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The elastict’0(*%0,*%0)*’0 (5/2") and inelastic'’O(*%0,'%0)Y"0* (1/2") scatterings are studied with a
coupled-reaction-channel three-body model Eof,,, below 40 MeV. Without any parameter fit, the results
agree fairly well with experiment for various deep and shalli@+ %0 potentials. In regions where no
experimental data are available, the theoretical cross sections are sensitive to the cfflce’d® potential.

The comparison of calculations with exactly phase-equivalent deep and sH&@om!°O potentials deduced

from supersymmetric transformations shows that this sensitivity is not related to the presence or absence of
Pauli forbidden states. Assuming charge symmetry, we also calculate cross sections for the elastic
YF(1%0,%0)F (5/2") and inelastic*’F(*%0,'%0)*F* (1/2") scatterings. The elastic cross sections of both
mirror collisions display a strong backward rise ¢, ,>20 MeV. Below 10 MeV, the inelasti¢®0+'F
excitation functions are strongly enhanced by the long range ot fhdirst excited state.

PACS numbgs): 25.70.Bc, 25.60.Bx, 24.10.Eq, 24.10.Ht

. INTRODUCTION potentials exist in the literature for th&0+ %0 system
[5—12). Roughly speaking, all these potentials provide simi-
In principle, the theoretical study of heavy-ion scatteringlar fits to the 1°0+ %0 elastic experimental data; i.e., they
is a very complex many-body problem since it should takeare approximately equivalenbn shell or approximately
into account all the nucleons constituting the colliding nu-phase equivalentHowever, they have rather different fea-
clei. However, this problem can be strongly simplified if tures: their imaginary parts may depend on the angular mo-
some of the constituent nucleons are assumed to forrmentum(7,9] or be transparen8], and their real parts have
nuclearclusters the internal structure of which can be ne- various form factors. A striking difference between these po-
glected in a wide energy range. This approximation is parientials is that the most recent 0ri8s-13] support nonphysi-
ticularly good when the clusters are doubly magic nucleical and physical bound statédeep potentialg, while the
like the @ and *°0 nuclei, since these nuclei are very stableolder ones only support physical bound stafsisallow po-
and undergo small deformations. The theoretical descriptiorentiald. The coexistence of these very different potential
then reduces to a few-body problem, each cluster being corfamilies, as well as their phase equivalence, has been ex-
sidered as a pointlike particle. Within this modeb initio  plained with the aid of supersymmetric transformatiph|.
calculations can then be performed, with the interactions bedsing these potential families in a three-body model, as done
tween the clusters as the only input data. below, can in principle reveal differences between tloi
One of the systems for which such a cluster model isshell properties. Indeed, even if the total energy is a con-
expected to be very good is the collision betweert¥and  served quantity, the energy distribution between the three
an 1’0 nucleus. The internal structure of th80 nucleus is  bodies can vary during the collision. If such off-shell effects
not taken into account, while th€O nucleus is described as are strong enough, the present model can help to solve the
an %0 core plus a valence neutron. We are thus faced with éong-standing ambiguity betweeffO+ 60 potentials.
three-body problentinstead of a 33-nucleon oneTwo of Since the!®0+ 1’0 calculations are in good agreement
these bodies are identicafO clusters, hence requiring ap- with experiment without any parameter fit, we then use the
plication of the Pauli principle for the total wave function. same model to predict elastic and inelastic cross sections for
Such calculations have already been successfully performetie mirror collision, namely®0-+7F. For this purpose, we
in Ref. [1], with a coupled-channel formalism, for both the assume charge symmetry between both collisions; i.e., we
180+ 170 elastic scattering and the inelastic scattering to theise the same nuclear interactions and simply modify the
first excited state oft’O, which also has art0-+neutron  electrostatic potentials. No experimental data are available
structure (see also Ref[2]). for the %0+ 17F collision because thé’F nucleus is radio-
In the present paper, we first reexamine these results withctive (T,,=64.5 9 and hence rather difficult to handle ex-
a more recent version of the coupled-channel formalism, alperimentally. However, recent progress in radioactive-ion-
lowing excitation to unbound stat¢8,4]. This allows us to beam techniques have mad& beams availabl¢15,16,
test the convergence of the preceding calculations by introand the ®0+*’F collision can be studied experimentally
ducing an additional resonance channel. We then study th&ith present-day technology. Such measurements would pro-
influence of the'®0-+1%0 potential on the results of the cal- vide a good test of nuclear charge symmetry in these mirror
culation. Indeed, very different phenomenological opticalcollisions[17,4]. We hope that the present theoretical calcu-
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n/p TABLE I. Properties of the!’O and *’F bound and resonance
states used in the calculation: total-angular-momentum quantum
number |, parity 7, energy E; with respect to the O
+nucleon system, resonance width and relative orbital momen-
tum L in an %0+ nucleon model.

170 17':
I L E MeV) T (MeV) E (MeV) I (MeV)
%* 2 —4.144 - —0.601 -
i* 0  —3.273 - —0.106
%+ 2 0.941 0.096 4.4 15
FIG. 1. Three-body model of th&®0+ 0 and %0+ 1F sys-
tems: two'®0 cores and one valence nucleon. The center of mass of _ ) _
a core and the valence neutron is represented by ¢im1,2), but Remembering that an inetfO core has a zero spin and a
the proportions are modified for clarity. positive parity, the channel wave functions of the three-body

system are given by

lations will help to direct future experiments. IMIL, A - M

In Sec. Il, we briefly describe the coupled-reaction- O (L R)=[YI(N @ ¢g 1 -(R)]7. ()
channel three-body model used to perform the calculations, _
as well as its necessary inputs, namely, #©+ nucleon In this equation,J and M are the total.—angular-momentum
and 1%0+1%0 interaction potentials. In Sec. lll, we present duantum numbers arid is the total parity; these three num-
the obtained excitation functions, both for th#+ 170 col-  bers are good quantum numbers. The subscrignotes the
lision with a comparison to experimental results and for theset of channel quantum numbés, I, , andl necessary to
160+ 7 mirror collision. Our conclusions and suggestionsSPecify the particular channel. The quantum numlggrsl,
for new experiments are presented in Sec. IV. and are the energy, total angular momentum, and parity of
the *’O or *'F nucleus, as given in Table #g, ,(R) is a
single-particle wave function describing the relative motion
of the valence nucleon and th¥O core, with an orbital
A. Coupled-reaction-channel three-body model momentumL. The quantum numbdris the relative orbital

The 180+ 170 and %0+ 1F systems are both described in momentum between the colliding nuclei, withthe angular

a three-body model, schematically represented in Fig. 1. Wiart of the corresponding coordinate.
do not take the internal structure of tH8O nucleus into  FOr @ given partial wave at energy the total wave func-
account, while thel’0 and F nuclei are described in a tion is a combination of channel wave functions multiplied

. ; JIT .
single-particle model, namely, an inetO core in its ¢ by radial functionsug™:
ground state interacting with a single nucleon. The coordi- PIMI Ry — M7 RY)
nate between a first®0 core and the valence nucleon is ' '

Il. MODEL

denoted byR, while the relative coordinate between the two n ul(r)
colliding nuclei is denoted by. The corresponding coordi- = 2 cpg'\"H(F,R) ¢
nates with respect to the othéfO core are denoted with a c=1 r

prime. This allows us to write the total wave function in a I,

compact form, which takes exactly into account the identity +@IMI(Fr Ry e (r )] )

of the bosonic cores and thus the one-nucleon transfer reac- ¢ ' ’

tions. The Hamiltonian of the system contains three potential

terms: a core-core interaction and two identical core-nucleoiThis expression is symmetric with respect to core exchange,

interactions. These potentials are described in the next sulas required by the bosonic nature of the cores. All tf@

sections. and 1'F states considered in this article have a positive parity
In the present study, we limit ourselves to two-body chan-7 (see Table)l which implies that the total paritll of the

nels of theA+ B form, whereA is always an*®O nucleus in  system idI=(—1)'=(—1)". For a given parityll, all the

its ground state, whil® can be any statébound or resonapt |'s must have the same parity. On the other hand, the angular

of the YO or 'F nuclei with an '®0O+ nucleon structure. momentum coupling imposes that, for a given total angular

Other channelginvolving either a core excitation or more momentuml, | varies betweehJ—1| andJ+1. Taking into

than two bodiesare taken into account through a phenom-account these two conditions, the maximum numbeof

enological opticali.e., compleX core-core potential. In the different channels entering E(®) is 3, 4, or 6, depending on

calculations considered below, only the ground and firstwhether the lowest, the two lowest, or the three lowest states

excited bound states of th€O and '’F nuclei will be used. of Table | are considered in the calculation. Inserting expres-

A third resonant state will also be taken into account for asion(2) into the Schrdinger equation leads to a systemrof

convergence test. The quantum numbers and energies obupled radial equations with an effective potential matrix;

these three states are displayed in Table I. this system has to be solved at each energy to calculate

r/
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the radial wave functiong!(r). Within the orthogonalized o 0.8 ' ' ' '
coupled-reaction-channel meth@8,4], the effective poten- ? 06 / i
tial matrix can be made local by neglecting the recoil due to g 04rp ]
the transfer of the nucleon. This is a good approximation at < 0.2 .
low energies, even in cases where the no-recoil approxima- ‘; 0

tion is not good for calculations with the distorded-wave = 0.2} .
Born approximation or with the conventional coupled- T 04} i
reaction-channel method. = 06

The diagonal part of the effective-interaction matrix is 0
mainly due to the corer core (°0+%0) interaction which
is discussed in detail below. The nondiagonal parts, i.e., the
couplings between the different channels, are due to the preg;
ence of the valence nUdeOn‘ They_are constrL_Jcted from _th&JIashed linesnuclei. The nuclear interaction potential is that of Eq.
core-nucleon apd core-core interactions by foldlng them W'”“(s), with an additional Coulomb potential in tHéF case. The char-
the wave functions of the valence nucleon in the consideredcyeristics of these states are summarized in the first two lines of
states. These wave functions are calculated in the singlergpie |.
nucleon shell model, with the core-nucleon potential de-

scribed below. creases their range. For th, state, these two effects
roughly compensate each other, while for #ig state, the
B. 0+ nucleon potential binding energy is so weak fot’F that the exponential-tail
Since we want to take advantage of the charge symmetr ffect is dominant. We sha]l see pelow that th.is has impor-
between both collisions, the nuclear part of this two-bod ant consequences on the inelastic cross sections at low en-
potential should ideally be identical for both th& and/F €9y
systems. We could not find such a potential in the literature.
A parameter fit with a Woods-Saxon potential including a C. Phenomenological®0+'°0 potentials
spin-orbit term is able to reproduce the bound and resonance A wide variety of such potentials exists. There are two
states of Table I. Taking/2u=22.032 MeV fnf wherexis  main families:shallow potentials which only present physi-
the reduced mass of the system, this potential reads cal bound states andeeppotentials which in addition have
1 d nonphygica_l or forbidden bound stq(dfsBSs) simulating the
V(R):<_56.7+VSOL_S__)f(R,3_023’0_641}i (3)  Pauli principle between the constituent nucle¢a8—20.
RdR For the %0+1%0 system, microscopic models predict a

] . ] number of Pauli forbidden states equal to
where energies are expressed in MeV and lengths in fm, and

25

FIG. 2. Radial wave functions of the groundsf,) and first
cited 6;,) single-particle states for th€0O (solid lineg and 'F

wheref(R,Rg,a) is the Woods-Saxon form factor with ra- N .~ l 1604 160
dius Ry and diffuseness: N=——7F—, )
R—Ro| [ herel is the relative orbital b h
f(R,Ro,a)=| 1+ ex _ (4)  Whereliso, 10 is the relative orbital momentum between the
a 180 nuclei andN .= 24 is the so-calledritical number[21].

) ) ) ) ) Because of the identity of the colliding particles and of their
The spin-orbit factor is, however, slightly different for both posonic character, only even partial waves have to be con-
nuclei: Vgo=24.01 MeV for 7O and 25.14 MeV forF. I gjdered for the'®0+1%0 system. In the present calculation,
the case of theé’F nucleus, a Coulomb point-sphere potentialthe relative orbital momentum between tH© cores is not a
same as that of the Woods-Saxon potenfied=3.023 fm.  some’%0+ 1%0 potentials depend on this number. Hence, we
With these interactions, the single-particle states of Tablghoose to approximate it by the relative orbital momentum

| can be calculated by solving the two-body Salinger petween the colliding®0+ 0 or 0+ F nuclei:
equation. The radial wave functions are shown in Fig. 2 for

the ground and first-excited bound states of both tH@
(solid lines and *'F (dashed linesnuclei. Let us notice that
the s;,, wave function has a node because of the occupie@oth even and odd's are thus used in the following. The
levels in the %0 core. The comparison of the asymptotic number of forbidden states for oddpartial waves is then
behaviors of these wave functions is also interesting: for thehosen as the nearest integer above expregsjon

YF nucleus, the range of the wave function is larger than for Shallow potentials were first successfully used to repro-
0. The Coulomb repulsion of thO+ p system has two duce the experimental data in a satisfactory way, namely, the
opposite effects on the single-particle wave functions, as®-+'%0 elastic cross sections and excitation functions
compared with the'®O+n system: on the one hand, the [5—8|. They reproduce well the low-energy dédtep to about
barrier effect reduces their range; on the other hand, the p&0 MeV c.m), but fail to reproduce the higher-energy data
rameter of their exponential tail is decreased, which in{22]. Therefore, a deep potential with the right number of

[ 160+ 160~=1. (6)
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TABLE II. Real partV and imaginary partV of the phenomenologicafO+ %0 potentials discussed in
the text. The Woods-Saxon form factf(r,r,a) is defined in Eq(4), E is the center-of-mass energy of the
160+ 160 system in MeV| is its relative orbital momentum, andis the distance between both nuclei.

Potential V (MeV) W (MeV)
—0.2E
. f(r,6.8,0.49

Chatwin[7] —17f(r,6.8,0.49) p<|_4_1 E—6.7)

l1+exp ——

0.4

Gobbi[8] —17f(r,6.8,0.49) 0.8-0.2E)f(r,6.4,0.15)
Kondo[9] [—278.8+0.09 (1 +1)]f(r,4.69,1.4% —25°0.%E

f(r,7,05
1+exp(—4.16JE—8.5) ( )

FBSs was proposef®], which proved to be able to repro- 3. Kondopotential
duce both the low- and high-energy dai®-13.

Below, we shall use three potentials which give a gooda
description of the'®0+%0 scattering data in the energy
range 10 MeV<E_ , 160+ 160<35 MeV (just above the Cou-

lomb barriey. The first two ones belong to the shallow fam- . o . . )
ily and were proposed in the early 197058], while the last it has one additional bo“_”d state in partial aneeO—_24,
these bound states are interpreted as molecular highly ex-

one is deep and was proposed in 198P Their parameters . 825 i 16116
are listed in Table II. For the coupled-channel calculationsCited states of“S with an O+ ™0 molecular structure, but

the relative energy between th€0 cores is approximated by N° experimental evidence exists for them. As quoted in Ref.

This potential is one among those proposed in Ref.
nd is deep. Its number of Pauli forbidden states, which de-
pends on the relative orbital momentum, is given by &g.
Moreover, in comparison with the above shallow potentials,

the relative energy between the colliding nuclei: [9], deep potentials without such “physical states” can also
be found, but according to Reff10,11], a deep potential
E16o4 160~E. (7)  valid at higher energies should have two such *“physical
states” in partial wave$=0—24 and one in partial wave
Thanks to approximation&s) and (7), the subscript ‘60 =26.
+1%0" will not be used any more in the following. The Kondopotential has a slight dependence in its real
part. The imaginary part of the potential has the same com-
1. Chatwin potential plicated form as that of the Chatwin potential, but the param-

Proposed in Ref7], this potential has the same real part eters are different, as can be seen in Table II. Deep potentials
as that constructed in Ref6], but a more complicated with a Gobbi-type imaginary part do not seem to allow a
imaginary part which allows a better reproduction of thegood reproduction of the experimental dg23].
data. It has a Woods-Saxon form factor for both the real and
imaginary parts. It has a shallow real part with all parameters
independent of energy and angular momentum. Its imaginary D. Phase-equivalent'®0+*0 potentials
part is more complicated: its depth depends linearly on en-
ergy, but it is also multiplied by a smooth cutoff factor which
vanishes when the angular momentum is larger than a criticg
value. This critical value separates the strongly absorbed pa
tial waves(low angular momenfarom the weakly absorbed
ones(high angular momenjait thus depends on energy, as
shown in Table II.

The phenomenological potentials just described are not
xactly phase equivalent. Actually, they only prov&imilar
ts to experimental cross sections, which means that their
f)'hase shifts are only roughly similar. One of the aims of this
work is a comparison of the off-shell properties of deep and
shallow potentials which arexactly equivalent on shell.
Such exactly phase-equivalefO+0 potentials have
been constructed in Rgfl4]. Let us summarize these results
here.

This potential, proposed in RgB], aims at providing the The simplest way to construct phase-equivalent potentials
same quality of fit to experiment as the preceding one, buis to remove the forbidden bound states from a deep poten-
with a simplified form. The real part is exactly the same adtial, which leads to a shallow potential. Phase equivalence
that of the preceding potential, as seen in Table Il. Thecan be guaranteed throughout this removal with pairs of su-
imaginary part is simpler but its radius is shorter than that ofoersymmetric transformatiori®4]: the first transformation
the real part, which means that this potential is surface trangemoves the bound state but modifies the phase shift; after-
parent. The complicated orbital momentum dependence iwards the second transformation does not modify the bound
not necessary to reproduce experimental data. The depth epectrum anymore but restores the phase shift.
the imaginary part simply increases linearly with energy, This method has been generalized to complegtical
which aims at reproducing the opening of channels with in-potentials in Ref[25] and applied to the'®°0+ %0 case in
creasing energy. Ref. [14]. The formula relating an initial effective potential

2. Gobbi potential
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300 10 ———————
~ 200 - (a)
3
s 100 E
~ 14
5 3
0 -100 .
= 200 - I
-300 . . . . Ec.m. = 16748 MeV
o 2 4 6 8 10 001t — L1
r (fm) 0 20 40 60 80 100120140160 180
10 ——
FIG. 3. Nuclear real part of thé®%0+ 0 effective potentials ~ (b)
constructed by supersymmetric phase-equivalent renj&el(8)] NQ 1
of N [Eqg. (5) with N .;=24] Pauli forbidden states from the deep E
potential of Ref[9], for partial waved =24,22,18,14,..,2 (solid ~
lines). The shallow potential of Ref§6—8] is represented by a g 0.1
dashed line for comparison. 3 Iy e
oorbei o o .
V,, with a phase-equivalent potentM) with one bound state 0 20 40 60 80 100120140160180
fewer reads bc.m. (deg)
) FIG. 4. Elastic(a) and inelastiqb) angular distributions of the
V(1) =V (r)—Zi #o(Eg.r) ® 160+ 10 differential cross sections & ., =13.43 MeV (dashed
2 0 dr r 5 ’ lines, diagonal crossgsand 16.48 MeV (solid lines, vertical
fo #o(Eop,t)°dt crosses The theoretical curves are obtained with two-channel cal-

culations using the Chatwin core-core potential. The experimental
data come from Ref$26] (16.48 MeV, elastig [27] (16.48 MeV,
where i is the normalizedcomplex wave function of the inelastig, and[28] (13.43 MeV).
removed normalizable state at tteomplex energyE,.

For each partial wave, all the forbidden bound states of @artial waves. This implies that elastic scattering data at low
given deep potential can be removed by iterating @),  energies, i.e., energies for which partial waves Witi24 are
which leads to an exactly phase-equivalent shallow potentiapredominant, do not allow solving the long-standing ambi-
In Ref. [14], this procedure is applied to the deep Kondoguity problem between deep and shallow potentials. On the
potential. The transformation does nearly not modify thecontrary, for higher partial wave$ 24), the difference be-
imaginary part of the potential. On the contrary, its real partween deep and shallow phenomenological potentials cannot
is strongly affected: it becomes shallower and getg ah  be explained by the presence of FBSs, which means that
repulsive core at the origin. The real part of the obtainedscattering data at energies where some of these partial waves
potentials without Coulomb or centrifugal terms is shown inare dominant can solve the ambiguity. This is indeed the
Fig. 3 for partial waved =24,22,18,14...,2 (solid lineg. ~ case: only deep potentials can explain the high-energy data.
According to Eq.(5) with N .=24, only partial waves with In the following, we shall consider an energy region where
| <24 possess forbidden bound states which can be removetile dominant partial waves are beldw 24, i.e., wherea
The number of removed states depends,amhich explains ~ priori both potential families can be used, and we shall com-
the strong dependence of the potential shown in Fig. 3. Forpare their off-shell properties.
=24, no bound-state removal is performed and the effective
potential, although it has no forbidden bound state, is deep in Ill. RESULTS
the sense that its purely nuclear part is deep. For lower par-
tial waves, forbidden bound states are removed and the
nuclear part of the obtained potentials becomes shallower. It As known for 25 year$1], the present three-body model
is also shown in Fig. 3 that, while the Kongmtential is  provides a very satisfactory description of this collision, due
very different from the shallow potential of Reff6—8| to the closed-shell structure of th€O core. In Fig. 4, for
(dashed lingbelow 6 fm, its supersymmetric partners for the instance, we compare the elag@e and inelastidb) theoret-
lowest partial waves are close to that potential down to aboutal cross sections & . ,,=13.43 and 16.48 MeV with ex-

4 fm (the differences below 4 fm are less significant sinceperimental data from Ref§26—28. The agreement is satis-
absorption is strong thele]). In Ref.[14], both potentials factory and we have verified that it is also the case at other
are even made closer to one another by removing a numbeinergies where experimental angular distributions are avail-
of bound state$5) with N ;=26 instead of 24. This allows able, namelyE .,,=11.33, 12.36, 14.42, and 15.51 MeV.
the removal of the molecular states mentioned ak@éch  Let us insist on the fact that this agreement is obtained with-
have no equivalent in the shallow phenomenological poteneut any fit(except for a normalization of the yields of Ref.
tials) in addition to the removal of the Pauli forbidden states.[28]), which implies that the present method has a predictive

In conclusion, supersymmetry establishes a connectiopower. This is important for the mirror reaction considered

between the deep and shallow families of potentials for lowbelow, for which no experimental data are available.

A. %0+10 collision
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fc.m. = 30°

90°(89°)

o/or
da/d2 (fm2/sr)

\ | ! ! ! L 5 10 15 20 25 30 35 40
5 10 15 20 25 30 35 40 Ec.m. (MeV)
Ec.m. (MeV)

. o FIG. 6. Same as Fig. 5, but for the inelastic excitation functions
FIG. 5. One<{dotted lineg, two- (solid lineg, and three{dashed 4 30°, 60°, 90°, 129°, and 150°. Experimental data at 129° as

lines channel calculations of the elastic excitation functions of theyell as four experimental points at 89°, coming from RE2, 2§
1%0+170 collision at6 ¢, =30°, 60°, 90°, 120°, and 150°, With e als0 shown.

the Chatwin core-core potential. Experimental data are extracted

from angular distributions of Reff26,28 ando y is the Rutherford This result contrasts to that obtained in the calculation of
cross section. the 12C+ 3C and *°C+ 1N scattering systenigt], where the
ds, channel greatly affects the coupled-reaction-channel
scheme of the total system. This difference is reasonably

. . . . . %xplained by the fact that the,,, state is accessible to the
interesting features in a wider energy region than the ON@alence nucleon in thé3C and =N nuclei, while it is not in

covered experimentally, and we choose to show excitatiofhe 170 and 1F nuclei. In the2C+ 13C and 2C+ 13N sys-
functions rather than angular distributions. In Fig. 5, fivetems, the approachintfC nucleus may thus induce a mixing
different elastic excitation functions between 5 and 40 MeVof the p,/, andds, states in the**C and **N nuclei. Such a

are drawn; they are calculated with ofdotted line, two  different-parity mixing, also described as a “hybridization”
(solid lineg, and thregdashed lineschannels, correspond- phenomenon, causes strong coupled-reaction-channel ef-
ing to the 17O states described in Table I. In Fig. 6, we showfects, in analogy to the strong binding phenomena due to the
the corresponding inelastic excitation functions obtained bynixing of sp orbitals of electrons in covalent molecules. In

. . 16, 17, 16, 17, FRH H
the two- and three-channel calculations. The agreement witfie ~O+~'O and =0+ 'F systems, such a hybridization
experimental data from Refd26-29 is good (at 0 phenomenon cannot be expected since all states accessible to
c.m.

=129°, the inelastic excitation function has been measure(},he valence nucleon have the same parity.
while the other points are extracted from angular distribu- 16 1 16 _
tions). B. Influence of the ®0+1%0 potential

The three-channel calculation results from a generaliza- Let us now test the dependence of the previous results on

tion to resonance states of the orthogonalized coupledhe choice of phenomenological core-core potential. In Figs.
reaction-channel methd@], as presented in Reff4]. It al- 7 @nd 8, the same excitation functions as in Figs. 5 and 6 are

lows us to test the intrinsic convergence of our calculation bf ; IR .
: . above: the Chatwin potentigsolid lineg, the Gobbi poten-
comparing this result to the one- and two-channel CalCU|afiaI (dotted lines whiF::h hasaﬂ;he samz real part aspthe ore-

tions. Figures 5 and 6 show that the inclusion of the thirdceding one but a different imaginary part, and the Kondo
channel does not qualitatively affect the results. Its effect iﬁ)otential(dashed lines which also has a very different real
the most important in the 60° and 90° inelastic eXCitationpart(see discussion above and Tabl):" A|though these po-
functions above 20 MeV. In these figures, we have used theentials lead to qualitatively different results, the experimen-
Chatwin core-core potential; we have verified that the sameal data are insufficient to dismiss any of them. In the descent
conclusions hold for the other core-core potentials considjust above the Coulomb barrier, the elastic cross sections
ered below. We can thus conclude that the convergence a@btained with the Kondgotential are slightly smaller than
our calculation is good, and in the following we shall limit those obtained with the shallow potentials. This can be re-

ourselves to two-channel calculations. lated to the fact that the Coulomb barrier is about 0.7 MeV
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sections, which are larger than the Kondmss sections.
Since these differences sometimes reach one order of mag-
nitude, new experimental results in these region should allow
discriminating between the core-core potentials. Let us, how-
ever, notice that these differences occur in regions where the
absolute magnitude of the cross section is small. In regions
where the cross section is large, the agreement between the
different models is much better. For instance, let us point out
the high value of the elastic excitation function at 150°
above 20 MeV, as shown in Fig. 7. It implies a strong back-
ward rise in the elastic cross sections at these energies, which
is due to the elastic transfer of the valence nucleon. A similar
enhancement is also seen in the inelastic excitation function
at the same angle and in the same energy region.

Since both the Chatwin and Gobbi potentials have the
same real part, Figs. 7 and 8 allow us to see how strong the
influence of the imaginary part of the core-core potential is
on the three-body calculation. With the transparent Gobbi
potential, the absorption is more important since both the
5 10 15 20 25 30 35 40 elastic and inelastic cross secfnions are reduced at interme_di-

Ec.m. (MeV) ate angles. In general, the switch from the shallow Chatwin
potential to the deep Kondone decreases the elastic and

FIG. 7. Comparison of the elastic excitation functions with two- inelastic excitation functions even more, which suggests that
channel calculations using the Chatwsolid lines, Gobbi(dotted  the modification of the real part of the core-core potential
lines), and Kondo(dashed linesphenomenological potentials, as also has an effect. This seems to indicate that the deep or
well as the supersymmetric partner of the Konpltential (SK,  shallow character of this potential influences the present re-
dash-dotted lingspresented in Fig. 3. sults. To check this, we perform the same calculations with

o the supersymmetric shallow partner of the Korpitential
smaller for the Kondapotential than for the Chatwin and presented above. In Figs. 7 and 8, the curves obtained with
Gobbi potentials(a similar effect is observed in thé®O  this potential(dash-dotted lingsare very similar to the ones
+160 elastic excitation functions At higher energies and obtained with the original Kondpotential. We conclude that
for angles between 60° and 120°, more significant differ-the presence or absence of forbidden states has no influence
ences occur in both the elastic and inelastic cross sectionen the three-body calculations; the difference between the
the Chatwin cross sections are larger than the Gobbi crogshatwin and Kondaalculations is thus due t®) the modi-

fication of the imaginary part andi) slight on-shell differ-
Chatwin —— ences between both potentiaifor instance, between the

Gobbi e heights of their Coulomb barriers

The above results show either that deep and shallow po-
tentials, which are exactly phase equivalent on shell, also
have very similar properties off shell, or that th80+ 170
collision slightly depends on off-shell effects of the core-core
interaction. It is shown in Ref[8] that for the 0+ €0
collision, the partial waves with=24 do not play a signifi-
cant role below 40 MeV; we have verified that it is also the
case for the'®0+ 170 collision. Consequently, we can con-
jecture that, as for thé®0+ 0 collision, the difference be-
tween deep and shallow potentials, which cannot be avoided
for | =24 (see Fig. 3, would probably have consequences at
higher energies, where these partial waves play a dominant
role. There, only deep potentials would be satisfactory. We
have not checked this point here since at those energies the
recoil effects should be taken into account, which compli-
cates the calculations.

o/or

do/d2 (fm2/sr)

C. %0+17F mirror collision

5 10 15 20 25 30 35 40
Ec.m. (MeV)

Let us now take advantage of the charge symmetry of the
nuclear interaction to predict cross sections for this reaction.
FIG. 8. Same as Fig. 7 but for the inelastic excitation functions.In Fig. 9, using a two-channel calculation with the Chatwin
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do/dS2 (fm2/sr)

1 L L L 5 10 15 20 25 30 35 40
5 10 15 20 25 30 35 40 Ec.m. (MeV)
Ec.m. (MeV) o

FIG. 10. Same as Fig. 9 but for the inelastic excitation func-

FIG. 9. Comparison of the'®0+170 (solid lines and €0 tions.

+1F (dashed lines elastic excitation functions, using a two-

channel calculation with the Chatwin core-core potential. good as for the inelastic cross sections, but remains satisfac-
pory for anab initio calculation. The enhancement effect of

e inelastic cross section is so strong that it also appears in
e reaction cross sectigpanel(c)], which is approximated

core-core potential, the elastic excitation functions of bot
reactions are compared. They display the same qualitativ‘%
behavior, with, however, an energy shift of about 1 MeV.t
This can be explained by the higher Coulomb barrier for the

1%0+1F system than for the'®0+1’0O system. We have 109 ' '
checked that the influence of the core-core potential on the € 100F (a) E
160+ 1F scattering is similar to its influence on tH&O £ 10f 3
+ 170 case. Hence, the uncertainty in the predictions is rather § 1 -

big at angles near 90° where the direct and transfer scattering g 0lp

amplitudes strongly interfere with each other and where the g 0.01

cross sections are small. Let us, however, insist on the fact 0.001

that some important features of the excitation functions, like 1000

the strong backward rise in the elastic cross section at ener- ~ 100
gies above 20 MeV, are independent of the choice of the ‘€ 10
core-core potential. i 1
Figure 10 compares the inelastic excitation functions of S o1
both reactions. They are also close to one another, with the & o001
important exception of the low-energ¥ ¢, <10 MeV) re- 0.001
sults at large anglesd(; ,,>90°). There the'®O+’F cross
section is strongly enhanced. This has to be put in connection & 1000
with the large spatial extension of tHéF first excited state g 10
(see Fig. 2 which increases the coupling between the chan- = 12
nels. The same effect is seen on the angle-integrated inelastic % 01 b7
cross section shown in pan@) of Fig. 11: below 8 MeV, $ 0.01 -
)

the YF cross sectioridashed lingis much larger than the 0.001
10 one (solid line). The YO curve is in good agreement

with the experimental results of R4R9]. For comparison,

the fusion cross section, obtained from the matrix elements FiG. 11. Angle-integrated inelasti@), fusion (b), and reaction

of the non-Hermitian part of the effective potential matrix (c) cross sections of thé®0+2’0 (solid lineg and %0+ 7F

[4], is also shown in panéb). There both curves display the (dashed linescollisions, obtained with a two-channel calculation
same behavior with a 1-MeV difference due to the differencewith the Chatwin potential. The reaction cross section is here the
of Coulomb barrier. The agreement between tf@ theoret-  sum of the inelastic and fusion ones. Experimental results for the
ical curve and the experimental data of Rgf9] is not as  %0+0 case come from Ref29].

5 10 15 20
Ecm. (MeV)
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here by summing the inelastic and fusion cross sections afymmetric partners lead to very close results, and no off-
panels(a) and (b). shell effects could be clearly seen either. We conjecture that
for the present systems as for tH©+ €0 one, only higher-
IV. CONCLUSIONS energy results should be more favorable to deep potentials
than to shallow potentials.
We have used a three-body coupled-channel model to cal- gjng charge symmetridentical nuclear interactions for

. . . . 17
iglateﬂthe _elastlc e_x_(:ltatlon functions Of_ tﬁ@f o a_md_ both mirror systems we have predicted elastic and inelastic
O+ ~'F mirror collisions, as well as the inelastic excitation excitation functions of thé®O-+ LF collision. This collision
. . . 7 17 . .
function toﬂthe f|rslt7excned_ state of O and “F. In this  pa5 hot been measured up to now because of the difficulty of
model, the ’O and *'F nuclei are described by an inefio handling the radioactivé’F nucleus. Thanks to the progress
cluster and a valence nucleon. With the core-core and COres radioactive-ion-beam techniqued’F beams are now

nucleon two-body interactions as only input, the modely5ijanie[15,16. The present calculation shows the interest
agrees with the available experimental data for tf® measuring both thd%0+ 70 and 0+ F collisions. At
+%0 collision, without any parameter fit. The convergencecenter-of-mass energies below 10 MeV, the inelasfio
of the model has been tested by introducing a third channel 17 cojlision displays a strong enhancement due to the
corresponding to a resonance state of tf@ and_”F nuclei.  |ong-range tail of the'’F first-excited-state wave function.
The calculation is sensitive to th€O0+*0 interaction, At energies above 20 MeV, both the elastic and inelastic
mainly at intermediate angles f&r. ,>20 MeV (see Figs. 7 cross sections are very large at backward angles. Finally, the
and 8. Available experimental data in this region are notcomparison of experimental results with our calculations

sufficient to dismiss any of the tested core-core interactionsyould allow a test of charge symmetry for these mirror re-
and new experimental results would be useful. Various pheactions[17].

nomenological*®0+ %0 potentials have been used, which

reveal that both their real and imaginary parts have an influ-

ence on the excitation functipns. However, sinc_e Fhese po- ACKNOWLEDGMENTS
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