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The elastic scattering of F from different mass target$*C, **N, >®Ni and2°®Pb) at different energies has been studied. We used the double

folding optical model potential based on the density-dependent DDM3Y effective nucleon-nucleon interaction without need to renormalize

the generated potentials. Two versions of the density distribution of the one-prototf Ralacleus have been taken into account in order

to derive the double folding potentials. The measured angular distributions of elastic scattering differential cross section and corresponding
reaction cross sections have been successfully reproduced at different energies using the derived potentials. The energy and the target mass
number dependences of imaginary volume integrals as well as the total reaction cross sections have been also studied.
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1. Introduction On the other side, through the past three decades,
nucleus-nucleus optical model (OM) potentials have been
studied extensively through elastic scattering measurements.

The nuclei far fromg stability line have attracted an im- The observed data were interpreted in the framework of both

mense interest since the first observation of the neutron halphenomenological and microscopic double folding (DF) po-

in LLi [1]. Further experiments have confirmed the pres-tential models with the adjustment with none and with only a

ence of neutron halo it Li and other neutron-rich nuclei [2]. few parameters [20-37]. In the present work, we have applied

Through the last two decades, experimental data for the pradhe DF model to analyze the elastic scattering’®f nucleus

ton halo in proton-rich nuclei lik€B, 1"Ne, and?%-27:28P  on light-mass targets{C, 1*N), medium-mass targetiNi),

have been reported in literature [3-11]. However, the amounand on?°®Pb which is an example of a heavy target. The

of experimental data on the proton halo is relatively smallpaper is organized as follows: In Sec. 2, we give a brief ac-
compared to those on the neutron halo. The short-lived raeount of the adopted formalism. The procedure is discussed
dioactive nucleusF is one of the candidates for a proton- in Sec. 3. Results and discussion, and their comparison with
halo nucleus due to its small (600 keV) proton separatiorthe available experimental data are listed in Sec. 4, while

energy. But, it cannot be studied with usual spectroscopiconcluding remarks are finally presented in Sec. 5.

techniques due to its short lifetime. Hence, one must resort

to indirect methods to deduce information about its structure.

Reactions are the most used tools to study halo nuclei. Elag. Theoretical Formalism

tic scattering [12,13] and breakup [14,15] provide interesting

information about the structure of the projectile. Therefore The real nucleus-nucleus optical potential in the DF model is

many experiments with F as projectile have been performed given by the expression [31]

in recent years [16-27]. It is important to mention that, the

160 (p,~) 1"F capture cross section measureq in through the Vpr(R)= // pp(r1)pr (r2)vPPM3Y (5 o E)dridrs, (1)

energy rangdv. ,,,. = 200 — 3750 keV covers five orders of

magnitude of cross sections. Some data give striking differ- o

entgenergy dependences of the branching ratio betv?/een gjgherepp(r1) andp(r) are the nuclear matter density dis-

transition to the 5/2 ground state and to the 1/irst ex- tnbunons for prOJe_ctlle and target nuclei, respectively, and

cited state of-"F which is bound by only 105 keV. On the U"”_(S) IS th.e effe_ct|ve nuﬁcleoﬁn-nuﬁcleon (N_N)

other hand, théSO( 3He,d) IF reaction was used to deter- interaction withs =| R — 7 + 7% | the Q|stance between

mine asymptotic normalization coefficients for transitions toth€ two nucleons. In the present calculation, we use the most

the ground and first excited states'&F. Full coupled chan- POPular density-dependent DDM3Y, effective NN interaction

nels calculations were performed to study tH&(d,p) \"F of Bertschet al. [38] which has the following form [31]

and the'®O(d,n)!"F transfer reactions at sub-Coulomb ener-

gies (B, = é — ?), MeV) [27-29]. vl MY (5,0, E) = f(p, E)opi’Y (B, 5) 2
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10° The M3Y interaction is taken in the form
.
~ WDDMEY (o) — 7999 SIS o1g,
107 ¢ e
i = 2.5
S x W +276(1 — 0.005E)3(s)  (4)
.08
107 . .
E where the third energy-dependent term is a zero range
o) (NN pseudo-potential to account for the single nucleon exchange
0L r (fm) effect andE is the laboratory energy per nucleon. For the
projectile 1’F nucleus, two versions of nuclear matter den-
sity are considered. First, it is presumed that'fffe nucleus
il Density A consists of art0 core and a halo of one proton. The core
f " Density B density distribution is assumed to be of a harmonic oscillator
(HO) form as [39]
10-5 L1 1 1 Lo 1Y 1.
ERREFrEEA L pe(1) = preo(r) = 0.1317(1 + 0.6457r%)
FIGURE 1. Comparison between the two densities A and B'6% x exp(—0.3228r7) fm > (5)

where the halo density distribution is described by the Gaus-
The functional form of this density and energy dependensian function as [35]:
factor, f(p, E) is chosen as

3/2 T2
F(p B) = C(BY( + a(B) exp(~B(E)).  (3) m) =)= (5z) (372) ™ ©

TaBLE |. The best fit imaginary WS potential parameters obtained from the analysis of nine $éEalastic scattering cross sections.
The corresponding real and imaginary volume integrdls &nd Jw, respectively), the total reaction cross sectier), andx? are also
tabulated.

Elab MeV Density W, (MeV) rw (fm) aw (fm) Jv (Mev fm®) Jw (MeV fm?) or (mb) x>

17 4 120
170 A 241 1.17 0.68 343.65 103.86 1665 8.1
B 51.14 1.15 0.56 343.65 201.57 1645 131
17 4 14N
170 A 12.0 1.37 0.54 336.45 71.28 1736 9.3
B 13.80 1.32 0.50 336.45 72.99 150 11.6
17E 4 58
51.94 A 42.4 1.39 0.26 296.40 130.41 396.9 0.08
B 42.22 1.38 0.25 296.0 127.01 421.5 0.43
170 A 45.3 1.24 0.68 312.69 105.12 2613 0.35
B 51.14 1.31 0.49 312.69 134.93 2466 0.97
17F 4+ 208pp
86 A 8.71 1.38 0.25 278.95 16.71 3.14 0.08
B 10.8 1.33 0.33 278.95 18.62 4.56 0.09
90.4 A 8.71 1.38 0.25 278.71 16.71 34.5 0.64
B 10.8 1.33 0.33 278.71 18.62 36.61 0.60
98 A 11.89 1.38 0.25 278.30 22.80 320.4 0.89
B 12.46 1.33 0.35 278.30 21.54 328.0 0.86
120 A 29.00 1.30 0.53 264.78 47.34 1418 0.41
B 38.07 1.30 0.48 264.78 61.89 1387 0.33
170 A 30.70 1.25 0.61 286.39 44.89 2420 0.12
B 36.65 1.28 0.46 286.39 57.09 2312 0.14
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FIGURE 2. Angular distributions of the elastic scattering dif-

ferential cross section relative to the Rutherford one for 'fffe

+ 12C and'"F + N reactions using the DDM3Y potentials at 10°
Eiap = 170 MeV. Experimental data are taken from Ref. [23].

whereR;, = 3.78 fm. Therefore, the total matter distribution

p17, (normalized to one nucleon) and the matter raddys bn:
are given as [40]: -6 -
P17, (1) = [16pc(r) + (A —16)pp(r)] /A (7 L 2 3
1 2 A—1 2\ 1/2 [
Rm _ < 6Rc + (A G)Rh) (8) L

This density produces a rms radiug;?,o)'/? of 17F -
equals to 2.77 fm. We denote this density as version A. In 10°F---8B : 4
the second approach the density &F nucleus is taken from - - -« Quasi-Elastic ]
Ref. [40]. This density produces a rms radjus,)'/2 of 17F s
which equals to 2.74 fm. We denote this density as a version 6 [deg]

B. Figure 1 shows a comparison between the two considered S

A and B densities. It is evident that both densities have ideng,gyre 3. Same as Fig. 2, but o F + *®Ni reaction atfl —
tical radial distributions over the range= 0—5fm as shown  51.94 and 170 MeV. Experimental data are taken from Ref. [24,26)].
in the inset layer in Fig. 1. In the surface regionx 5 fm)

the density A has more extended tail than that of the B form.

This indicates that the halo structure is more pronounced for

the density A than the density B. _ 0.172
9 14 P58ni (7") = T—4.094 (11)
For the target nucléi?C and'*N the nuclear matter den- 1 +exp(“5z)
sity has been taken in the harmonic oscillator (HO) form 0.15
[33,42]: 20805 (T") (12)

= —6.80
1+ exp(G5i5-)

_ 2 B 2
P12, (r)=0.1644(1+0.4988r") exp(—0.37417%) ©) These densities yield rms radii?,o)'/? equals to 3.745
p1ay (1)=0.15501(1+0.60135872) exp(—0.3601r2). (10)  and 5.482 fm, respectively.

These densities yield rms radii2,o)'/? equal to 2.407 3. Procedure
and 2.48 fm for'2C and'“N respectively. For the target nu-
clei ®®Ni and?°8Pb the nuclear matter density has been takeThe DF optical potentials generated from Eq. (1) using the
in the two parameter fermi form [34-37] density-dependent DDM3Y effective NN interaction are used
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FIGURE 4. A: Same as Fig. 2, but fdf F + 2°® Pp reaction aFf = 86.0, 90.4 and 98.0 MeV. Experimental data are taken from Refs. [25,22,
21], respectively. B: Same as Fig. 2, but t6F + 2°%Pb reaction afZ = 120 and 170 MeV. Experimental data are taken from Ref. [21,24].

to analyze théF elastic scattering data. The DF potentials 3. 7F + 58Ni at energiesEp = 51.94, and

have been developed by considering the procedures given be- 170 MeV.

low: 4. \7F +208Pp at energieia, = 86, 90.4, 98, 120,
and 170 MeV.

(1) The spin-orbit potential has been neglected. It is well

known fact that the elastic scattering cross section data . . :
in this energy range are not sensitive to this potential (5) Theroutine searches have been carried out by consider-

[41] ing an average value of 10% for all experimental errors
' of the considered data to minimize the value, which is

(2) The computer code DOLFIN [45] based on the represented as [31]

Fourier-transform technique [32] has been used for this

purpose. (14)

2 _ }i |:Uca|(9i) - UeXP(ei) 2

YT 24T Ave(6)
(3) The obtained potentials is fed into the code HIOPTM- B
94 [46] to represent the real part of the optical poten-

tial, while the imaginary part of the optical potential is

whereoca(6;) andoeyp, (8;) are the theoretical and ex-
perimental cross sections, respectively, at angle,

taken in the phenomenological volume Woods-Saxon

Aocexp(8;) is the experimental error, arfd is the num-

(WS) shape as

W(R) o

ber of data points.

MeV,

4. Results and Discussion

1+ exp(R;if’“’)
(13)  The derived DF potentials based on the density-dependent
DDM3Y effective NN interaction is used to analyze the elas-
whereW,, r,, anda,, are the depth, radius and diffuse- tic scattering oft”F nucleus on'2C, N, °%Ni and 20%Pb
ness parameters, respectively. Renormalization factortargets without renormalization factor. The obtained elastic
are not considered for the derived real microscopic DFscattering differential cross sections for the considered reac-
potentials in order to optimize the fits with data. tions are listed in Table I. These results are plotted as shown
in Figs. 2-4 compared with the corresponding experimen-
(4) The resulted potentials are used to analyze nine sets @4 data. The solid and dashed curves represent the results
data of the elastic scattering differential cross sectiorusing, respectively, the density distribution A and B of the
for the following reactions: one-proton hald”F nucleus. We used the calculated DF po-
tential to analyze the elastic scattering experimental data of
I7F + 12C, 14N reactions as examples of the light-mass tar-
gets for only one energy value éf;, = 170 MeV. As shown

Ry =1 (A} + A7)

1. "F +12C at energyFia, = 170 MeV.
2. TF +14N at energyEjap = 170 MeV.
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) ~ FIGURE 6. The target mass-number dependence of the reaction
FIGURE 5. The energy dependence of the reaction cross-section..qss-section for £7F + 127C. 17F + 4N 17F + 58Ni and 17F +

17 208
for *'F +*“°Pb system. 208pp systems aFia, = 170 MeV.

in Fig. 2, our results using the WS and microscopic DF poteny g 9g MevV. It is noticed from these figures and the values

tials based on the JLM effective NN interaction are in goodyt \ 2 shown in Table | that fits with data obtained using the
agreement with the corresponding measured data by Blackgrsion A of the density distribution of th€F nucleus is
monetal. [23]. For the medium mass targets, the elastic scatpgtier than those resulted using version B. An additional im-

7 17 S58NIi _ . . .
tering data of 'F +*Ni at £ = 51.94 and 170 MeV mea-  rant piece of information that can be deduced from the
sured by Lianget al. [24] Mazzoccoet al. [26], as shown  gaqtic scattering analysis, is the total reaction cross section
in Fig. 3, are well reproduced by our calculated potentialS g \ye|| as the determination of the Coulomb barrier [46,47].

It should be mentioned that, the effect of the quasi—elastiel—he Coulomb barrier strengtiz and radiusR can be de-
scattering is very weak. However, in our calculations, theormined from the following equations:

coupled channel calculations using the cluster form factor for
ITE— 160 (core)+p (valence) as coupling between (5/2)

2
ground and (1/2) states of "F are carried out as shown with Ve = ZpgTe S 1 (15)
dotlines in Fig. 3. For this purpose, we used only pure elastic B T
scattering. o . (A% + AN
The obtained parameters of the imaginary phenomeno- ZpZy
logical WS potentials, the corresponding real and imaginary 1/3 1/3
volume integrals per interacting nucleon paiy-(andJy) in Rp = 13(A)" + Ap”) 4+ 0.651n(z), (16)

MeVfm3 and the total reaction cross sectians in mb are

listed in Table I. We have also studied the elastic scattering ofhich yield Vz = 8.6, 10, 36 and 78 MeV respectively for
17F from the heavy targéf®Pb. The elastic scattering angu- '>C, '*N, **Ni and ?°*Pb target nuclei. This information is

lar distributions of7F +298Ph were measured at 98 MeV and useful to investigate the role of breakup (or other reaction
120 MeV [21], 90.4 MeV [22], 170 MeV [24], and 86 MeV mechanisms) for weakly bound exotic nuclei.

[25]. We used the calculated DF potentials for this systemto The obtained reaction cross section values for all consid-
describe the experimental data at these energies. The resulted reactions are given in Table I. The extracted values are
of our calculations for thé”F+2°8Pb system are presented quite consistent with those reported in recent studies [21-26].
in Fig. 4 compared with the experimental data. At energiesThe obtained total reaction cross sectians, for 1’F +2°8Pb

of 86, 90.4 and 98 MeV, the calculated angular distributionssystem are plotted versus the enefgyas shown in Figs. 5,

of the differential cross section produced reasonable agre®. We observe that for all considered energigs,increases
ments with experimental data for the three considered enewith increasing the energf. The target mass-number de-
gies as shown by the solid and dashed lines in Fig. 4, excetendence of the reaction cross-section for all considered sys-
the few forward angles dat#@(,, > 90°) at 98 MeV case tems atEj;, = 170 MeV is shown also in this figure. The re-
and the few backward angles data , > 150°) at 86 and action cross-section increases with increasing the cubic root
90.4 MeV. For energies 120 and 170 MeV, successful reproef the target mass numbet!/3. To investigate the energy
duction of data is obtained. Also, it is evident from thesedependence of the imaginary volume integral, we plotted the
figures that the present predictions for the 120 and 170 Me\¢alculated imaginary volume integrdy-, listed in Table I,
data are more successful than those predicted for the 86, 90agjainst the energi for '“F +208Pb reaction.
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The imaginary.Jy, values does not show a clear behav-
ior with energy for the DF potential. Also, we plotted the
calculated imaginary volume integrdly, listed in Table I,
against the cubic root of the target mass numi&? for all
considered systems at 170 MeV as shown in Figs. 7, 8.

5. Conclusions

In the present work, we have analyzed the elastic scatter-
ing data for'”F nucleus on light-mass target§’C,'*N),
medium-mass targef§Ni), and heavy-mass target’tPb)

at different energies in the framework of the OM. The DF
model is employed to generate the real part of the optical
potentials, by folding the density-dependent DDM3Y effec-
tive NN interaction over two versions of the density distribu-
tion of the one-proton haldé”F nucleus besides the density
of targets, while the imaginary part is treated phenomenolog-

FIGURE 7. The energy dependence of the imaginary volume inte- jcally through the WS form. Successful predictions of dif-

gral for 1"F + 2%8pb reaction.

—n—A
—%—B

4 e~

—
£

=

3

E 17F +1Zc,14N,58Ni and ZUBPb

—;; E=170 MeV

10‘ L 1 L
0.1 02 o.sA_1,3 0.4 0.5

ferent sets of data at above the Coulomb barrier energies are
obtained all over the measured angular ranges without need-
ing to renormalize the generated potentials. Furthermore,
the total absorption (reaction) cross sections for the four re-
actions are investigated. It is found that, the extracted val-
ues from the present elastic scattering calculations agree well
with the measured data. The energy- and target mass number-
dependences have been checked for the resulted reaction
cross sections from the derived DF potentials at 170 MeV
for the 1"F+208Pp reaction.
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FIGURE 8. The target mass-number dependence of the imaginary

volume integral for'"F + 12C, 17F + N, 17F + *®Ni and "F +
208pph systems aFiay = 170 MeV.
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