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Multicluster study of the “C+n and °C+p systems
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We use the generator coordinate method to study &, v)3C and *?C(p, y) 1N reactions, as well as the
13C and 3N spectroscopy. Th&C wave functions are defined by thraeparticles in a regular triangle of size
Rc . Different configurations are considered, in order to analyze clustering effects. It is shown that spectro-
scopic properties of°C and 3N are sensitive to thé’C wave function; reasonable agreement with experiment
is found with Rc values minimizing the'?C binding energy. The present study supports the suggestion of a
halo structure for the 1/2 excited state in*C. The neutron and proton capture cross sections are in good
agreement with experiment. Finally, we analyze distortion effects in tH@+n wave functions.
[S0556-28187)02710-9

PACS numbgs): 21.60.Gx, 25.40.Lw, 27.36:t

I. INTRODUCTION 2C(a,y)%0 [11] and *O(a,y)?°Ne [12] reactions. It is
well known that'C is a deformed nucleus, and that a real-
Many experimental data are available for tH€+n and istic description can be obtained in themodel, with threex

2C+p systemd1]. In 1952, Thomas2] analyzed spectro- particles located at the apexes of a regular triarigte Ref.
scopic information, nucleon scattering, and capture croskl3] and references therginWe use here this triple- de-
sections. These data, together with new experimental inforscription of °C to define'?C+n and '?C+p microscopic
mation, were reanalyzed later by Barker and Ferd@jsn  Wwave functions. An advantage of microscopic models is their
the R-matrix theory. From a consistent fit of many experi- small number of parameters. When the nucleon-nucleon in-

mental data, Barker and Ferdous investigate spectroscopigraction is chosen, there is no free parameter. This property
properties of low-lying levels of3C and 13N. gives some predictive power to microscopic models, more

A further interest for the?C+n and 2C+p systems especially in astrophysical applications where experimental

comes from astrophysical applications. It is well known thatdata are often missing or m_comp!ete. N .
the 12C(p, )13 reaction is the starting point of the CNO In the present work, we aim at investigating spectroscopic

Py . 9p properties of ¥*C and N, and the °C(n,y)**C and
cycle, which competes with thpp chain in the hydrogen

bust H Atthouah th on is Tel 12C(p, )N reactions in a consistent way, i.e., with the
combustion phasg4]. Although the cross section is rela- g, e Hamiltonian and wave functions. We study the impor-

tively well known, extrapolations down to astrophysical en-y,ce of deformation effects in théC wave functions. The
ergies remain somewhat uncertain. Extrapolations have begqticluster description of this nucleus allows us to test the
done by different authoréfor example, Barker and Ferdous gensitivity of the results with respect to the size'éE€. De-
[3] use theR-matrix method, Langanket al. [5] use a formation effects in nucleus-nucleus collisions are poorly
semimicroscopic two-cluster mogel known; in the present approach, relative wave functions be-
Recent data by Nagat al.[6] and by Ohsaket al.[7]on  tween '%C and neutron will be analyzed in order to evaluate
the *2C(n, ) 13C cross section show an unexpected enhancetese effects.
ment at astrophysical energi€30 keV). Previous estimates In Sec. Il, we present the microscopic cluster model,
from the cross section at thermal energy gave a cross sectiethd give the main formula. Section Ill is devoted to the
at 30 keV much lower than measured. This effect is interspectroscopy of:3C and °N; different properties, such as
preted[8,9] as ap-wave contribution, quite negligible at rms radii or electromagnetic transition probabilities
thermal energy, but dominant at 30 keV. A potential-modelwill be listed. In Sec. IV, we investigate th&C(p, )N
analysis of Mengonkt al. [9] shows that matrix elements and 2C(n,y)*C capture cross sections. In Sec. V, we show
involved in the cross sections are essentially given by théiow to derive approximate relative wave functions between
external contribution for capture to théC(1/2*, E,=3.09  12C and neutron; these wave functions are used to analyze
MeV) and **C(5/2", E,=3.85 Me\) states. These authors deformation effects of?C in the C+n reaction. Conclud-
suggest a halo structure for the 1/&tate § wave), bound  ing remarks are given in Sec. VI.
by 1.86 MeV. This halo structure, characterized by a large
spatial extension, should be tested by th@(n, y)3C(1/2")
Cross section. Il. THE MICROSCOPIC MULTICLUSTER MODEL
As outlined above, the'3C and '*N nuclei cover a
broad field of interest. Their study requires a model where
bound and scattering states are described in a unified way. We use here the generator coordinate metf®adM, see
In the present work, we use the multicluster generator coorRef. [10]) to define the basis wave functions. Details on the
dinate method 10] which has been already applied to the GCM can be found in Ref[14]; its application to multi-

A. General formalism
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Z'A is well known [17] that a triplee description of

12C significantly improves the binding energy with respect to
the standard one-center description. However, the excitation
energy of the 7 state is underestimated with standard
nucleon-nucleon interactions. This yields too strong a cou-
pling between the different channels and, consequently, the
z 12c(2™) +nucleon configuration is neglected here.

Equation(4) is written in the GCM approach which in-

volves the Slater determinant8). This description is well
adapted to numerical calculations, but a more intuitive defi-
nition is given in the resonating group methRGM, see
Ref.[10]). In RGM notations, Eq(4) is written as

FIG. 1. Cluster structure of the GCM wave functions. Axiss
perpendicular to the 8 plane.

cluster models is explained in Refd5,12. Here, we only OMT(R,Re) =2, (11/2M—KK[|IM)Ad1oRc)
give the main formulas, and emphasize on the peculiarities K
of the ’C+ nucleon system. KyM—K 2
Let us first define the”’C wave functions. They are ob- XNy (pI(p.R), 5
tained froma-particle wave function® ,(S), defined in the where p is the relative coordinatd,,(p,R) is a projected
harmonic oscillator model and located&tHere and in the  55ussian functiofiL8], and¢;(Re) is given by Eq(2) with
following, all clusters are assumed to have the same oscilla— ,— g |n the foIIO\;ving we shall consider two different

tor parameteb. A three « wave function is then defined as approaches(i) a singleRc value is included in thé2C wave
function, which means that th&C size is frozen for an

Paa(Re ) =AP(S)P(S) Pl S5), @ 2264 nucleon distance; differeR. values will be consid>—/

where the coordinateS;, S,, andS; depend on the size of €red.(ii) The most realistic approach is to mix seveRa

the regular trianglRc, and on the Euler angled@=(w,3,y)  coordinates in the basis staté4). In this way, the *’C

(see Fig. 1 A is the antisymmetrization operator, which nucleus is allowed to be distorted during the collision.

ensures that the Pauli principle is correctly taken into ac-

count. Rotation and translation invariance of Etj. can be B. Wave functions without distortion

. . 1 . . . .
restored(16], yielding a “C wave function with spiri: In this case, thé?C + nucleon system is described with a

singleR¢ value. The total wave function reads
14ARc)= dem, f dODH()Pau(Re. ), (2
WRIT=2 1R (RIOPMT(R,Re), (6)
where¢_ ! is a center-of-mass wave function, abd,(Q) R

IS a Wigner fu_ncyoq. We. assume that the projection of th‘?/vherefﬂ;T 1(R) is the generator function, deduced from ma-
spin over the intrinsic axis is zero. c

Let us now tumn to the!?C+ nucleon (N) system: if trix elements of the Hamiltonian between basis stédgssee
(DE(S) is ans-shell orbital with spin projectiork and lo- Ref.[14] for detailg. Typically 10 generator coordinates are

. . included in the summation.
cated atS, the 13-nucleon GCM basis function reads In RGM notations, Eq(6) is written as

1 1
K — _ R
‘I’sz(R’RC'Q)—A‘Da( 13R+51)“’a( 13R+52) VM7= (11/2M—KK[IM) A1 Re)
K

XP,

1 12 o g
—ER+%)¢E(T3R), tc) XY (p)gi"(p), v
whereR is the generator coordinate betwe&C and the where the radial function is given by
nucleon. As in Eq(1), S;, S,, andS; depend on the Euler
anglesQ) and onR¢. After projection on total spird and g"(p) =2 fE]zZJ(R)ﬂ(P,R)- (8
parity 7r, one has R

M -1 C. Wave functions with distortion
OMT(R,Re)= o h > (11/2M —KK[IM) . |
TUK A natural extension of Eq6) is

XJ dRAQ Y (R) @544 n(RRc,Q), «yﬂM’f:RZR F)"(Re,R)®M™(R,R), ©)
1C
(4) . : : :
where a coupling between differeRt: values is now intro-
wherel is the relative angular momentum and=(—)'. No-  duced. This definition is quite valid for spectroscopy, where
tice that we restrict ourselves f8C states with spim=0. It  boundary conditions can be neglected. However, extension
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of (6) with a sum overR. would introduce nonorthogonal
channels, corresponding to different valuesRpf. To solve Minnesotg * R
this problem, the*?C basis is first diagonalized, yielding o0 Mirnesot ’ 2 7
13
o _ E w R R 10 - m=0.578
b1z c’(Rc) 1A Re), (19 3
Re T _so B(E2)
=3
where functionsp?, are orthogonal to each othes;=0 cor- ~ _ o :
responds to thé?C ground state, whereas+ 0 corresponds el
to pseudostatelsl 9] well known in multicluster approaches -0
[15], or in two-cluster studies with monopole distorti0].
In this new basis, the total wave functi¢®) reads, in RGM 5 - - — : : .
notations,
Re (fm)
\leMW:E (11/2Mm —KK|JM>A¢f2¢ﬁY{‘A—K(i))giﬁ(p). FIG. 2. Left panel: binding energy of th¥C ground state as a
o,K function of Rc. The curves are labeled by tlhe(or m) parameter

(1D for the Minnesotgor Volkov) forces. Right upper panel: Excitation
energy of the 2 state. Right lower panel: ground-state rms radius,
In this way, channels corresponding to differentalues  2* quadrupoleQ moment, and3(E2,2" —0") normalized to the
are asymptotically orthogonal, as required in scattering studexperimental value$2.46 fm, 63 efm? and 4.65-0.26 W.u.,
ies; w values different from zero do not have physical inter-respectively{23]).
pretation, but are considered as distortion channels, which )
allow deformation of'2C during the collision. Notice that Whereas the Minnesota potentiat=1.6 fm. When the pa-
the GCM expansions) and(9) are not valid for large rela- ramgt_ers are fitted to th&'C energy, both potentials present
tive coordinates. Indeed, the asymptotic behavior of Gauss? Minimum neaRc=2.0 fm. L
ian functions is adapted neither to scattering states nor to The right panel shows the™2excitation energy, whose
bound states. This problem is solved in the microscopi€Xperimental value$.44 MeV) cannot be obtained for any
R-matrix method MRM, see Refs[18,14). The calculation C configuration. The best agreement.3 MeV) is ob-
of the wave functiong6) or (9) requires the calculation of tained forRc close to 4 fm, which is far from the minimum
matrix elements between projected Slater determinants. F& the ground-state binding energy. The rms radius of the
12C basis states(2), this calculation involves three- ground state, the quadrupole moment of thestate, and the
dimensional integrals, as explained in Ref3]. Matrix ele-  B(E2) between those states are also analyzed as a function
ments between 13-nucleon GCM functiomg) involve of RC' For Convenience, they are normalized to the eXperi-
seven-dimensional integrals; the principle of the calculatiormental valueg23]. The GCM results do not depend on the
is given in Ref[12] and is not repeated here. Let us howevernucleon-nucleon interaction, since a single configuration is
point out that this numerical calculation is highly time con- taken into account. For the rms radius, Re value corre-
suming, owing to the multiple angular-momentum projec-sponding to experiment B¢ =2.7 fm (notice that the GCM
tion. Therefore, special attention must be paid on the optimitadii have been corrected to take account of the proton radius
zation of the computer codes. 0.8 fm). If we consider the error bar, the experimental quad-
rupole moment is reproduced roughly froRg=1 fm to
Rc=4 fm. For theB(E2,2" —0%), R values close to 2.7
fm are also consistent with the experimental value. Even if
A. Properties of °C one considers that these results are obtained within a single
model of a single generator coordinator, all spectroscopic
properties are consistent with an important deformation of
12C and with a triangle size close to 2.7 fm.

Ill. SPECTROSCOPY OF 3C AND N

As a preliminary study, we investigate the properties of
12C as a function oR:. According to Ref[13], the oscil-
lator parameter ib=1.38 fm. Here and in the following, we
use two different nucleon-nucleon potentials: the V2 Volkov _ 13 13
potential[21] and the Minnesota potentif22]. Both inter- B. Properties of “C and N
actions involve a parametem(and u, respectively whose In order to study the influence of clustering #iC and
standard values am=0.6 andu=1. With these forces, the 3N, we consider two approache§) the 2C+ nucleon
a binding energy is—27.96 MeV and-24.06 MeV, respec- wave functions involve a singl@. value R-=0.4, 1.4, 2.7,
tively. The spin-orbit force does not contribute in the and 4.0 fm are usédand (ii) the *°C nucleus involves a
model. In Fig. 2, we show the binding energy of th&C  mixing of threeR. values Rc=1.4, 2.7, and 4.0 fin The
ground state for both potentials. In addition to the standardelative motion betweeA?C and the nucleon is described by
parameters, potentials witm=0.578 andu=0.901, which  six generator coordinatég= 2.0 fm to 9.0 fm with a step of
will be used for*C, are also shown. As is well known, the 1.4 fm. A spin-orbit force[24] with strengthS,=30 MeV
minima of the binding energy are locatedRy¢ values sig- fm® is included in the Hamiltonian.
nificantly different from zero. However, the precise location  Since we are interested in spectroscopic properties which
is rather sensitive to the interaction. For the standard paranare sensitive to the energy, we determine the nucleon-
eters, the V2 potential giveR:=2.7 fm at the minimum, nucleon interaction for both parities. In Table I, we give the
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TABLE I. Parametersn andu of the Volkov and Minnesota model dependent, and this value is contradicted by the neu-

interactions. tron radius(2.35 fm) which is expected to be slightly larger
: : than the proton radius. Our results do not strongly depend on
’c Rc=04 Rc=14 Rc=27 Rc=40 Mixed the interaction; in the full basis, we get rms radii somewhat

lower than experimen2.36 fm for V2 and 2.30 fm for Min-
nesota.
Interest for the spectroscopy of the 1/2xcited state has

m(+) 0.538 0.525 0.517 0.528 0.532
m(—) 0.641 0.623 0.537 0.420 0.578

Egi; ég;‘i é'g;; iég i'ggi é'ggi been raised by its possible halo struct{iBed]. This exotic
' ' ' ' ' structure, characterized by large rms radii, is mainly found in

=\ Rc=0.4 Rc=14 Rc=2.7 Rc=4.0 Mixed core + neutroris) systems with low binding energy and

s-wave neutrons. To investigate the 1/Xtructure, we
m(+) 0.545 0.534 0.531 0.538 0.542 " hresent the mean distandebetween the'?C core and the
m(-) 0639 0.621 0.538 0.428  0.578 external neutron. This quantity is defined from
u(+) 1.041 1.070 1.088 1.077 1.047
u(-) 0.783 0.833 1.071 1.407 0.903 9 2 12 2

13(r°)13=1r") o+ 1—3d , (12

m andu values which reproduce the J/Zxcitation energy

for positive parity, and the ground-state enefgjth respect Where(r?);, and(r?),; are the®C and **C rms radii, re-

to *2C) for negative parity. It is interesting to compare the spectively. The values obtained in Table Il are weakly de-

parameters oR.= 0.4 fm (equivalent to a usual two cluster pendent on thé?C wave function or on the nucleon-nucleon

mode) to those of the full calculation. Whereas the formerinteraction. It is in every case much larger than i€ ra-

approach yields rather different parameters for both paritiegdius (for comparison, this quantity in the ground state is

the latter involves much closer parameters, for both potenabout 1-2 fm. Although smaller than in well known halo

tials. Although there is still a slight parity effect, the multi- nuclei such as''Be or *Li, this distanced supports the

cluster model is an improvement in this direction. existence of a halo structure in tH&:(l/T) state. Further
The energy spectra with the fulfC basis are presented in analysis will be given by the wave functiofsee Sec. Y.

Fig. 3. The 3/2 excitation energy is always too low with Electromagnetic transition probabilitiesExperimental

respect to experiment; this problem might be due to the lackalues for theB(E1,1/2"—1/27) in **C and N are rather

of S=1 components in the wave functions. The 5&ate is  different (0.03%0.004 W.u. and 0.180.01 W.u., respec-

reasonably well described for both potentials. tively) although charge symmetry would yield similar re-
Let us now discuss some spectroscopic properties, whichults. This difference has been interpreted by Barker and
are shown in Table II. Ferdoud 3] as a manifestation of charge-symmetry breaking,

Proton widths in*3N. The total width of the 1/2 (E.,,  due to different asymptotic behavior of the wave functions.
=0.42 MeV) resonance inN is somewhat overestimated. The present model is consistent with a reduction of Eie
The overestimation factor is, however, lower for the Minne-transition probability in'*C, but lower than experiment. Ob-
sota potential. For the 372 state E.,=1.56 Me\) we Viously, the precise values of the matrix elements are sensi-
present the reduced widtttalculated at 9.0 finsince the tive to small details of the wave functiofi8] which cannot
total width is very sensitive to the energy, not fitted by thebe reproduced in a parameter-free model. The same phenom-
potential. The conclusions are similar to those of the"1/2 enon occurs for the 3/2-1/2" transition, where charge-
resonance. symmetry breaking is better reproduced by the GCM. All

rms radii in 3C. The ground-state charge radius is knowntheseE1 transition probabilities are very sensitive to the

to be 2.46 fm[1]. However radius determination is often description. A two-cluster modelRc~0) would strongly
overestimate the experimental values. The improvement

brought by a multicluster approach is also exemplified by the

Fom (MeV) 150 N B(E2,3/2 —1/2") transition probability in**C; values of
o st —3 Rc close to 3.5 fm are necessary to reproduce the experimen-
Tt ] tal data. Notice that the transition probabilities are weakly
9 i+ L L sensitive to the choice of the nucleon-nucleon interaction,
T T — and also to the precise energies of the states. Thé 1/2
-1 R —3/2" ordering, which is uncorrectly predicted by the
5+ - " model, has a weak influence on tBéE1). Numerical simu-
2t r r ” v r v lations have been done by changing the 3if&teraction to fit
5| 3 ) i v oxo ']Ehe experimental energy. THRE1) value is modified by a
ew percent only.
—4 | 12C+n scattering lengthThe scattering lengtla is ob-
. tained from thes phase shiftd as
— L 1- 17 17
Minn. V2 exp
FIG. 3. Energy spectra dfC and'®N. The states are labeled by a=—lim Etan 5(K), (13

2J. Experimental data are taken from REE. ko K
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TABLE II. *3C and *N properties. Reduced transition probabilities are expressed in W.u., the scattering
lengtha [Eq. (13)], the rms radiugr?) and the distancd [Eq. (12)] are expressed in fm. The dimensionless
reduced width#? is calculated at 9 fm. The first and second lines correspond to the V2 and Minnesota
interactions, respectively.

3¢ Rc=0.4 Rc=14 Rc=2.7 Rc=4.0 Mixed Expt?

B(E1,1/2" —1/27) 0.17 0.17 0.07 2%10°3 0.104  0.03%0.004
0.15 0.16 0.047 181073 0.103

B(E1,3/2”—1/2") 0.28 0.20 0.059 80103 0.094  0.039-0.006
0.22 0.16 0.034 8.810°° 0.091

B(E2,3/2”—1/2") 1.0 1.0 2.8 3.8 2.2 3:50.8
1.1 1.6 2.9 3.7 2

a 6.51 6.66 7.08 6.92 6.68 6.65
6.23 6.40 6.97 6.73 6.37

(rdy(1z7) 2.19 2.26 2.50 2.92 2.36 2.46
2.19 2.26 2.49 2.91 2.30

d(1/2%) 4.63 4.71 4.96 4.66 4.71
4.39 4.48 4.83 4.46 4.48

8N Rc=04 Rc=14 Rc=2.7 Rc=4.0 Mixed Expt?

B(E1,1/2F —1/27) 0.21 0.2 0.11 0.02 0.136 0.4D.01
0.18 0.18 0.071 68104 0.128

B(E1,3/2” —1/2") 0.56 0.31 0.088 0.031 0.144 0.1
0.44 0.25 0.052 69103 0.136

[p(1/27) (keV) 35.6 39.9 43.1 38.4 40.2 31D.8
31.2 32.8 41.7 36.1 34.2

62(3/27) (%) 6.1 6.2 7.6 10.2 7.3 2.90.2
4.1 4.6 5.4 7.2 4.8

8Referencd1].

wherek is the wave number. This quantity is almost inde-
pendent on thé?C wave function; all results are consistent
with the experimental valuea=6.65 fm. This means that
low-energy scattering wave functions are weakly sensitive to In Fig. 4, we present the’C(p,y)**N S factor obtained
with the full 12C basis, and for the V2 and Minnesota poten-

the 12C description.

S—factor (keV b)

IV. CAPTURE CROSS SECTIONS ON %C

A. The *2C(p,y)*N cross section

Minnesota

0.30

0.40

Ec.m. (Me\/>

0.50

0.60

FIG. 4. ’C(p, ) °N Sfactor as a function of the c.m. energy. Experimental data are from R&IO), [26] (O), [27] (+), [28] (X),

and[29] (¢).
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agreement with the data supports the validity of the model

100 /2 100 3/27 for the 1/2" structure. Therefore, the large distance between
o " 2C and neutrorisee Table Ji, and hence the halo structure,
should be reliable.
1 _#4,_ — v2 TN S R N —
Tnmeaeta T | Winnesota V. DISTORTION EFFECTS IN THE '*C+n SYSTEM

A. Energy curves

o (ub)

V2

There are different ways to investigate distortion'&E in
the 2C+n system. We should first emphasize that deforma-
—— “ tion of '°C is possible only when differeriRc values are
2 // included in the GCM basis. When a sind¥ value is used,
- the 2C nucleus has a fixed size which is identical for any
12C+n distance. Let us first consider the energy curves de-

01 02 03 04 05 01 02 03 04 05 fined as
Ecm (MeV)

20 4 5/2+

Minnesoto

1/2%

H{"(Rc,R;Rc,R)
Ni]w( RC !Ry RC !R)

1
Jr —
FIG. 5. 12C(n, y)'3C cross sections corresponding to the differ-  Ei (Rc,R)= —EARe) - Zﬁ“"

ent 1°C bound states. The data are from Hél. (14)

tials. This cross section is mainly given by the properties ofvhere E;»(Rc) is the *2C energy, andiw/4 is the residual
the 1/2°(E.,,=0.42 Me\) resonance. However, the low- kinetic energy which ensures that the energy curves tend to
energy tail is sensitive to a background component whicleero for largeR. In Eq. (14), Hf” and Nﬁ” are the Hamil-
distorts theS factor from a pure Breit-Wigner approxima- tonian and overlap kernels defined as

tion. As expected from Table Il, the peak obtained with the

V2 interaction is slightly too broad, since the experimental H,J”( Re,R;R¢,R)

proton width is overestimated by 20%. This factor is how- N’"(Re,R:Rq/,R')

ever compensated by a similar overestimation inythveidth. ' ¢

Below the resonance energy, both theoretical curves are con- 5 H 5

sistent with the data, which indicates that the background :<¢|”(R,Rc) [1 ‘1’|”(R',R'c)>, (15)
component is realistic. At zero energy, we h&@)=1.0

keV b for the Minnesota potential, ar&(0)=1.3 keVb for  \yhere ™ are the projected Slates determinads It is
the V2 potential. These values are slightly lower than thos€yq|| known that the energy curved4) are not genuine

used in astrophysigs30] [S(0)=1.4 keV . nucleus-nucleus potentials, but they give a qualitative insight
. on the system.
B. The *?C(n,)"C cross sections In Fig. 6, we show on the upper panels, the energy curves

Cross sections corresponding to the four bound states ¢4 for the 1/2° ground state and the I72excited state
13C are given in Fig. 5. Since low-energy cross sections aréhere and in the following, the V2 potential is ugeth the
sensitive to the asymptotic behavior of the wave functionsground state, the bzarner height increases wReris small,
parameteras or m of the Minnesota or Volkov potentials Which means thaf“C+n clustering is sensitive to thBc
have been slightly modified for the 372and 5/2 bound vaIue._T.he same cqnclqsmn holds for the "1&ate, where
states in order to reproduce the experimental binding enefhe€ minimum location is pushed towards large values
gies. Figure 5 indicates that the overall agreement betweef§Nen Rc increases. This effect was already observed in the
GCM and experiment is fairly good. In each case, the v2a+ ~C system[15]. Notice however that calculations with
interaction yields cross sections slightly larger than the Min-Rc=4.0 fm are not quite realistic, but are used to illustrate
nesota interaction. As expected, 1/and 3/2 cross sections ~Situations involving strongly deformed nuclei. The upper
are determined by the=0 partial wave, yielding & 12 panel represents each system with an adjus@ed nucleon-
energy dependence; on the contrary, the 1dad 5/2° com- nuc!eon |ntera}ctlon. In the lower panel, we consider th.e full
ponents are mainly given by waves and hence are charac- basis cglculatlon, Wh_ere the energy curves labeled “mixed”
terized by arE2 energy dependence. are defined by the eigenvalue problem

The thermal cross section i8,=3.09 mb for the V2
potential and 2.57 mb for tht_a Minnesota potential, in reason- > [H)"(Re,R;RL,R) — EP"(RINY™(Re,R;RL,R) |
able agreement with experiment (3:58.07 mb, see Ref. R
[1]). However the experimental branching ratié§.5% for

the ground state and 32.4% for the 3/2xcited statgare X d{T(RL) =0, (16)
poorly reproduced37.1% and 62.9% for V2 and 50.2% and
49.8% for Minnesota respectively where the excitation level refers to=0.

Capture cross section to the 1/3tate has been checked  Figure 6 shows tha&:=4.0 fm components have a rather
to be rather sensitive to the asymptotic parts of the wavdigh energy, and are weakly coupled with the other values.
function, as suggested by Mengost al. [9]. The good The role of this configuration is mainly in th€C spectro-
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FIG. 6. 2C+n energy curve$Eq. (14)]. The upper panels refer to calculations with a sinfg@ configuration(with the interaction fitted
individually, see Table)l The lower panels refer to the multiconfiguration approach.

scopic properties. Since the 1/2and 1/2 partial waves
have different parameters in the nucleon-nucleon interactioa method proposed by Varga and LoVt who have

(see Table), the lowest energy curve is differenR§=2.7

fm for 1/2~ andRc=1.4 fm for 1/2"). In both cases, the
mixing of differentRc improves the energy by about 2 MeV.

B. Wave functions

The relative wave functiong’™(p) involved in Egs.(7)

and (11) cannot be directly interpreted without the antisym-

metrizer operatorA [10,31]. These functions are not or-

thogonal to each other and, in two-center calculati@mgor
smallR¢ values in multicluster modelshey are known to b
affected by the so-called “Pauli forbidden states.”

e

To determine the eigenvalues and eigenfunctions, we use

shown that a fair approximation as given by

2 [N (RR) =iy, (RR)ICT (RN =0,
'R’
(21)
whereNj:;, is the overlap GCM kerndll5) expressed in the

pseudostate bas{40), and the matrix is given by

N (R,R)=(T\(R)|T{(R"))8yq - (22)

It is however possible to derive an approximate relative The gverlap eigenfunctions are then obtained from

funct|ong 7(p) such that Eq(11) can be rewritten as

\PJM’%E o @ Yi(p) 1ML (p (17)

i.e., without the antisymmetrizer operator. This expression_ 1/2+
aIIows a more intuitive analysis of the wave function; it is

the starting point of the orthogonality condition mogi@8].
The wave functlorg "(p) is derived from[32,10,3]

)=NY2g2"(p), (18)

go)l

where N is the RGM overlap kernel. As usuak*? is ex-
panded on the eigenstatgﬁ?, yielding

guni(p) 2 () M g iy xin (19
Where,u are the eigenvalues of the overlap kernel
NXi]nwzﬂi]nWXi]rT' (20

xﬁn’f:ER CIM(R)T(R). (23

n Fig. 7, we present the wave functiori8) for J”
and 1/Z and for different energies. When a single

generator coordinat. is included,w=0 only is, of course,

allowed. In the full basisw=0 concerns the*C(g.s)+ n

relative motion; the other values=1 andw=2 correspond

to pseudostategheir thresholds are located at more than 20
MeV).

In the two-center model]=1/2" has no forbidden state,
andJ=1/2" has one forbidden state, yielding zero and one
node, respectively, in the bound-state wave functions. The
number of nodes is not modified in the multicluster ap-
proach, although forbidden states do not exist. JFerl/2™,
the ground-state wave function is weakly sensitive to distor-
tion effects; at higher energies this sensitivity increases.

On the contrary, the 1/2wave functions are more sensi-
tive to the 12C description. This conclusion was already es-
tablished from the analysis of ti&{E1,1/2" —1/27) values
or from the proton width in*3N. When the energy increases,
the role of pseudostates is more and more important.
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FIG. 7. 2C+n relative wave functiongEq. (18)] for bound states and scattering state€at,=0.1 and 5 MeV. The full curves
correspond to the singlR: values. The dashed curves correspond to the multiconfiguration model. For the sake of clarity, only labels of
Rc=0.4 and 4.0 fm are shown.

C. Radius of **C analysis of the 2C(p,y)'®N gives a good agreement with

From the approximate wave functiofk?), it is possible elxperime?3t, without any adjustable parameter. ~ For
to evaluate the rms radius &fC for a given*?C+ n distance “C(n,)**C we reproduce the cross sections to different
p: one has 13C states in a reasonable way. A deeper investigation of the

1/2" spectroscopy supports the existence of a halo structure
w1m2 | o' A Adw in that state.
2 wo{dTRE $%5)907(9) 8 (p) We also have studied deformation effects 8€ in the
(REA(p))= . (24)  '2C+n system. Two typical partial waves have been chosen:
> wm,|§]i’f(p)|2 the 1/2° which does not present any node in the relative

This quantity is plotted in Fig. 8. For large values, it
tends to the'?C rms radius in its ground state. Thedepen-
dence of Eq(24) arises from the pseudostates: if orby=0
is considered, Eq24) reduces to a constant. The role of the
pseudostates is therefore to allow® distortion during the
collision.

For J7=1/2" whose wave functions present a node at
small distance, there is an important variation of E2g)
nearp~2 fm. ForJ™=1/2", and for positive energies in
J7=1/2", there are sharp variations close to the nodes. The
pseudostates are characterized by large rms radii and yield an

enhancement of Eq24) wheng}™(p) is negligible.

(0)> (fm?)

2
<R

VI. CONCLUSION

We have analyzed clustering effects in th&+n and
12C+p systems. The multicluster approach includes defor-
mation of *2C during the collision. The spectroscopic prop-
erties of ¥*C and 13N are very sensitive to thé&’C descrip-
tion. More especially, the proton width of the 1/2esonance
in 13N and theB(E1)value between the 172and 1/2 states e
require a strong deformation 3fC. To investigate the sen- 0 2 4 6 8
sitivity of the results with respect to the nucleon-nucleon o (fm)
interaction, we have used two different forces which have
been demonstrated to give good accounts of data for other FiG. 8. variation of the'’C square radius as a function of the
nuclei: V2 and Minnesota forces. In most cases, the sensitivi2C+ n distancep [see Eq(24)]. The curves are labeled by the c.m.
ity is fairly low, and lower than the sensitivity oRc. The  energy.
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wave function, and the 172 partial wave which has one Further investigations in this direction are in the works.
node. In the former case, deformation effects are rather _ ]

weak, but in the latter the inner part of the wave function is  ThiS text presents research results of the Belgian program
strongly affected by2C clustering. This effect should be ON interuniversity attraction poles initiated by the Belgian-
present in other reactions, such @s 2C, and perhaps en- State Federal Services for Scientific, Technical and Cultural
hanced if more nodes are involved in the wave functionsAffairs.
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