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Multicluster study of the 12C1n and 12C1p systems
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We use the generator coordinate method to study the12C~n,g)13C and12C~p,g)13N reactions, as well as the
13C and13N spectroscopy. The12C wave functions are defined by threea particles in a regular triangle of size
RC . Different configurations are considered, in order to analyze clustering effects. It is shown that spectro-
scopic properties of13C and13N are sensitive to the12C wave function; reasonable agreement with experiment
is found withRC values minimizing the12C binding energy. The present study supports the suggestion of a
halo structure for the 1/21 excited state in13C. The neutron and proton capture cross sections are in good
agreement with experiment. Finally, we analyze distortion effects in the12C1n wave functions.
@S0556-2813~97!02710-6#

PACS number~s!: 21.60.Gx, 25.40.Lw, 27.30.1t
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I. INTRODUCTION

Many experimental data are available for the12C1n and
12C1p systems@1#. In 1952, Thomas@2# analyzed spectro
scopic information, nucleon scattering, and capture cr
sections. These data, together with new experimental in
mation, were reanalyzed later by Barker and Ferdous@3# in
the R-matrix theory. From a consistent fit of many expe
mental data, Barker and Ferdous investigate spectrosc
properties of low-lying levels of13C and 13N.

A further interest for the12C1n and 12C1p systems
comes from astrophysical applications. It is well known th
the 12C~p,g)13N reaction is the starting point of the CNO
cycle, which competes with thepp chain in the hydrogen
combustion phase@4#. Although the cross section is rela
tively well known, extrapolations down to astrophysical e
ergies remain somewhat uncertain. Extrapolations have b
done by different authors~for example, Barker and Ferdou
@3# use theR-matrix method, Langankeet al. @5# use a
semimicroscopic two-cluster model!.

Recent data by Nagaiet al. @6# and by Ohsakiet al. @7# on
the 12C~n,g)13C cross section show an unexpected enhan
ment at astrophysical energies~30 keV!. Previous estimates
from the cross section at thermal energy gave a cross se
at 30 keV much lower than measured. This effect is int
preted @8,9# as a p-wave contribution, quite negligible a
thermal energy, but dominant at 30 keV. A potential-mo
analysis of Mengoniet al. @9# shows that matrix element
involved in the cross sections are essentially given by
external contribution for capture to the13C~1/21, Ex53.09
MeV! and 13C~5/21, Ex53.85 MeV! states. These author
suggest a halo structure for the 1/21 state (s wave!, bound
by 1.86 MeV. This halo structure, characterized by a la
spatial extension, should be tested by the12C~n,g)13C(1/21)
cross section.

As outlined above, the13C and 13N nuclei cover a
broad field of interest. Their study requires a model wh
bound and scattering states are described in a unified w
In the present work, we use the multicluster generator co
dinate method@10# which has been already applied to th
560556-2813/97/56~4!/1831~9!/$10.00
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12C(a,g)16O @11# and 16O(a,g)20Ne @12# reactions. It is
well known that 12C is a deformed nucleus, and that a re
istic description can be obtained in thea model, with threea
particles located at the apexes of a regular triangle~see Ref.
@13# and references therein!. We use here this triple-a de-
scription of 12C to define 12C1n and 12C1p microscopic
wave functions. An advantage of microscopic models is th
small number of parameters. When the nucleon-nucleon
teraction is chosen, there is no free parameter. This prop
gives some predictive power to microscopic models, m
especially in astrophysical applications where experime
data are often missing or incomplete.

In the present work, we aim at investigating spectrosco
properties of 13C and 13N, and the 12C~n,g)13C and
12C(p,g)13N reactions in a consistent way, i.e., with th
same Hamiltonian and wave functions. We study the imp
tance of deformation effects in the12C wave functions. The
multicluster description of this nucleus allows us to test
sensitivity of the results with respect to the size of12C. De-
formation effects in nucleus-nucleus collisions are poo
known; in the present approach, relative wave functions
tween 12C and neutron will be analyzed in order to evalua
these effects.

In Sec. II, we present the microscopic cluster mod
and give the main formula. Section III is devoted to t
spectroscopy of13C and 13N; different properties, such a
rms radii or electromagnetic transition probabilitie
will be listed. In Sec. IV, we investigate the12C~p,g)13N
and 12C~n,g)13C capture cross sections. In Sec. V, we sh
how to derive approximate relative wave functions betwe
12C and neutron; these wave functions are used to ana
deformation effects of12C in the 12C1n reaction. Conclud-
ing remarks are given in Sec. VI.

II. THE MICROSCOPIC MULTICLUSTER MODEL

A. General formalism

We use here the generator coordinate method~GCM, see
Ref. @10#! to define the basis wave functions. Details on t
GCM can be found in Ref.@14#; its application to multi-
1831 © 1997 The American Physical Society
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1832 56M. DUFOUR AND P. DESCOUVEMONT
cluster models is explained in Refs.@15,12#. Here, we only
give the main formulas, and emphasize on the peculiari
of the 12C1 nucleon system.

Let us first define the12C wave functions. They are ob
tained froma-particle wave functionsFa(S), defined in the
harmonic oscillator model and located atS. Here and in the
following, all clusters are assumed to have the same osc
tor parameterb. A threea wave function is then defined a

F3a~RC ,V!5AFa~S1!Fa~S2!Fa~S3!, ~1!

where the coordinatesS1, S2, andS3 depend on the size o
the regular triangleRC , and on the Euler anglesV5~a,b,g!
~see Fig. 1!; A is the antisymmetrization operator, whic
ensures that the Pauli principle is correctly taken into
count. Rotation and translation invariance of Eq.~1! can be
restored@16#, yielding a 12C wave function with spinI :

f12
In~RC!5fc.m.

21 E dVDn0
I ! ~V!F3a~RC ,V!, ~2!

wherefc.m.
21 is a center-of-mass wave function, andDn0

I (V)
is a Wigner function. We assume that the projection of
spin over the intrinsic axis is zero.

Let us now turn to the12C1 nucleon ~N! system; if
FN

K(S) is an s-shell orbital with spin projectionK and lo-
cated atS, the 13-nucleon GCM basis function reads

F3a1N
K ~R,RC ,V!5AFaS 2

1

13
R1S1DFaS 2

1

13
R1S2D

3FaS 2
1

13
R1S3DFN

KS 12

13
RD , ~3!

where R is the generator coordinate between12C and the
nucleon. As in Eq.~1!, S1, S2, andS3 depend on the Eule
anglesV and onRC . After projection on total spinJ and
parity p, one has

F l
JMp~R,RC!5fc.m.

21 (
K

^ l1/2 M2KKuJM&

3E dR̂dVYl
M2K~R̂!F3a1N~R,RC ,V!,

~4!

wherel is the relative angular momentum andp5(2) l . No-
tice that we restrict ourselves to12C states with spinI 50. It

FIG. 1. Cluster structure of the GCM wave functions. Axisz8 is
perpendicular to the 3a plane.
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is well known @17# that a triple-a description of
12C significantly improves the binding energy with respect
the standard one-center description. However, the excita
energy of the 21

1 state is underestimated with standa
nucleon-nucleon interactions. This yields too strong a c
pling between the different channels and, consequently,
12C~21)1nucleon configuration is neglected here.

Equation~4! is written in the GCM approach which in
volves the Slater determinants~3!. This description is well
adapted to numerical calculations, but a more intuitive d
nition is given in the resonating group method~RGM, see
Ref. @10#!. In RGM notations, Eq.~4! is written as

F l
JMp~R,RC!5(

K
^ l1/2 M2KKuJM&Af12~RC!

3fN
KYl

M2K~ r̂!G l~r,R!, ~5!

where r is the relative coordinate,G l(r,R) is a projected
Gaussian function@18#, andf12(RC) is given by Eq.~2! with
I 5n50. In the following, we shall consider two differen
approaches:~i! a singleRC value is included in the12C wave
function, which means that the12C size is frozen for any
12C1 nucleon distance; differentRC values will be consid-
ered.~ii ! The most realistic approach is to mix severalRC
coordinates in the basis states~4!. In this way, the 12C
nucleus is allowed to be distorted during the collision.

B. Wave functions without distortion

In this case, the12C 1 nucleon system is described with
singleRC value. The total wave function reads

CRC ,l
JMp5(

R
f RC ,l

Jp ~R!F l
JMp~R,RC!, ~6!

where f RC ,l
Jp (R) is the generator function, deduced from m

trix elements of the Hamiltonian between basis states~4! ~see
Ref. @14# for details!. Typically 10 generator coordinates a
included in the summation.

In RGM notations, Eq.~6! is written as

CRC ,l
JMp5(

K
^ l1/2 M2KKuJM&Af12~RC!

3fN
KYl

M2K~ r̂!gl
Jp~r!, ~7!

where the radial function is given by

gl
Jp~r!5(

R
f RC ,l

Jp ~R!G l~r,R!. ~8!

C. Wave functions with distortion

A natural extension of Eq.~6! is

C l
JMp5 (

R,RC

Fl
Jp~RC ,R!F l

JMp~R,RC!, ~9!

where a coupling between differentRC values is now intro-
duced. This definition is quite valid for spectroscopy, whe
boundary conditions can be neglected. However, exten
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56 1833MULTICLUSTER STUDY OF THE 12C1n AND 12C1p SYSTEMS
of ~6! with a sum overRC would introduce nonorthogona
channels, corresponding to different values ofRC . To solve
this problem, the12C basis is first diagonalized, yielding

f12
v 5(

RC

cv~RC!f12~RC!, ~10!

where functionsf12
v are orthogonal to each other;v50 cor-

responds to the12C ground state, whereasvÞ0 corresponds
to pseudostates@19# well known in multicluster approache
@15#, or in two-cluster studies with monopole distortion@20#.
In this new basis, the total wave function~9! reads, in RGM
notations,

C l
JMp5(

v,K
^ l1/2 M2KKuJM&Af12

v fN
KYl

M2K~ r̂!gv,l
Jp ~r!.

~11!

In this way, channels corresponding to differentv values
are asymptotically orthogonal, as required in scattering s
ies; v values different from zero do not have physical inte
pretation, but are considered as distortion channels, w
allow deformation of12C during the collision. Notice tha
the GCM expansions~6! and~9! are not valid for large rela-
tive coordinates. Indeed, the asymptotic behavior of Gau
ian functions is adapted neither to scattering states no
bound states. This problem is solved in the microsco
R-matrix method~MRM, see Refs.@18,14#!. The calculation
of the wave functions~6! or ~9! requires the calculation o
matrix elements between projected Slater determinants.
12C basis states~2!, this calculation involves three
dimensional integrals, as explained in Ref.@13#. Matrix ele-
ments between 13-nucleon GCM functions~4! involve
seven-dimensional integrals; the principle of the calculat
is given in Ref.@12# and is not repeated here. Let us howev
point out that this numerical calculation is highly time co
suming, owing to the multiple angular-momentum proje
tion. Therefore, special attention must be paid on the opti
zation of the computer codes.

III. SPECTROSCOPY OF 13C AND 13N

A. Properties of 12C

As a preliminary study, we investigate the properties
12C as a function ofRC . According to Ref.@13#, the oscil-
lator parameter isb51.38 fm. Here and in the following, we
use two different nucleon-nucleon potentials: the V2 Volk
potential@21# and the Minnesota potential@22#. Both inter-
actions involve a parameter (m and u, respectively! whose
standard values arem50.6 andu51. With these forces, the
a binding energy is227.96 MeV and224.06 MeV, respec-
tively. The spin-orbit force does not contribute in thea
model. In Fig. 2, we show the binding energy of the12C
ground state for both potentials. In addition to the stand
parameters, potentials withm50.578 andu50.901, which
will be used for 13C, are also shown. As is well known, th
minima of the binding energy are located atRC values sig-
nificantly different from zero. However, the precise locati
is rather sensitive to the interaction. For the standard par
eters, the V2 potential givesRC52.7 fm at the minimum,
d-
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whereas the Minnesota potentialRC51.6 fm. When the pa-
rameters are fitted to the13C energy, both potentials prese
a minimum nearRC52.0 fm.

The right panel shows the 21 excitation energy, whose
experimental values~4.44 MeV! cannot be obtained for an
12C configuration. The best agreement ('3.3 MeV! is ob-
tained forRC close to 4 fm, which is far from the minimum
of the ground-state binding energy. The rms radius of
ground state, the quadrupole moment of the 21 state, and the
B(E2) between those states are also analyzed as a fun
of RC . For convenience, they are normalized to the exp
mental values@23#. The GCM results do not depend on th
nucleon-nucleon interaction, since a single configuration
taken into account. For the rms radius, theRC value corre-
sponding to experiment isRC52.7 fm ~notice that the GCM
radii have been corrected to take account of the proton ra
0.8 fm!. If we consider the error bar, the experimental qua
rupole moment is reproduced roughly fromRC51 fm to
RC54 fm. For theB(E2,21→01), RC values close to 2.7
fm are also consistent with the experimental value. Eve
one considers that these results are obtained within a si
model of a single generator coordinator, all spectrosco
properties are consistent with an important deformation
12C and with a triangle size close to 2.7 fm.

B. Properties of 13C and 13N

In order to study the influence of clustering in13C and
13N, we consider two approaches:~i! the 12C1 nucleon
wave functions involve a singleRC value (RC50.4, 1.4, 2.7,
and 4.0 fm are used!, and ~ii ! the 12C nucleus involves a
mixing of threeRC values (RC51.4, 2.7, and 4.0 fm!. The
relative motion between12C and the nucleon is described b
six generator coordinatesR52.0 fm to 9.0 fm with a step of
1.4 fm. A spin-orbit force@24# with strengthS0530 MeV
fm 5 is included in the Hamiltonian.

Since we are interested in spectroscopic properties wh
are sensitive to the energy, we determine the nucle
nucleon interaction for both parities. In Table I, we give t

FIG. 2. Left panel: binding energy of the12C ground state as a
function of RC . The curves are labeled by theu ~or m) parameter
for the Minnesota~or Volkov! forces. Right upper panel: Excitatio
energy of the 21 state. Right lower panel: ground-state rms radi
21 quadrupoleQ moment, andB(E2,21→01) normalized to the
experimental values~2.46 fm, 663 e fm2 and 4.6560.26 W.u.,
respectively@23#!.
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1834 56M. DUFOUR AND P. DESCOUVEMONT
m andu values which reproduce the 1/21
1 excitation energy

for positive parity, and the ground-state energy~with respect
to 12C! for negative parity. It is interesting to compare th
parameters ofRC50.4 fm ~equivalent to a usual two cluste
model! to those of the full calculation. Whereas the form
approach yields rather different parameters for both parit
the latter involves much closer parameters, for both pot
tials. Although there is still a slight parity effect, the mult
cluster model is an improvement in this direction.

The energy spectra with the full12C basis are presented i
Fig. 3. The 3/22 excitation energy is always too low wit
respect to experiment; this problem might be due to the l
of S> 1

2 components in the wave functions. The 5/21 state is
reasonably well described for both potentials.

Let us now discuss some spectroscopic properties, w
are shown in Table II.

Proton widths in13N. The total width of the 1/21 (Ec.m.
50.42 MeV! resonance in13N is somewhat overestimated
The overestimation factor is, however, lower for the Minn
sota potential. For the 3/22 state (Ec.m.51.56 MeV! we
present the reduced width~calculated at 9.0 fm! since the
total width is very sensitive to the energy, not fitted by t
potential. The conclusions are similar to those of the 11

resonance.
rms radii in 13C. The ground-state charge radius is know

to be 2.46 fm@1#. However radius determination is ofte

TABLE I. Parametersm and u of the Volkov and Minnesota
interactions.

13C RC50.4 RC51.4 RC52.7 RC54.0 Mixed

m(1) 0.538 0.525 0.517 0.528 0.532
m(2) 0.641 0.623 0.537 0.420 0.578
u(1) 1.044 1.077 1.113 1.092 1.054
u(2) 0.777 0.829 1.072 1.421 0.901

13N RC50.4 RC51.4 RC52.7 RC54.0 Mixed

m(1) 0.545 0.534 0.531 0.538 0.542
m(2) 0.639 0.621 0.538 0.428 0.578
u(1) 1.041 1.070 1.088 1.077 1.047
u(2) 0.783 0.833 1.071 1.407 0.903

FIG. 3. Energy spectra of13C and13N. The states are labeled b
2J. Experimental data are taken from Ref.@1#.
r
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model dependent, and this value is contradicted by the n
tron radius~2.35 fm! which is expected to be slightly large
than the proton radius. Our results do not strongly depend
the interaction; in the full basis, we get rms radii somewh
lower than experiment~2.36 fm for V2 and 2.30 fm for Min-
nesota!.

Interest for the spectroscopy of the 1/21 excited state has
been raised by its possible halo structure@8,9#. This exotic
structure, characterized by large rms radii, is mainly found
core 1 neutron~s! systems with low binding energy an
s-wave neutrons. To investigate the 1/21 structure, we
present the mean distanced between the12C core and the
external neutron. This quantity is defined from

13̂ r 2&13512̂ r 2&121
12

13
d2, ~12!

where ^r 2&12 and ^r 2&13 are the 12C and 13C rms radii, re-
spectively. The values obtained in Table II are weakly d
pendent on the12C wave function or on the nucleon-nucleo
interaction. It is in every case much larger than the12C ra-
dius ~for comparison, this quantity in the ground state
about 1–2 fm!. Although smaller than in well known halo
nuclei such as11Be or 11Li, this distanced supports the
existence of a halo structure in the13C(1/21) state. Further
analysis will be given by the wave functions~see Sec. V!.

Electromagnetic transition probabilities.Experimental
values for theB(E1,1/21→1/22) in 13C and 13N are rather
different (0.03960.004 W.u. and 0.1060.01 W.u., respec-
tively! although charge symmetry would yield similar r
sults. This difference has been interpreted by Barker
Ferdous@3# as a manifestation of charge-symmetry breakin
due to different asymptotic behavior of the wave function
The present model is consistent with a reduction of theE1
transition probability in13C, but lower than experiment. Ob
viously, the precise values of the matrix elements are se
tive to small details of the wave functions@3# which cannot
be reproduced in a parameter-free model. The same phen
enon occurs for the 3/22→1/21 transition, where charge
symmetry breaking is better reproduced by the GCM.
theseE1 transition probabilities are very sensitive to the12C
description. A two-cluster model (RC'0) would strongly
overestimate the experimental values. The improvem
brought by a multicluster approach is also exemplified by
B(E2,3/22→1/22) transition probability in13C; values of
RC close to 3.5 fm are necessary to reproduce the experim
tal data. Notice that the transition probabilities are wea
sensitive to the choice of the nucleon-nucleon interacti
and also to the precise energies of the states. The 11

23/22 ordering, which is uncorrectly predicted by th
model, has a weak influence on theB(E1). Numerical simu-
lations have been done by changing the 3/22 interaction to fit
the experimental energy. TheB(E1) value is modified by a
few percent only.

12C1n scattering length. The scattering lengtha is ob-
tained from thes phase shiftd as

a52 lim
k→0

1

k
tan d~k!, ~13!
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TABLE II. 13C and 13N properties. Reduced transition probabilities are expressed in W.u., the scat
lengtha @Eq. ~13!#, the rms radiuŝr 2& and the distanced @Eq. ~12!# are expressed in fm. The dimensionle
reduced widthu2 is calculated at 9 fm. The first and second lines correspond to the V2 and Minn
interactions, respectively.

13C RC50.4 RC51.4 RC52.7 RC54.0 Mixed Expt.a

B(E1,1/21→1/22) 0.17 0.17 0.07 2.131023 0.104 0.03960.004
0.15 0.16 0.047 1.831023 0.103

B(E1,3/22→1/21) 0.28 0.20 0.059 8.031023 0.094 0.03960.006
0.22 0.16 0.034 8.531025 0.091

B(E2,3/22→1/22) 1.0 1.0 2.8 3.8 2.2 3.560.8
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

A^r 2&(1/22) 2.19 2.26 2.50 2.92 2.36 2.46
2.19 2.26 2.49 2.91 2.30

d(1/21) 4.63 4.71 4.96 4.66 4.71
4.39 4.48 4.83 4.46 4.48

13N RC50.4 RC51.4 RC52.7 RC54.0 Mixed Expt.a

B(E1,1/21→1/22) 0.21 0.2 0.11 0.02 0.136 0.1060.01
0.18 0.18 0.071 6.531024 0.128

B(E1,3/22→1/21) 0.56 0.31 0.088 0.031 0.144 0.1
0.44 0.25 0.052 6.931023 0.136

Gp(1/21) ~keV! 35.6 39.9 43.1 38.4 40.2 31.760.8
31.2 32.8 41.7 36.1 34.2

u2(3/22)(%) 6.1 6.2 7.6 10.2 7.3 2.960.2
4.1 4.6 5.4 7.2 4.8

aReference@1#.
e
nt
t

t
n-
wherek is the wave number. This quantity is almost ind
pendent on the12C wave function; all results are consiste
with the experimental valuesa56.65 fm. This means tha
low-energy scattering wave functions are weakly sensitive
the 12C description.
-

o

IV. CAPTURE CROSS SECTIONS ON 12C

A. The 12C„p,g…

13N cross section

In Fig. 4, we present the12C(p,g)13N S factor obtained
with the full 12C basis, and for the V2 and Minnesota pote
FIG. 4. 12C~p,g)13N S factor as a function of the c.m. energy. Experimental data are from Refs.@25# (s), @26# (h), @27# (1), @28# (3),
and @29# (L).
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1836 56M. DUFOUR AND P. DESCOUVEMONT
tials. This cross section is mainly given by the properties
the 1/21(Ec.m.50.42 MeV! resonance. However, the low
energy tail is sensitive to a background component wh
distorts theS factor from a pure Breit-Wigner approxima
tion. As expected from Table II, the peak obtained with t
V2 interaction is slightly too broad, since the experimen
proton width is overestimated by 20%. This factor is ho
ever compensated by a similar overestimation in theg width.
Below the resonance energy, both theoretical curves are
sistent with the data, which indicates that the backgrou
component is realistic. At zero energy, we haveS(0)51.0
keV b for the Minnesota potential, andS(0)51.3 keV b for
the V2 potential. These values are slightly lower than th
used in astrophysics@30# @S(0)51.4 keV b#.

B. The 12C„n,g…

13C cross sections

Cross sections corresponding to the four bound state
13C are given in Fig. 5. Since low-energy cross sections
sensitive to the asymptotic behavior of the wave functio
parametersu or m of the Minnesota or Volkov potential
have been slightly modified for the 3/22 and 5/21 bound
states in order to reproduce the experimental binding e
gies. Figure 5 indicates that the overall agreement betw
GCM and experiment is fairly good. In each case, the
interaction yields cross sections slightly larger than the M
nesota interaction. As expected, 1/22 and 3/22 cross sections
are determined by thel 50 partial wave, yielding aE21/2

energy dependence; on the contrary, the 1/21 and 5/21 com-
ponents are mainly given byp waves and hence are chara
terized by anE1/2 energy dependence.

The thermal cross section iss th53.09 mb for the V2
potential and 2.57 mb for the Minnesota potential, in reas
able agreement with experiment (3.5360.07 mb, see Ref
@1#!. However the experimental branching ratios~67.5% for
the ground state and 32.4% for the 3/22 excited state! are
poorly reproduced~37.1% and 62.9% for V2 and 50.2% an
49.8% for Minnesota respectively!.

Capture cross section to the 1/21 state has been checke
to be rather sensitive to the asymptotic parts of the w
function, as suggested by Mengoniet al. @9#. The good

FIG. 5. 12C~n,g)13C cross sections corresponding to the diffe
ent 13C bound states. The data are from Ref.@6#.
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agreement with the data supports the validity of the mo
for the 1/21 structure. Therefore, the large distance betwe
12C and neutron~see Table II!, and hence the halo structur
should be reliable.

V. DISTORTION EFFECTS IN THE 12C1n SYSTEM

A. Energy curves

There are different ways to investigate distortion of12C in
the 12C1n system. We should first emphasize that deform
tion of 12C is possible only when differentRC values are
included in the GCM basis. When a singleRC value is used,
the 12C nucleus has a fixed size which is identical for a
12C1n distance. Let us first consider the energy curves
fined as

El
Jp~RC ,R!5

Hl
Jp~RC ,R;RC ,R!

Nl
Jp~RC ,R;RC ,R!

2E12~RC!2
1

4
\v,

~14!

whereE12(RC) is the 12C energy, and\v/4 is the residual
kinetic energy which ensures that the energy curves ten
zero for largeR. In Eq. ~14!, Hl

Jp and Nl
Jp are the Hamil-

tonian and overlap kernels defined as

H Hl
Jp~RC ,R;RC8 ,R8!

Nl
Jp~RC ,R;RC8,R8!

J
5 K F l

Jp~R,RC!UHH
1 J UF l

Jp~R8,RC8 !L , ~15!

where F l
Jp are the projected Slates determinants~4!. It is

well known that the energy curves~14! are not genuine
nucleus-nucleus potentials, but they give a qualitative insi
on the system.

In Fig. 6, we show on the upper panels, the energy cur
~14! for the 1/22 ground state and the 1/21 excited state
~here and in the following, the V2 potential is used!. In the
ground state, the barrier height increases whenRC is small,
which means that12C1n clustering is sensitive to theRC
value. The same conclusion holds for the 1/21 state, where
the minimum location is pushed towards largeR values
whenRC increases. This effect was already observed in
a1 12C system@15#. Notice however that calculations wit
RC54.0 fm are not quite realistic, but are used to illustra
situations involving strongly deformed nuclei. The upp
panel represents each system with an adjusted nucl
nucleon interaction. In the lower panel, we consider the
basis calculation, where the energy curves labeled ‘‘mixe
are defined by the eigenvalue problem

(
RC8

@Hl
Jp~RC ,R;RC8 ,R!2El

Jp~R!Nl
Jp~RC ,R;RC8 ,R!#

3dlv
Jp~RC8 !50, ~16!

where the excitation level refers tov50.
Figure 6 shows thatRC54.0 fm components have a rathe

high energy, and are weakly coupled with the other valu
The role of this configuration is mainly in the12C spectro-
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FIG. 6. 12C1n energy curves@Eq. ~14!#. The upper panels refer to calculations with a single12C configuration~with the interaction fitted
individually, see Table I!. The lower panels refer to the multiconfiguration approach.
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scopic properties. Since the 1/22 and 1/21 partial waves
have different parameters in the nucleon-nucleon interac
~see Table I!, the lowest energy curve is different (RC52.7
fm for 1/22 and RC51.4 fm for 1/21). In both cases, the
mixing of differentRC improves the energy by about 2 MeV

B. Wave functions

The relative wave functionsgJp(r) involved in Eqs.~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 calculations~or for
smallRC values in multicluster models! they are known to be
affected by the so-called ‘‘Pauli forbidden states.’’

It is however possible to derive an approximate relat
function ĝv,l

Jp (r) such that Eq.~11! can be rewritten as

C l
JMp'(

v
f12

v @fN^ Yl~ r̂!#JMĝv,l
Jp ~r!, ~17!

i.e., without the antisymmetrizer operator. This expressi
allows a more intuitive analysis of the wave function; it
the starting point of the orthogonality condition model@33#.
The wave functionĝv,l

Jp (r) is derived from@32,10,31#

ĝv,l
Jp ~r!5N 1/2gv,l

Jp ~r!, ~18!

whereN is the RGM overlap kernel. As usual,N1/2 is ex-
panded on the eigenstatesx ln

Jp , yielding

ĝv,l
Jp ~r!5(

n
~m ln

Jp!1/2^gv,l
Jp ux ln

Jp&x ln
Jp , ~19!

wherem ln
Jp are the eigenvalues of the overlap kernel

Nx ln
Jp5m ln

Jpx ln
Jp . ~20!
n

e

To determine the eigenvalues and eigenfunctions, we
a method proposed by Varga and Lovas@34# who have
shown that a fair approximation as given by

(
v8R8

@Nvv8
Jp

~R,R8!2m ln
Jpnvv8

Jp
~R,R8!#Cnv8

Jp
~R8!50,

~21!

whereNvv8
Jp is the overlap GCM kernel~15! expressed in the

pseudostate basis~10!, and the matrixn is given by

nvv8
Jp

~R,R8!5^G l~R!uG l~R8!&dvv8. ~22!

The overlap eigenfunctions are then obtained from

x ln
Jp5(

vR
Cnv

Jp~R!G l~R!. ~23!

In Fig. 7, we present the wave functions~18! for Jp

51/21 and 1/22 and for different energies. When a sing
generator coordinateRC is included,v50 only is, of course,
allowed. In the full basis,v50 concerns the12C~g.s.!1 n
relative motion; the other valuesv51 andv52 correspond
to pseudostates~their thresholds are located at more than
MeV!.

In the two-center model,J51/22 has no forbidden state
andJ51/21 has one forbidden state, yielding zero and o
node, respectively, in the bound-state wave functions. T
number of nodes is not modified in the multicluster a
proach, although forbidden states do not exist. ForJ51/22,
the ground-state wave function is weakly sensitive to dist
tion effects; at higher energies this sensitivity increases.

On the contrary, the 1/21 wave functions are more sens
tive to the 12C description. This conclusion was already e
tablished from the analysis of theB(E1,1/21→1/22) values
or from the proton width in13N. When the energy increase
the role of pseudostates is more and more important.
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FIG. 7. 12C1n relative wave functions@Eq. ~18!# for bound states and scattering states atEc.m.50.1 and 5 MeV. The full curves
correspond to the singleRC values. The dashed curves correspond to the multiconfiguration model. For the sake of clarity, only la
RC50.4 and 4.0 fm are shown.
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C. Radius of 12C

From the approximate wave functions~17!, it is possible
to evaluate the rms radius of12C for a given12C1n distance
r; one has

^R12
2 ~r!&5

( vv8^f12
v uR12

2 uf12
v8&ĝv

Jp~r!ĝv8
Jp

~r!

( vv8uĝv8
Jp

~r!u2
. ~24!

This quantity is plotted in Fig. 8. For larger values, it
tends to the12C rms radius in its ground state. Ther depen-
dence of Eq.~24! arises from the pseudostates: if onlyv50
is considered, Eq.~24! reduces to a constant. The role of th
pseudostates is therefore to allow a12C distortion during the
collision.

For Jp51/21 whose wave functions present a node
small distance, there is an important variation of Eq.~24!
near r'2 fm. For Jp51/22, and for positive energies in
Jp51/21, there are sharp variations close to the nodes.
pseudostates are characterized by large rms radii and yie
enhancement of Eq.~24! when ĝ0

Jp(r) is negligible.

VI. CONCLUSION

We have analyzed clustering effects in the12C1n and
12C1p systems. The multicluster approach includes def
mation of 12C during the collision. The spectroscopic pro
erties of 13C and 13N are very sensitive to the12C descrip-
tion. More especially, the proton width of the 1/21 resonance
in 13N and theB(E1)value between the 1/21 and 1/22 states
require a strong deformation of12C. To investigate the sen
sitivity of the results with respect to the nucleon-nucle
interaction, we have used two different forces which ha
been demonstrated to give good accounts of data for o
nuclei: V2 and Minnesota forces. In most cases, the sens
ity is fairly low, and lower than the sensitivity onRC . The
t

e
an

r-

e
er
v-

analysis of the 12C(p,g)13N gives a good agreement wit
experiment, without any adjustable parameter. F
12C(n,g)13C we reproduce the cross sections to differe

13C states in a reasonable way. A deeper investigation of
1/21 spectroscopy supports the existence of a halo struc
in that state.

We also have studied deformation effects of12C in the
12C1n system. Two typical partial waves have been chos
the 1/22 which does not present any node in the relat

FIG. 8. Variation of the12C square radius as a function of th
12C1n distancer @see Eq.~24!#. The curves are labeled by the c.m
energy.
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wave function, and the 1/21 partial wave which has one
node. In the former case, deformation effects are ra
weak, but in the latter the inner part of the wave function
strongly affected by12C clustering. This effect should b
present in other reactions, such asa112C, and perhaps en
hanced if more nodes are involved in the wave functio
cl

K.
a
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M

-
n

o

er
s

.

Further investigations in this direction are in the works.

This text presents research results of the Belgian prog
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