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Elastic scattering analysis ofa and 2He particles on *C and 0
using a complex folded potential
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The angular distribution of differential cross sectionsdaand ®He projectiles elastically scattered frolfC
and %0 are calculated at the energy range from 25 to 217 MeV. The double folding model with an energy-
target density dependent Jeukenne, Lejeune, and Mahaux effective nucleon-nucleon interaction is used to
obtain both real and imaginary parts of the central optical potential. The dependence of the potential on
densities of projectile and target nuclei in a factorized form is considered. Good fits to the experimental data
are obtained. Nuclear rainbow scattering is also observed and disc[86886-281®7)05310-7

PACS numbds): 24.10.Ht, 25.55.Ci

[. INTRODUCTION DF model by folding only the real part of OMP, while the
imaginary part is usually taken in WS form. Applications of
Recently, Hogenbirlet al. [1,2] used, for the first time, M3Y interaction in elastic scattering af and helion par-
the double folding(DF) procedure, taking into account the ticles were dond13]. Fitting was obtained by normalizing
density dependent factorization, with the Jeukenne, Lejeung¢he real part with renormalization factors close to unity.
and Mahaux(JLM) effective nucleon-nucleoN interac- M3Y interaction failed beyond a certain energy,
tion [3], which is energy and target density dependent, to=100 MeV for a-elastic scattering, where it could not repro-
analyze elastic and inelastic scatteringeoparticles on®*S  duce the rainbow angld44]. The potential had to be multi-
at 31.61 MeV up ta®.,,=70°. Using JLM interaction has plied by a renormalization factdlg=0.55 to fit the data.
the advantage that it enables one to obtain the real part #43Y interaction has only a weak incident energy depen-
well as the imaginary part of the nucleus interaction by the dence, arising from one boson exchange. It has no explicit
DF model. They obtained the density dependent parametedependence on the nuclear density. The nuclear density de-
for the real and imaginary parts of optical model potentialpendence, arising from Pauli principle effects on the overlap-
(OMP). They also pointed out that as their work was confi-ping region, is dominant at high energies.
dent to only one experiment at a relatively low beam energy, Koboset al.[14,15 modified M3Y interaction by factor-
it would be of interest to extend such an analysis to experiizing it to radial dependentoriginal M3Y interaction and
ments at higher beam energies and on different nuclei imensity dependentdepending on density distributions of
order to study the general validity of JLM interaction in DF projectile and targetterms and the resultant model is called
calculations. On the other hand, Peciiaal. [4] chose DF DDMS3Y interaction. Application of DDM3Y interaction on
model together with JLM effective interaction to constructelastic scattering ofr particles and heavy ionsl0,14—-17
elastic optical potentials and form factors for inelastic scatshows that this interaction could neither describe elastic scat-
tering of 'Be, 8B+1°C at 40 MeV per nucleon. tering of o particles from nuclei with target mass number
In the present work, we consider elastic scatteringléé  A;>40, in the energy range of 20 to 43 MeV per nucleon
(from 25 to 217 MeV and « particles(from 32.2 to 172.5 (where the renormalization for the real p&g=1.3), nor
MeV) on 1%C and 0 targets. At lower energieSHe anda  scattering of heavy ions, in the energy range of 4 to 9 MeV
scattering show anomalous large angle scatte(iigAS) per nucleonwhereNg=0.6 to 0.8. This may be due to the
[5,6], where angular distribution becomes more sensitive taveakness of energy dependence in DDM3Y interaction.
detailed shape of the real part of the optical potential at Chaudhuri[18] tried to solve this problem by factorizing
smaller radii. Such details cannot be reproduced with stanthe density dependent term into target and projectile depen-
dard Woods-Saxof\WS) potential and discrete ambiguities dent terms. This factorization was characterized by two pa-
of the potential were observdd]. At higher energies?He  rameters, the strength and the density dependent parameters.
and« particles seem to be reasonably transparent and refradhese parameters were found to be equal for loplarticles
tive rainbow scattering is observé8—10]. Precise determi- and heavy ion projectiles.
nation of optical potential which fits ALAS at low energies The DF procedure is rarely used in thi#e particle-
and rainbow scattering at high energigsl] allows more nucleus reactions, since the increase of break up eftéit
investigation of internuclear interactions at short distancesf 3He and the presence of rainbow angldgl] lead to
[12]. smaller values oNg. Cook and Griffiths[19] used M3Y
The DF model has been widely used to analyze elastiinteraction to describe the trition and helion particles scatter-
scattering processes, where an effectiN] interaction ing from different nuclei. They proposed that the smaller
based upon a realisti@ matrix (or t matrix) is folded into  values ofNg may be related to the break up effect for these
nuclear matter distributions of projectile and target nuclei.projectiles.
The M3Y effectiveNN interaction has been widely used in  The goal of this work is, firstly, to check the validity of
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JLM interaction specially using an imaginary DF potential The parametergg and 8, represent the factorized projectile
for elastic scattering of light projectiléSHe anda particle3  density dependence for real and imaginary potentials, respec-
at a wide energy range, secondly, to find the consistent denively. The radial dependend¥S) is taken in the Gaussian
sity dependent parameters féHe and a-particles elastic form as[1-3]

scattering.
1

(tm)?
The central optical potential consists of a real part and an

. : S with t=1.2 fm. In the present work the nuclear matter dis-
imaginary part. In the framework of DF form which is con- tribution functions of targetw. (r;) and projectiles,(r.)
sidered here, the redl,, and imaginaryW,, potentials for 9etp1(ry bro) Pl

: . are chosen in the following integrable forms:
nucleus-nucleus elastic scattering pd¢

h(S)= exp(— S?/t?), (2.5

II. FORMALISM

pa(r1)=p.a(1+Asr)exp —Bqrd),

Vol F,E)=N d3r,d3rp,(r r S.p1.p2.E
Opt( ) Rf f 10°r2p1(r1)p2(r2)ven(S,p1,p2,E) with A,=0.49877 fm‘z, B,—0.37408 12 for 12C nucleus
(2D [23] and A,=0.64566 fm?, B,=0.32283fm? for X0
and nucleus[23], and
p2(T2) = p.o€XP(— Bor3)

W, r,E=NJJd3rd3r r I)Wei(S,p1,p2,E),
ool E)=N, 1072p1(11)p2(r2) Wer(Sip1,p2.E) with B,=0.7014 fm 2 for a-particles[1], B,=0.5505 fm 2

22 for 3He-particles[24]. The constantp.; (i=1,2) are calcu-

wherep4(rq) andp,(r,) are the nucleon density distribution lated from the normalization condition

of the target and projectile nuclei, respectivaly; andwegs

are the total density- and energy-dependent effedtidein- f pi(rHd3ri=A,

teraction for the real and imaginary parts, respectivdly,

=r+r,—ry, E is the projectile energy per nucleon in lab where A; represents the mass number of the considered
frame andr is the separation vector between the centers ofyycleus.

mass for the projectile and target nuclélg and N, are

renormalization factors of the DF potentials. The total . ANALYSIS
nucleon-nucleon effective interaction for the regk and
imaginaryw.g parts can be factorized as follows,20]: Introducing the central real and imaginary potentials
given by Egs.(2.1) and (2.2 into the bwuck4 computer
Veil( S,p1,02,E)=h(Svi(p1,E)f1(p2,E) program[25], the angular distribution of differential cross

sections for*He anda-particles elastic scattering frortfC
for the real part,  and %0 nuclei are calculated. The real and imaginary folded
) potentials are calculated at 0.1 fm intervals up to maximum
Weil(Sp1.p2.E)=h(S)va(p1 E)folpp E) (29 radii of 15 fm. Table | lists the sets of elastic scattering data
being analyzed. Here we must point out that the measure-
ments ofa+ %0 elastic data at 104 MeV is multiplied by an
where vi(p;,E) [i=1,2] represents the JLM effectiidN  experimental normalization constant equals 0.729 suggested
interaction which is based on the realisgematrix from by Michelet al.[7] and confirmed by Abele and Staydt].
Reid soft core using improved local density approximationThe experimental data ofHe+'“C elastic scattering differ-
(LDA). This effective interaction parametrizes the energyential cross sections at 41 Mg\39,4Q are not extrapolated
and density dependencef the target only, for the nucleon-  smoothly from the 40.9 MeV37] data. It differs appreciably
nucleus scattering. This parametrization consists of isoscalaf) the scattering angle ranges 400 ,<55° and O,
isovector, and Coulomb correction of the complex OMP.>90°. Similar inconsistencies are found in cas€lde+1%0
The JLM interaction was adjusted to the energy range 1detween 41 Me\[30,39 and 40.9 MeV[37] in the scatter-
<E<160 MeV. In the present work, we consider the isos-ing angle range 1020 ,<115°.
calar component only(symmetric N=Z and uncharged Folding model which fits data uses the potential
nuclear matter We multiply the imaginary part of JLM by
the effective mass correction to represent the true nonlocality _ :
of the OMP. This procedure led to improvement in the mean U(r,E)=Vop(r.E)+ IWOpt(r’E)+(
free path of the propagation of nucleon inside the nucleus 1dfyr) —
[21]. These interactions are given in details elsewt&je X (Vg iWgg) = —=— L. o+ V(r),
The projectile density dependence for the real and imaginary rodr
parts is chosen as followWg2]:

for the imaginary part,

2

m,cC

w

whereV is Coulomb potential of a homogeneously charged
1-Br(E)p2®, i=1 for the real part sphere with radiusRc=r A¥Y?, wherer,=1.26fm for «

fi(p2,E)= 1-B(E)p2®, i=2 for the imaginary part. Scattering on’C and 169, whiler ;= 1.4 fm for ®He scatter-
(2.4)  ing on '°C except atE,;[°=82.1 MeV, r,=1.25 fm andr,
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TABLE |. Experimental data used in the present analysia ahd 3He-particles elastic scattering dfC
and 0 nuclei.

Reaction a+1C a+1%0

Eab 54.1 90 104 139 145 166 1725 322 404 541 65 80.7 104 146
(MeV)

Ref. [5] [10] [26] [27] [9] ([28 [9] [11] ([11] [5] [29] [11] ([26] [11]
Reaction SHe+12C SHe+1%0

Eap 274 41 72 82.1 98 119 217 25 33.3 409 60

(MeV)

Ref. [30] [30] [31 [32] [10] [33] [34] [35] [36] [37] [38]

=1.3 fm for 3He scattering ort®0 except aef;)ez 25 MeV, and *2C are beyond the scope of an optical model analysis to

re=1.4 fm. The standard WS shape function for spin orbitinterpret the angular distributions at this energy.”

term f(r) is used in case of elastic scattering te par- The JLMR) potential gives good fitting to data at forward

ticles due to its half integer spin. F&fC and *°0 nuclei, the ~ angles but at large angles its prediction decreases more rap-

spin orbit term has a small contribution to data. In generalidly than the experimental data. Table Il lists the parameters

spin orbit potential affects differential cross sections only atof JLM(R) for the two sets(1) NDDP set (3z=0) where we

0. >100° [33,35. Therefore, spin orbit term is not in- find Ng constalnt at all energies for the same lrgaCﬂNﬂ

cluded in our analysis, except Eﬂ[,'e'lzc)zn MeV where it =079 for -+ C, anq Ng=0.74+0.02 for at ). ()

is used for WS and DF analysis since the data was extended>F, Set wherle we findNg=1 for all react|or1165 andBg

to very large angles. =0.75 for a+ c and Br=0.93+0.02 for &+ at all

We calculated the elastic scattering differential cross secEnergies. Chaudhuf;L8] ana!yzeda—part|cle-nucleus reac-

tion, using (1) adequate phenomenological WS potentialstlon using FDDMSY interaction, where he found th is

taken from literature(2) the derived real part only of JLM constant in the energy range from 104 1o 172.5 MeV dor

interaction, i.e., JLNR), while the imaginary part is taken in scattering on different targets. In the present JRMDF

WS form, and(3) both the derived real and imaginary parts

of JLM interaction, i.e., JLNR+I). 10°
In this paper, we discuss the effect of density dependent

projectile term given by Eq2.4), where fitting is performed 166 Mev

by two sets. First, we investigated the absence of projectile

density term on cross section data, i.e., we gt 3,=0 1

(no density dependent projectile term NDDBnd found out

thatNg# N, # 1 which means that potential had to be projec-

tile density dependent. Second, we consider the effect of

density dependent projectile ter(®DP) where Bg and g, .

are changed to obtain the best fit to data. The calculated

differential cross sections for the best fitting, representing the

second set are shown in figures.

a+'’c — ULM(R+1)
—-JLM(R)
CSW.S.

* EXPDATA

N

o/o,

104 MeV

IV. RESULTS AND DISCUSSIONS
A. a scattering

a scattering data at energies from 54.1 to 172.5 MeV are
fitted using the above procedure. The fits are shown in Figs.
1-4 and the associated parameters for the two (B&EDDP
and DDB at various energies for JL{R) and JLMR+I) are
given in Tables Il and lll, respectively. Good fits are ob-

tained using JLNMR+I) potential at all energies. For low O, (g

energies E§g51%>=32.2 Mev), see Fig. 3, good fits for

ALAS are found. Also, good fitting is found for higher en-
ergies where the rainbow scattering is observed as shown 9. and 166 MeV reproduced by JURHD, JLM(R), and WS

Figs. 1, 2, and 4. The only poor fit is found at ; . )

(i) . o ) ) potentials, compared with the experlmer_wtal data take_n from refer-
Ejap ~=54.1 MeV, Fig. 2. This is consistent with the results ences shown in Table I. For DF potentials the density dependent
of Abele et al. [5] who used the DF real potential in their sets of parameters given in Table Il for JUR) and Table Il for
analysis using DDMS3Y interaction. They claimed “the dif- JLM(R+1) are considered. Solid curves are J@®41), dashed
ferential cross sections for strongly deformed nuclei kB curves are JLNR), and dotted curves are WS calculations.

120 160

FIG. 1. The differential cross sections as ratio to Rutherford, for
e elastic scattering af particles on'?C reaction akEp,=90, 104,
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L s+t —JILM(R+1) N 146 MeV a+'o TULMR+D
- JLM(R) —-JLM(R)
WS, CCW.S.
10%- ) 1725 MeV * EXP.DATA
~ * EXP.DATA
5o
o 1O s Mer
g
(=4
g ]
c 0
o
~
b 10*
o]
54.1 MeV
10 |- 54.1 MeV
1
103 \‘\-Ifw!wu."lx- 102 1, ] [ |
0 30 60 90 120 150 180 0 30 60 90 120 150 180
O, (e» O, (o
FIG. 2. The same as Fig. 1 but for differential cross sections at FIG. 4. The same as Fig. 1, but for the elastic scattering of
Eip=54.1, 145, and 172.5 MeV. particles from 10 reaction atE{,,=54.1, 65, 80.7, 104, and 146
MeV.

work, there is a difference between the valuesBaffor «

+12C anda+*°0 reactions. This may indicate the necessitywhere we find thaN is 0.72+0.02 for the two reactions at

of readjustment of the imaginary WS potential to ke@&p  a|l considered energies, indicating that the real part of
consf[ant for d_lfferent t_ar_gets and to modify the d|fferent|aIJ|_M(R+|) potential describes well the energy dependence of
elastic scattering prediction at backward angles. a scattering in the energy range 32.2—172.5 MeV. The val-

Table Il lists the parameters of best fitting for ues ofN, change from 0.6 at 90 MeV to 0.8 at 172.5 MeV
JLM(R+1). The first set gives NDDP cases¢=51=0).  f5; 44 12C, while they change from 0.33 at 32.2 MeV to

0.72 at 146 MeV fora+ 0, which is far from unity at

o a+'o — LM@Y lower energies. These low values N agree with those

. ExPDATA obtained by otherd40] who used JLM interaction for

B ' nucleon-nucleus reactions where they concluded that(OLM
is too absorptive for light nuclei at energies less than 50
MeV per nucleon. This means that the highest energy con-

sidered here for reaction is in this absorptive range for

JLM(I).

The second set in Table Il represents the DDP case
(Ng=N,=1), wherepBg is found to be constant at unity.
This means that the projectile density dependent term for the
real part is energy independent in the investigated energy
range. The values g8,, however, decrease with increasing
energy. This dependence Bf on the projectile energy may
be related to the imaginary part of JLM potential which is
too absorptive for light nuclei at lower energies where at
these energies the probability of other nonelastic channels
are enhanced.

Abele and Staudtl1] analyzeda + %0 anda+'°N elas-

B .M . tic scattering up to 150 MeV by folding the real and imagi-
nary parts of OMP using DDM3Y interaction taking into
e account the dispersion relation which is connected to the
O (g imaginary part of the OMP. They found good agreement
o between the experimental and calculated differential cross

FIG. 3. The same as Fig. 1, but for the elastic scattering of Sections. Our results seem to be better than theirs, since in
particles on®0 reaction atE(,=32.2, and 40.4 MeV reproduced their work Nr was greater than unity1.236—1.42 and N,
by JLM(R+1) only for the density dependent set given in Table Ill. had higher values so that it reaches at some energies 3.667.

107

40.4 MeV

32.2 MeV
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TABLE II. Best fit parameters of the real folded JIR) and WS imaginary potentials far-particle
scattering. The parameters of WS imaginary part are taken from references shown in the last col@inn. Set
for NDDP parameters and s€) for DDP parameters.

EIab
(MeV) Ngr Br W, r, a, Ref.
a+1’C 104 (1) 0.79 0.0 13.8 1.91 0.5 [27]
2 1.0 0.75
139 (1) 0.79 0.0 16.9 1.85 0.47 [27]
2 1.0 0.75
166 (1) 0.79 0.0 14.7 1.86 0.48 [27]
2 1.0 0.75
172.5 (1) 0.79 0.0 16.8 1.076 0.53 [9]
(2 1.0 0.75
a+1%0 65 (1) 0.75 0.0 14.9 1.64 0.77 [42]
2 1.0 0.95
104 (1) 0.76 0.0 13.68 1.92 0.40 [42]
2 1.0 0.90
146 (1) 0.72 0.0 14.7 1.8 0.77 [42]
2 1.0 0.95
Another analysis was performed by Li Qing-Run and B. He scattering
Yong-Xu [41] for elastic scattering of+'°0 in the energy The calculated differential cross sections fipte scatter-

region from 25 to 55 MeV, using single foldingF) model  ing data at energies from 27.4 to 217 MeV are shown in
with a-« interaction,v,.,, considering the four-particle  Figs. 5—8. We can see that JI(RH1) potential gives a sat-
mode_l o_f %0. This foldlng potential provided a satisfactory isiactory fit atEf;bEBGO MeV. At lower energies, JLKR+1)
description of the experimental data even thowgh was  fajls to reproduce the differential cross section in limited
0.87 and 0.82 for 32.2 and 54.1 MeV, respectively. regions and this failure shifts toward smaller scattering
From our results, we find that the analysis with angles and becomes shorter as energy increases, while

JLM(R+I) agrees well with the results of Chaudh{iti8]  JLM(R) potential gives a better fitting at these energies
where B is constant in the energy range 65 (Figs.5 and 8 This behavior may be related to the validity
<Ejp=172.5 MeV. This result suggests thak is constant  of JLM(l) interaction at lower energies, since the valid en-
too for different target nuclei, i.e., the values Bg may ergy range is 1& E<160 whereE represents the incident
depend only on the projectile density in this energy range. Aenergy per nucleon of the projectile. At higher energies,
lower energiesBr decreases with decreasing energy éor when the rainbow scattering occurs, the JB#I) gives

+ 160 reaction. better descriptions of data than JIIR). Generally, the fit-

TABLE lIl. Best fit parameters of the real and imaginary folded potentials, (M), for a-particle
scattering. Setl) for NDDP parameters and s€) for DDP parameters.

Ejab Ejab

(MeV) Nr Br N, Bi (MeV) Ng Br N, B
a+1C 541 (1) 073 00 06 0.0 «a+%¥0 322 (1) 0.74 0.0 0.33 0.0
(2 1.0 1.0 10 18 (2 1.0 085 1.0 29
90 (1) 0.72 0.0 061 0.0 404 (1) 0.74 0.0 0.38 0.0
(2 1.0 1.05 1.0 158 (2 1.0 092 10 27
104 (1) 0.715 0.0 0.64 0.0 54.1 (1) 0.72 0.0 0.44 0.0
(2 1.0 1.0 1.0 147 (210 09 10 223
139 (1) 0.7 00 074 0.0 65.0 (1) 0.74 0.0 0.63 0.0
(2 1.0 1.0 10 0.87 (210 10 10 16
145 (1) 072 00 07 00 80.7 (1) 0.73 0.0 058 0.0
(2 1.0 1.0 10 11 (210 10 10 17
166 (1) 0.72 0.0 077 0.0 104 (1) 0.72 0.0 064 0.0
(2 1.0 1.0 1.0 0.98 (2 1.0 10 10 144
1725 (1) 073 0.0 0.8 0.0 146 (1) 0.72 0.0 0.72 0.0

210 10 10 0095 210 10 10 1.0
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108 10¢
‘He+1’C —JLM(R+1) ’He+12C —JLM(R+1)
TTILMEA) - JLMR)
- WS,
AN
* EXP.DATA
- | * EXPDATA
41 MeV 82.1 MeV
- 10%L
E -
E
S ot
o
~
b L
he]
109
103 | L | TR - [ 1071 | | | 1 L
0 30 60 90 120 150 180 0 40 80 120 160
ec'mA (deg) ec'm. (deg)

FIG. 5. The same as Fig. 1, but féHe+%C reaction at 27.4 FIG. 7. The same as Fig. 5, but for the differential cross section
and 41 MeV. The density dependent parameters are given in TabRt 82.1 MeV.
IV for JILM(R) and Table V for JLMR+I).

3He+'?C and ®*He+1°0 scattering reactions.

ting for 3He-nucleus scattering is less satisfactory than for (2) In DDP set Ng=1), the values of3g are around
a-nucleus scattering. This may be related to increase of th@.75-0.05 for *He+™C  scattering, except for
breakup effecf19] elastic transfef43] and nonelastic chan- El(zﬂe'lzc)=72 MeV (Br=0.6) which may be related to in-
nels for this reaction. crease of elastic transfer reaction at large an{#8. For

Table 1V displays the parameters of fitting for JIR)  3He+%0 reaction,8 takes different values around unity.

1 3l
potential. At E{He01-217 MeV, we can see that the two sets com-

(1) In NDDP set Bg=0) for all energies below 217 . _ . : _ _
MeV, the values ofNp are around 0.880.07 for both bine in one set with parametersNg=1 and Br=0. We

102 *He+1% —JLM(R+1)
217 MeV He+12C — JLM(R+1) I 60 MeV —- JLM(R)
—-JLM(R) 1 CCW.S.
! CW.S. | / * EXPDATA
* EXPDATA 2 ‘\,'

10?

40.9 MeV

& 119 MeV N

/o,

N

0 30 60 90 120 150 180

eCAm. (deg)
FIG. 8. The same as Fig. 5, but f6He+°0 reaction at 25,
FIG. 6. The same as Fig. 5, but at 72, 98, 119, and 217 MeV. 33.3, 40.9, and 60 MeV.



56 ELASTIC SCATTERING ANALYSIS OFa AND 3He. .. 2099

TABLE IV. Best fit parameters of the real folded JI(R) and WS imaginary potentials foHe-particle
scattering. The parameters of WS imaginary part are taken from references shown in the last column. At

E(He"0—72 MeV the readjusted spin orbit parameters \izg=0.31 MeV, r ,=1.62 fm, anda,,=1.91 fm.

At E,ig'ev“o):m.g MeV the imaginary parameters are slightly readjusted from those given ifi3Rgfo get
the fitting. Set(1) for NDDP parameters and s€) for DDP parameters.

Ean
(MeV) Ng Br W, r, a, Wi rs ag Ref.
SHe+1%C 274 (1) 0.875 0.0 12.27  1.693 0.622[30]
2 1.0 0.75
41 1 0.9 0.0 14.74  1.339 0.724 [30]
2 1.0 0.7
72 (1) 0.9 0.0 458 217 098 9.9 1.268 0.55 [31]
2 1.0 0.6
821 (1) 0.85 0.0 14.3 1.17 0.81 [3Z]
2 1.0 0.8
119 (1 0.85 0.0 15.64  1.133 0.787 [33]
2 1.0 0.8
217 1 1.0 0.0 207 1.58  0.67 [34]
2 1.0 0.0
*He+%0 25 (1) 0.775 0.0 5.9 2.302 0.593 [35]
2 1.0 1.27
333 (1) 0.8 0.0 10.81 1572 0.701 [19]
2 1.0 1.12
409 (1) 083 0.0 11.0 1.535 0.73 [39]

(2 1.0 0.97
60 (1) 0.79 0.0 4460 2.289 0.558 7411 1.064 0.75638]
(2 1.0 1.15

must refer to the experimental data at that energy is given uponstancy around uniticomparing witha reaction) of By is

t0 ©.m=45° as shown in Fig. 6. The value gk may be  found except aE("*" ©'=98 MeV (decreases to OAwhile

. . lab
changed if the datq IS ext_ended to gre_ater angles, Whertﬂe parameteg, has a decreasing behavior with increasing
JLM(R) calculated differential cross section decreases ra

31 pénergy tending to zero at 119 and 217 MeV as in case of

idly for ©,y>35°. AtEGHS" =72 MeV the imaginary pa- reactions considered here.

rameters, which give good fitting in case of WS potential

[31], do not give good fitting in case of JL(R) potential. V. REACTION CROSS SECTION

Therefore, at 72 MeV, we use another set of imaginary part

[31] and the spin orbit parameters are readjusted to repro- Another quantity, which measures the validity of JLM

duce data at large angles, this new @etaginary and spin  effective interaction, is the total reaction cross sectigf

orbit parameters given in Table IV and its capli¢eads to a  (absorption cross sectifinsince it is strongly correlated to

better fitting with data as shown in Fig. 6. the imaginary potential and it gives us an additional guide to
For °He+'°0, different sets of imaginary parameters the discussion. For the composite projectiles and heavy ions

given in Ref.[35] for 25 MeV, Ref.[19] for 33.3, and Ref. a5 stated in Ref[44], there are strong absorption at low

[38] for 60 MeV are used. At 40.9 MeV, we use the WS jncident energies with higher values @f, which simply falls

parameters given by Trost al.[39]. They analyzed data at ot a5 the energy increases and stays around a certain value

41 MeV, and got a better fit than Alvgrez ?‘”‘“'9437] al  for each intermediate or high energy reactiont@nspar-

40.9 MeV. In the present work, the imaginary parametersenCy effect The pwuck4 program[25] gives the values of

given in Table IV are slightly changed from those used in f h f lvsis. i.e. for W
WS analysiq 39] to fit the data at 40.9 MeV. oR 10T €ach case of our ana %SLIS(’ Le., for WS, JIR), and

- _ JLM(R+1) potentials agriy°, oi"® andop MRV | respec-
The parameters for the best fitting of J(R#-1) potential tively. We are interested in the valuesa@f™®*" because it

. el .
are shown in Table V. AE(® 2C)Z7_2 MeV, again we ad- jncludes the derived imaginary part and no WS imaginary
just the spin orbit _paramete(shown in the caption of Table potentials are needed, so JURHI) potential gives us the
V) to be slightly different than the above JUR) treatment.  gpijity to discuss the dependenced§ on incident energies

In NDDP set 3g=,=0) (we are concerned with energies \ithout the ambiguitiegdiscrete and continuoisvhich ap-
above 41 MeV, N is approximately constant around 0.81 pear in analysis using WS potentials. Quantitatively, we
+0.04 even at 217 MeV, except B ©—98 MeV where compareoy deduced from elastic scattering data using opti-
there is a sudden increaseN, to 0.94, while the values of cal model in previous three forms used here together.

N, increase with energy. In DDP seflg=N,=1), the same Table VI contains the values efg of DDP set. The simi-
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TABLE V. Best fit parameters of the real and imaginary folded potentials,(8®-M), for *He-particle

scattering. AEfiEe'lzc)ZYZ MeV the readjusted spin orbit parameters\égg=0.32 MeV, r,,=1.59 fm, and
a,,=0.183 fm. Sef(1) for NDDP parameters and s) for DDP parameters.

Elab Elab
(MeV) Ng Br N B (MeV) Ng Br N, Bi
SHe+1%C 274 (1) 085 0.0 0.84 0.0 °He+®O0 25 (1) 0.77 00 0.73 0.0
210 10 10 1.2 (2 1.0 127 10 25
41 (1) 0.85 0.0 0.88 0.0 333 (1) 0.77 00 07 0.0
(210 10 10 09 (210 112 10 21
72 (1) 0.85 0.0 0.85 0.0 409 (1) 0.81 0.0 0.72 0.00
210 09 10 1.2 (210 10 10 16
821 (1) 0.81 0.0 0.87 0.0 60 (1) 082 00 08 0.0
210 10 10 07 (2 1.0 105 1.0 14
98 (1) 094 0.0 098 0.0
210 04 10 02
119 (1) 081 0.0 1.0 0.0
(210 10 10 00
217 (1) 0.81 0.0 1.05 0.0
(2 1.0 10 105 0.0
JLM(R)

larity between the values afy> and o3 ™™ is noticed for The results of JLMR+1) potential give a good descrip-
several reactions. This is expected since the imaginary pariion for o decrease as energy increases. But, it can be no-
which is strongly correlated tok, is the same for WS and ticed for a+1%0 reaction, at lower energies the values of
JLM (R) analysis. This is not the case faiHe+2C reaction ox """ slightly increase up to 65 MeV, since at these en-
at 72 MeV or for3He+1%0 reactions where we use different ergies there is a strong absorption of the incident particles
sets of parameters for the imaginary part. As a result of thes#creasing with energy. This absorption tends to saturation at
differences, the reaction cross sections calculated using W& limited energy range and then decreases as energy in-
and JLMR) potentials may not give a good description of creases. This behavior aff"®*" may be compared with

transparency effect in the investigated energy range. the associated volume integral per nuclehfA+; for the

TABLE VI. The reaction cross sectionsg, in mb, deduced by various potentials for considered reac-

tions.

Ejan (MeV)

a+1C 54.1 90 104 139 145 166 1725
oS 837.91 768.68 722.34 754.58
o MR 831.19 767.89 723.16 751.24
oAMRHD 946.75 853.43 826.86 787.88 760.16  726.15 715.77
Ejan (MeV)

a+1%0 32.2 40.4 54.1 65 80.7 104 146
oRs 1059.9 94331 10421

o MR 1087.1 91541  1039.4

o MR 1045.3 1056.7 1055.2 1060.4 1009.7 966.54 898.76
EIab (MEV)

*He+1C 27.4 41 72 82.1 98 119 217
oR® 1128.5 1023.7 961.47 885.68 795.33 646.38
oMR) 1112.1 1034.1 1063.6 901.33 800.8 646.66
o MR 1019.2 974.65 851.99 834.77 810.66 750.53 561.67
Ejap (MeV)

SHe+1%0 25 333 40.9 60

oR® 1236.8 1222.9 1161.8 1212.3

MR 1242.1 1207.2 1206.6 1125.5

o MR 1109.6 1098.6 1087.8 1022.7
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TABLE VII. Comparison between JLKR+1) parametergrenormalization factors and density dependent
parametersaround 8 MeV per nucleon for the three considered systems.

Ng Br N, B

a+10 ) 1.00 0.85 1.00 0.00
Ejap=32.2 MeV 2) 1.00 0.85 0.70 0.00

3 1.14 0.40 0.90 0.00
SHe+12C (1) 1.00 1.00 1.00 0.00
Ep=27.4 MeV 2 1.00 1.00 0.70 0.00
SHe+1%0 (1) 1.00 1.27 1.00 0.00
Ejas=25 MeV ) 1.00 1.27 0.70 0.00

imaginary part of the optical potential fax+1%0 elastic dent parameterg, for « and ®He particles scattered from
scattering, given by Michett al. [7] and Abele and Staudt light nuclei affects only at angles greater than 70°, and to get
[11] where it increases linearly with energy up to about 55the true density dependence of parameters for the imaginary
MeV and tends to saturation beyond that energy. part, data should be extended for the backward scattering
angles. This may reflect the importance of the paramg@ter
So, the JLMR+I) interaction must be used carefully at low
energies, around 10 MeV per nucleon, since it does not give
a good description for the data for all systems as a results of

As we stated before, Hogenbirketal. [1,2] used its intrinsic behavior at these energies.
JLM(R+1) interaction to analyzer+3°S reaction at 31.61
MeV, i.e., 7.9 MeVN. They used the same factorization of VIl. CONCLUSION
the densities used here for JLM interaction, but they found ) o )
that the density dependence of the imaginary part for that Through this paper, the angular distributions of the elastic
reaction equals zero, and the other parameters were given §gattering differential cross sections of different projectiles
Ng=1.145,N,=0.956, and3g=0.4. The analyzed data were ("He ande) on(*°C and*°0) targets at different energies are
f|tted at forward ang'es 0n|y Wher@c-m.< 70° Since there f’inal){zed. The JLM effeC“VNN interE_lCtion(W?th real and
was no available data greater than 70°. These parameters afeaginary folding potentialsis used with density dependent
different from these of the present work, specially for density
dependent parameter8gz and B, at similar energy per 10
nucleon. In this section, we discuss the validity of JLM in-
teraction at backward angles and the effect of density param-
eters at these angles around an energy equals 8 We\4.,
for the following reactionsy + %0 at 32.2 MeV,*He+'C at :
27.4 MeV, and®He+1%0 at 25 MeV. L

The present work shows that JIRIH-1) fails to reproduce 3He+1%0 A
the differential cross section at backward angles for - -
3He+nucleus scattering & ,>70° (Figs. 5 and 8 In the
case ofa+ %0 reaction, JLMR+1) reproduces the data but
with a higher value of3, (in DDP se} or with a very small B ;
value of N, (for NDDP se}. In case ofa+ %0 reaction we
test the potential by using parameters very close to those of
Hogenbirk, listed as sd€B8) in Table VII, and two other sets
given by the following.

(1) We put 8,=0 with the same parameters of the best
fitting given in Table IlI.

(2) We changeN, to smaller values than unity keeping
B1=0.

The latter two sets are performed fde+nucleus scat-
tering. The results are given in Fig. 9 and the parameters in

VI. COMPARISON WITH THE PREVIOUS ANALYSIS
OF JLM INTERACTION

—Set 1
—-Set 2
— -~ Set3
* EXP.DATA

27.4 MeV _
P

e~

30 60 90 120 150 180

Table VII. For a+ 0 reaction, the three sets give a satis- O (g
factory fitting at forward angles up to 60°, the differences are o
observed for greater angles. File+'°C and *He+'°0 re- FIG. 9. Comparison between the differential cross sections for

actions, the fitting with data are shown in Flg 9 with differ- three systems at comparable energy per nucleon for(BEM).

ent sets of Table VII up t®.,,=70° and the significant Solid and dashed curves represent(@end set(2) of parameters
differences are found at greater angles. We can see that tlg&sen in Table VII for all systems. The dotted curve represents set
imaginary part as a whole and the imaginary density depen@) of Table VII for a+ %0 reaction at 32.2 MeV.
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effect considered as a factorized density dependence. Thwary part of JLM(leading to small values dfl,, for NDDP
following conclusions may be drawn. set, and sudden increasing Bf, for DDP set, compared
(1) For all investigated reactions at different energies, thavith energies above 16 MeW, e.g.,a+ %0 reaction, (i)
resulting calculated differential cross sections reproduced byionconfirmed validity of JLMR+1) at lower energie¢lead-
JLM(R+1) potential(including the projectile density depen- ing to less satisfactory fitting at limited angles, e.g.,
dent term in DF potentialagree well with the experimental 3He+!?C and ®He+1®0 reactions discussed above
data for energies above 13 MeV per nucleon, at lower ener- (d) We can see that the values gf for *He particle
gies it gives a good fit with data fer+ 10 reaction and fails reactions are slightly smaller than the corresponding values
at limited angles for’He reactions. for a-particle reactions around the same energy per nucleon
(2) The predictions of differential cross sections of which may indicate that the imaginary potential is more sen-
JLM(R) potential for these projectiles are less satisfactory asitive than the real potential of JLM interaction for different
energies above 25 MeM/ projectile densities.
(3) In case of JLMR+1) potential: (4) It can be seen from Figs. 1-8 that the elastic scattering
(@ The renormalizationdNg and N, for the real and of investigated reactions exhibits the picture of nuclear rain-
imaginary potentials, respectively, at energi&s,;=16  bow scattering with a broad maximum in a specific range of
MeV/N, are equal to unity indicating that JL(R+1) poten-  energies. The energy dependence of rainbow scattering is
tial describes well the energy dependence of the real anfbund, since as the energy increases the rainbow maximum
imaginary parts in this energy range. angle is shifted to forward angles into the narrow diffraction
(b) The real density dependent paramesgris found to  region. In the present work, JLR+1) potential describes
be constant around unity for all the elastic scattering of comwell the rainbow scattering behavior at projectile energies
posite projectiles reactions considered here indicating that,,=20 MeV/N, with renormalization factoréNg and N,)
the real density dependent parameter for factorized densityqual unity.
dependent form does not depend on the incident energy nor (5) JLM(R+I) potential reproduces quite well the reaction
the target nucleus. The dependence of this parameter on tloeoss sectionsrg for investigated reactions and describes
projectile density is not confirmed since the two consideredvell the energy dependence af; for energies greater than
projectiles have similar distribution densities. The imaginaryl6 MeV/N.
density dependent parametgy decreases with increasing Finally, use of JLM interaction in analysis of data for
energy and reaches zero in the cas€léé+'%C at 119 and other projectiles, targets, and energies is required.
217 MeV, i.e., 39.67 and 72.33 MeN/ respectively, which
may indicate a decreasing dependenceBpfas energy in-
creases.
(c) At lower energies, althoughg=N,=1, we consider Many thanks are due to Dr. A. L. Elattar, Department of
that the behavior of parameters at these lower energies afhysics, Faculty of Science, Assiut University, Assiut,
not true because df) strong absorption effect of the imagi- Egypt, for reading the manuscript.
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