o 38 0.544

1F5 0466 7O BN d 2P, —0.552
BN o7 12C t 1Ds;, —0.393 80 BN ¢t 3P, —0.261
15N5.29 120 t 251/2 0.641 18F 15];\I 3He 3P1/2 —0.061
BNg 30 12C t 2Py, 0.380 3Py 0.174®
N, 15 12C ts 1D5,, —0.393 F BN o 35  —0.638

@) Spresco = (—1)7ct77a8, = —,.
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The wave function of the bound state of cluster x was calculated by fitting
the Woods—Saxon binding potential parameter Vj to the cluster z binding
energy in the A = C'+z. The geometry parameters of the binding potentials
were set to the following values: ay = 0.65 fm, ry = 1.25 Al/?’/(C’l/3 +
2/3) fm. The code FRESCO [9] was used for the CRC calculations.

The parameters of the real part of the optical model potential (1) were
deduced from fitting it to the double-folding potential for the '"N+12C scat-
tering system. This potential was calculated with the code DFPOT [10],
using charge distributions of the 1®N and 2C nuclei adopted from Ref. [11].

The parameters of the optical model potential used in this work are
compared to the similar potential for *N+12C system obtained previously
at 78 MeV [2] in Table III. While the real parts of the both potentials are
quite similar at the strong absorption radius, the imaginary part for N is
much more absorptive at the surface. This suggests that inelastic processes
are more important for N than for *N.

TABLE III

Parameters of Woods—Saxon potentials.

P+T FE Vo v ay Wg W aw Ref.
[MeV] [MeV] [fm] [fm] [MeV] [fm] [fm]

IBN412C 81 195  0.790 0.750 8.0 1.250 0.750 this work
UN412C 78 100 0.920 0.770 38.5 1.290 0.260 2]

The angular distribution of the measured ?N-+12C elastic scattering at
the energy El.p,(1°N) = 81 MeV and the results of the calculations for differ-
ent nuclear processes are shown in Fig. 4. The curves show the results of the
calculations for the »N+12C potential scattering (curve (pot)) and the re-
sults for the various transfer channels (see Fig. 3): transfer of t-cluster (curve
(t)), sequential transfers of protons and neutrons (curves (nn) and (pp),
respectively), two-step d+n and n-+d transfers (curve (dn)) and a-cluster
exchange (curve (aa)). The curves Yyg show the sum of all processes.

The potential scattering dominates the ?’N-+12C elastic scattering. The
neutron- and t-cluster transfers contribute somewhat to the >N+ 12C elastic
scattering at the middle and back angles. The sum of all the processes
(curve Xwg) describes the elastic scattering angular distribution slightly
better then the pure optical model results.

The PN+12C elastic scattering at the energy Ejp(!°N) = 81 MeV is
compared with the “N-+12C elastic scattering at the energy B (1N) =
78 MeV |2] in the upper part of Fig. 5.
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Fig. 4. Angular distributions of the >’N-+12C elastic scattering. The dashed curves
show the results of the calculations for different transfer channels. Curve Xwg
shows the sum of all processes.
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Fig. 5. Comparison of the 1’N-+12C elastic scattering at the energy Fj.p,(1°N) =
81 MeV (Fig. 4) with the 1*N+12C elastic scattering at the energy Ej.,(*4N)
78 MeV [2].
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The angular distributions of the “N+12C elastic scattering data and
corresponding CRC calculations with WS potential from [2] (Table III) are
shown in the lower part of this figure. There, the dashed curve Xyg_ 14y
shows the CRS calculations of a coherent sum for the “N-+12C potential
scattering (curve (pot)) and the d-cluster transfer (curve (d)). One can see
that the potential scattering dominates at angles 0., < 130° and d-transfer
contributes a lot to the N +12C elastic scattering at large angles. The
contributions of two-step transfers to the “N12C elastic scattering are
very small.

In the upper part of Fig. 5, one can see that the >'N+4+'2C and N +12C
angular distributions differ significantly at the angles ranging from 30 to
130 degrees as well as at the very backward angles. This difference must
be attributed to the different structure of the nitrogen isotopes that causes
differences in nucleus—nucleus interactions and nuclear process mechanisms.

The angular distributions of the '>’N-+12C inelastic scattering were mea-
sured for the 4.44 MeV (2%) excited state of 2C and for 5.27 MeV (5/2%)+
5.30 MeV (1/2%), 6.32 MeV (3/27), 7.16 MeV (5/21)+7.30 MeV (3/27),
7.57 MeV (7/2%1) and 8.31 MeV (1/21)+8.57 MeV (3/27) excited states of
15N, These angular distributions are shown in Figs. 6 and 7. The curves show
the results of CRC calculations using coupled-channel scheme presented in
Fig. 2 as well as the t-transfer reaction 12C (1°N, 12C). The form-factor V) (r)
(4) and deformation parameters dy of 12C and °N listed in Table I were
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Fig.6. Angular distributions of the '"N+'2C inelastic scattering at the energy
E1ap(1°N) = 81 MeV for the transitions to the excited states of 12C and *N. The
curves show the results of the calculations including the process of the t-transfer.
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Fig. 7. The same as in Fig. 6 but for the other excited states of 15N.

used. The t-cluster spectroscopic amplitudes for the system N = 12C+t
in ground and excited states of >C and "N are listed in Table II. The in-
coherent sums of the CRC calculations for the unresolved in the experiment
levels of ®N are shown in Figs. 6 and 7 with the dashed curves. One can
see that the calculations with the optical potential from Table III and using
collective excitation model describe the N-+12C inelastic scattering data
rather well.

In order to study an energy dependence of the 1>’N+12C optical model po-
tential parameters the previously reported N+12C elastic scattering data
at the energies 22.4-31.4 MeV, measured at backward angles [1], were rean-
alyzed in this work using the model presented above. The deduced *N-+'2C
potential parameters are listed in Table IV and have only minor variations
when compared to those obtained at 81 MeV. The results of the calculations
are shown in Figs. 8 and 9. One can see that, again, the potential scattering
(dashed curves) dominates at all energies. The solid curves show the elastic
scattering together with the much smaller t-transfer contributions.
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Parameters of the *’N+!2C potential.

Eiap |4 ry  ay Ws rTw  aw
[MeV]  [MeV] [fm]| [fm] [MeV] [fm] [fm]
22.4 193 0.87 0.80 4.4 1.29 0.80
22.6 193 0.87 0.80 4.4 1.29 0.80
23.4 198 0.85 0.80 5.5 1.27 0.80
24.0 198 0.85 0.80 5.5 1.27 0.80
24.8 198 0.85 0.80 5.5 1.27 0.80
25.2 200 0.85 0.80 5.5 1.25 0.80
26.8 200 0.85 0.80 5.5 1.25 0.80
28.6 200 0.85 0.80 6.0 1.25 0.80
29.4 200 0.84 0.80 6.0 1.25 0.80
31.4 200 0.80 0.80 5.5 1.20 0.80
81.0 195 0.79 0.75 8.0 1.25 0.75

TABLE IV
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Fig.8. Angular distributions of the >N+12C elastic scattering at the energies
Elap(1°N) = 22.4-24.8 MeV [1]. The CRC calculations for potential scattering
(dashed curves) and with inclusion of t-transfer (solid curves) are shown.
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Fig.9. The same as in Fig. 8 but for the energies Fj,,(1°N) = 25.2-31.4 MeV [1].

4. Summary and conclusions

New experimental data for the >N+12C elastic and inelastic scattering
at the energy Elab(15N) = 81 MeV were measured for transitions to the
ground and 4.396 MeV (27) excited states of 12C as well as to the ground
and 5.27 MeV-8.57 MeV excited states of 1°N.

The data were analyzed within the CRC method using WS potentials in
the entrance and exit channels. Couplings to the inelastic channels and one-
and two-step transfer reactions were included in the model calculations.

Optical Model potential of the WS shape was obtained for the N+2C
scattering system and its energy dependence was studied. It was shown that
the parameters of this potential vary very little with energy.

Quadrupole deformation parameters for the transitions to the 8.313 MeV
and 8.571 MeV excited states of >N were extracted from the analysis. The
other inelastic data were satisfactorily described using previously deduced
deformation parameters.

Spectroscopic amplitudes for the various configurations in the light nu-
clei, ranging from '2C to 'F, were calculated by means of the translational
invariant shell model. The effect of the transfer channels on the elastic and
inelastic scattering differential cross sections was found to be small, even
at very backward angles, with the triton transfer being the most important
channel.
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Comparison between the “N+12C and N+4!2C elastic scattering data
obtained at similar incident energies showed a significant difference that
could be related to the different internal structure of the nitrogen isotopes.
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