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Resonant breakup of °C on a proton target
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The resonant breakup of '°C on a proton target at 70 Me V/nucleon is analyzed using Faddeev—Alt, Grassberger,
Sandhas (Faddeev-AGS) and continuum-discretized coupled-channels (CDCC) reaction frameworks, where in
both cases a three-body model ('3C + n + p) for the reaction is considered. Taking a '*C + p potential from a
global nucleon-nucleus parametrization and a L-independent Gaussian proton-neutron potential, both methods
provide very similar results for the calculated observables. However, when this simplified proton-neutron potential
is replaced by the more realistic CD-Bonn potential, the breakup cross section, calculated with the Faddeev AGS
formalism, decreases by almost one order of magnitude, largely underestimating the experimental data. From
this calculation, we conclude that, within a core 4 valence neutron model, the single-particle mechanism gives
a negligible contribution to the calculated resonant breakup and therefore core-excitation mechanisms should be

taken into account.
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I. INTRODUCTION

Inelastic scattering is a useful tool to study excitation modes
in halo nuclei if it is possible to single out particular multipole
excitations.

Recently, the resonant breakup scattering of '°C on a
proton target at 70 MeV/nucleon was measured, employing
the invariant mass method in inverse kinematics in which
the valence neutron and the remaining '8C fragment were
detected in coincidence [1], thus permitting the reconstruction
of the relative energy spectrum between these two fragments.
This spectrum shows a prominent peak at E, = 1.46 MeV,
which was interpreted as a narrow resonance of '°C with
E.; = 0.9 MeV. The angular distribution corresponding to
this peak was compared with a microscopic distorted wave
Born Approximation (DWBA) analysis, leading to spin-parity
assignment of 5/2%, assuming a 1/27 spin for the ground state.

The '°C is a one-neutron halo nucleus with a neutron
separation energy of S, = 0.589 MeV [2]. As in the case of
other one-neutron halo nuclei, such as !'Be, it is appealing
to describe the scattering of '°C by a stable target assuming
that the projectile can be represented in terms of a simple
core + valence neutron model, in which the ground state and
the low-lying excited (possibly unbound) states are treated as
pure single-particle states outside of a frozen core. On the other
hand, theoretical calculations as well as knockout experiments
[1,3-5] suggest important admixtures in the ground and excited
states resulting from core-excited components. In this context,
one of the purposes of this work is to investigate the adequacy
of the '8C + valence neutron model, where the core is assumed
to be inert, to describe the resonant breakup data of Satou
etal. [1].

Besides an adequate choice of the structure model, a
meaningful interpretation of this reaction requires a realistic
description of the reaction mechanism and the potentials
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involved in the calculations. In a recent analysis of the '!'Be
+ p breakup at 63.7 MeV/nucleon [6], based on a three-body
model (\°Be + n + p), we found that an accurate representation
of the p-n interaction was crucial, while different choices of
the underlying proton-core potential produced changes smaller
than 10%. Therefore, another motivation of the present work
is to test the sensitivity of the calculated observables to the
underlying neutron-proton interaction. Finally, to test the de-
scription of the reaction mechanism, we compare two different
few-body approaches, namely, the Faddeev—Alt, Grassberger,
Sandhas (Faddeev AGS) [7-9] and the continuum-discretized
coupled-channels (CDCC) [10] methods. The CDCC method
has a long history of success regarding the interpretation of
reactions involving the scattering of two-body weakly bound
projectiles on light and heavy targets [11-13] and, more
recently, the scattering of three-body weakly bound projectiles
[14—16]. On the other hand, the Faddeev AGS formalism has
proved to be a very promising reaction tool to assess the
validity of the approximations used in traditional scattering
frameworks [17-20].

In summary, in this work we analyze the resonant breakup of
19C on a proton target in order assess the validity of the single-
particle excitation mechanism within an inert core + valence
neutron model, the sensitivity on the dynamical inputs (in
particular the valence-target interaction), and the description
of the reaction mechanism.

II. THE OBSERVABLES

We consider the breakup of a radioactive beam involving a
two-body halo nucleus assumed to be well described by a core
(C) and a valence neutron (n); the halo nucleus collides with
a proton (p) target leading to three free particles in the final
state (p, n, C).
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This final state is described in terms of nine kinematical
variables. Momentum and energy conservation reduces this
number to five independent variables. The kinematic config-
urations of the three-body breakup can be characterized by
the polar and azimuthal angles 2; = (6;, ¢;) of the detected
particles, as well as their respective momenta.

In many actual experiments, such as the one we are
analyzing in the present work, the measured data is ex-
pressed in the relative (rel) core-valence energy E., and
the angles d<2.., between the C-n final momentum and
the beam direction in the center of mass (c.m.) system.
Therefore, one needs to evaluate the double differential cross
section d?c /d E;1d 2. To obtain the angular distribution
corresponding to a given resonance, do /d2. ., one needs
to integrate over the resonance region leading to the single
differential cross section.

We discuss in detail how these reaction observables are
calculated in each reaction framework.

III. THE REACTION APPROACH

The study of the scattering of a projectile nucleus from a
structureless proton target is the simplest reaction where one
only needs to identify the dominant degrees of freedom of the
projectile.

The treatment of the projectile can range from a pure mi-
croscopic approach, where the projectile excitation is treated
in terms of single-particle excitations of all active nucleons,
to a collective approach, where excitations are described by
the shape deformation of the nucleus as a whole. In the case
of a one-neutron halo projectile, one may assume that a good
description for such nucleus is a cluster model based on an inert
core plus a valence neutron. If the core has low-lying excited
states, these can be excited during the collision process.

Three-body reaction formalisms such as the Faddeev AGS
and the CDCC have been developed and used to study
the scattering of halo nuclei. An appealing characteristic of
these reaction frameworks is the simultaneous treatment of
the resonant and nonresonant channels. In the case of the
CDCC method, recent developments include the effect of
core excitation [21]. This feature is still absent in existing
implementations of the full multiple scattering Faddeev AGS
formalism. First steps were made to include core excitation in
the first-order term of the multiple scattering expansion of the
Faddeev AGS approach [22].

For completeness, we summarize in Subsecs. A and B
the inert core Faddeev AGS and CDCC reaction frameworks,
respectively.

A. The Faddeev AGS formalism

The Faddeev AGS approach is a three-body scattering
formalism that treats all three-pair partitions on equal footing.
All open channels (elastic, inelastic, transfer, and breakup)
are calculated simultaneously from first principles. In this
framework, if one considers the scattering from an initial state
o to a final state g with «, 8 = (1, 2, 3) in the odd-man-out
notation, the three-body AGS operators U P 8] (which are
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equivalent to the usual transition amplitudes on the energy
shell) are obtained from the solution of an integral equation
(see Refs. [9,19] for a derivation) that is written as

UP = 5pa Gyt + Y 8pyt, GoU™™, (1)
Y

where 8z, = 1 — 8p4. The two-body transition operator for
each interacting pair is

t, =v, t+v, Goly, 2)

where v, is the interaction between the pair y and Gy is the
free resolvent

Go=(E+i0— Hy " (3)

In here, E is the total energy of the three-particle system in the
center of mass (c.m.) and H, is the kinetic energy operator for
the three particles.

The scattering amplitudes are the matrix elements
of UP* calculated between initial and final states that
are eigenstates of the corresponding channel Hamiltonian
H,(Hg) = Hy + v,(vg) with the same energy eigenvalue. For
breakup, the final state is the product of two plane waves
corresponding to the relative motion of three free particles that
may be expressed in any of the relative Jacobi variables.

The numerical solution of the AGS equations can be found
by summing the corresponding Neumann series using the
Padé method [23]. In our calculations, Eq. (1) is solved
in momentum space after partial wave decomposition and
discretization of all momentum variables. We include the
nuclear interaction between all three pairs and the Coulomb
interaction between the proton and '8C, following the technical
developments implemented in Refs. [24] and [25].

Since in the c.m. one has 2, = —Q. ., for the purpose of
analyzing the data, one chooses the Jacobi momenta for the
final breakup state,

mnKC - mCKn

3

mc + my

(mC + mn)Kp - mp(KC + Kn)
q= M )

with K, K,,, K¢ (m , m,, mc) being the laboratory momenta
(masses) of the proton, valence neutron, and core in the exit
system, respectively, and M = m, 4+ m, + mc. The breakup
differential cross section is calculated from the on-shell matrix
element of the AGS operators T% = (qp|U%|v/,), where
particle « is the spectator in the initial state (in our case, « is
the proton) and v/, is an eigenstate of H,. The Jacobi momenta
in the final-state plane wave satisfy the on-shell relation

4)

2 2
14 q
E————=0, 5
o (5
with the reduced masses
_ m,mc
m= my + mc ' (6)
_ mp(mn +mc)
n=——

M
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The semi-inclusive cross section for the measured proton is,
following an identical derivation as in Ref. [17],
d*c
dQ,dE,
4 My +mc

= (2m)
Kia

mp/Cp / dZﬁlTOOt'Z

2
W n m
XM\/ZI,LE - ﬁ (K% + VZIC%OT - 2ﬁp’<:p . K:TOT)a

)

where Kror = IC,, + K, + IC¢ may be the total momen-
tum in the laboratory where KCror = Kpap, or in the c.m.
Krtor = 0. Then, in order to obtain the dependence of the
calculated breakup observable in terms or the relative core-
neutron energy, we use the relation

mp
Eg=FE—(1+ ——
me +m

)Epa ®)

which is valid in the c.m. frame where in addition
Oc.m. = m — 6,,. Inthe Faddeev-AGS approach itis not possible
to disentangle the contribution to the cross section from
each breakup state. Labeling the three interacting particles
(pCn) as (123), the AGS breakup operator U°! is obtained by
quadrature,

U = 11G()U11 + t2G0U21 + I3G()U31. )

For the case of resonant breakup, the term #;GoU!' is
dominant, but nonresonant breakup equally contributes to each
term of the sum. Thus, we cannot single out the resonant
contribution in the same way as done in other scattering
frameworks such as CDCC. However, we can extract the
resonant contribution in the following way. First, we calculate
the AGS operators without the resonant term. This can be done
either by taking away the dominant term ¢;GoU'! or by not
including the n-'8C interaction in the d wave. The resonant
contribution is then evaluated by subtracting the breakup cross
section without the resonant term from the full breakup cross
section.

B. The CDCC formalism

The CDCC framework was developed to study three-body
nuclear reactions in which a weakly bound two-body projectile
scatters from a target nucleus. This formalism has been
extensively applied to reactions induced by halo nuclei with
one nucleon (neutron or proton) outside the core, and standard
CDCC applications also assume (as standard Faddeev AGS) a
single core state.

This formalism consists in solving the Schrddinger equation
in a model space in which the three-body wave function is
expanded in the internal states (bound and continuum states)
of the two-body projectile. In this way, CDCC can treat elastic,
inelastic, and breakup channels simultaneously but cannot
include transfer, since it does not treat all three-body partitions
in equal footing.

The projectile internal Hamiltonian H,, has a finite number
of bound states and an infinite number of continuum energy
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states. In order to study the breakup of a weakly bound
projectile, we need to include these scattering states. For
practical reasons, CDCC makes use of the bin method to
discretize the continuum. In this method, the energy spec-
trum is truncated at a maximum excitation energy €max and
divided into intervals. For each energy interval, called bin, a
representative square-integrable state is constructed as a linear
superposition of the two-body scattering states in that interval.
Thus, the radial functions are defined as follows:

k

" fuoualk, ry dk, (10)

uot(r) = ﬂNa -

where u,(k, r) are the continuum radial wave functions with
wave number k = +/2me/h and « is an appropriate set of
quantum numbers. Here f, (k) is a weight function and N, is
its normalization constant. The bound and bin states are taken
as the states of the projectile pair and denoted as ¢, (r).

Let K be the incident wave number of the projectile in
the c.m. frame. The exact three-body wave function \IIEO R, r)
satisfies the Schrodinger equation

(H - E)¥ (R,1) =0, (11)

where H is the three-body Hamiltonian, E is the total c.m.
energy of the system, R is the relative distance between the
c.m. of the projectile and the target, and r is the relative distance
between the valence particle and the core.

The Hamiltonian H for this system can be written as a sum
of three terms,

H =T+ Upt(Rv I') + Hpa (12)

where Ty is the c.m. kinetic energy, U, is the potential
between the projectile constituents and the target

UnR,t)= Y Vi(R,1), (13)
j=C,v

and H, is the internal Hamiltonian of the projectile. In the
CDCC approach, the exact wave function is expressed as an
expansion in terms of the states (bound and continuum bins)
¢ (r) of the two-body Hamiltonian H,, as follows:

N
UPCR, 1) = da(Mwu(R), (14)

a=0

where o = Orefers to the projectile ground state. The bin states
includes both the resonant and the nonresonant part of the
continuum. The wave functions w, (R) of the projectile-target
relative motion are solutions of the coupled-channels equations

(Ey — Tk — Ve R)) o (R) = Z Vs R)wp(R),  (15)
pta

where E, = E — g, and the coupling potentials are

Vap(R) = (¢a|Upi (R, 1)[g). (16)

From the solution of the coupled equations (15), one obtains
the radial functions w,, whose asymptotic form provides the
S-matrix elements Sy, for the transition from the initial-state
to the final-state «.

054613-3



R. CRESPO et al.

Energy conservation relates the wave numbers K, with the
state energies &, as
n*K?2 n*K?
% pgy = —2 4 6. (17)
2y 24 py
The inelastic differential cross-section angular distribution, in
c.m. frame, for excitation of a given state is

2
d?;'a _ < :uplz> &|TH(KQ)|2, (18)
c.m. 2rch Ko
with T%(K,) denoting the transition amplitude leading to the
state «o. Then, we can obtain the triple differential cross section
for the excitation of any bin state « (resonant or nonresonant)
with respect to the solid angle and the relative energy, dividing
by the energy width of the bin (either resonant or nonresonant)

as

d? 1 do,

_4o 1 o , (19)
dQc.m.dEa ASOZ dQcm

where Ag, denotes the width of the continuum bin «.

IV. THE PAIR INTERACTIONS

In both the Faddeev AGS and CDCC approaches, one needs
to define the three-pair interactions that in our case study are
the p-n, p-'8C, and n-'3C interactions.

For the purpose of comparing the CDCC and Faddeev AGS
scattering frameworks we take for p-n the Gaussian potential of
Ref. [10], with parameters adjusted to reproduce the deuteron
rms radius and binding energy, as well as the triplet >S phase
shifts. We also use the realistic nucleon-nucleon CD-Bonn
potential [26]. For the potential between the proton and
18C core, we use a phenomenological optical model with
parameters taken from the global parametrization of Watson
et al. [19,27], evaluated at the appropriate energy per nucleon.

For the n-'8C interaction, we adopt a simple central
potential

V(r)==V.f(r, R, ac), (20)
where f(r, R, a) is the usual Woods-Saxon form factor,
f(r. Re,a) = 1/{1 + expl(r — R.)/al}, 2D

with R, = roA%. We use the geometry ryp = 1.2 fm and
ap = 0.6 fm. To reproduce the separation energy of the ground
state and the position of the 5/2" resonance, the depth is
assumed to be £ dependent. The s-wave interaction is adjusted
to generate a 2s bound state with energy E(2s) = —0.6 MeV.
This interaction also supports a Pauli forbidden 1s bound
state with energy E(ls) = —22.1 MeV. In the Faddeev AGS
calculations, this state is projected out by moving it to large
positive energy. In the CDCC method, this state is just omitted
in the calculations. The interaction in any other waves, other
than the d wave, is chosen to be the same as in the s wave.
The interaction in the p wave generates a 1p bound state
with energy E(1p) = —9.6 MeV, which is also projected out
by moving it to large positive energy. The interaction in the
d wave is adjusted to generate a 1d resonance with energy
E(1d) = 0.9-0.061 MeV with a very narrow width.
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V. RESULTS

We present now the results for the angular distribution of
the resonant breakup p + 1°C(1/2%) — p + °C(5/2%) due to
the single-particle excitation of the valence neutron, with the
core kept in the 0] ground state.

In the solution of the Faddeev AGS equations, we include
n-p partial waves up to relative orbital angular momentum
L < 4,p-18C upto L < 15,and n-13C upto L < 4. Three-body
total angular momentum is included up to J = 100. In the
CDCC calculation, we include up to L = 70 in the projectile-
target relative angular momentum and the coupled equations
are integrated up to a matching radius Ry, = 80 fm. For the
19C states, we considered £ = 0 — 3 partial waves. For each
£, the '°C continuum was truncated at a maximum excitation
energy of 40 MeV and discretized into 70 bins (in order to get
an accurate energy distribution).

In Fig. 1, we show the differential breakup cross-section en-
ergy distribution. The distribution presents a pronounced peak
around the energy of the single-particle resonance. As shown
in the figure, the calculated observables using both reaction
formalisms (the Faddeev AGS and the CDCC) and using the
same L-independent Gaussian NN interaction are very similar
at low relative energies and around the resonance. However,
the calculations start to differ at large excitation energies.

In Fig. 2, we compare the calculated differential breakup
cross-section angular distribution with the data taken from
Ref. [1]. For a meaningful comparison, the calculations are
integrated in the energy region of the resonance, that is,
including the peak of Fig. 1.

The angular distribution calculated with the Faddeev AGS
approach, using the Gaussian potential (solid line), is very
similar to the corresponding predictions of the CDCC approach
(dashed line). Both calculations have the same order of
magnitude of the experimental data; however, the shape is
rather different. Upon substituting the Gaussian potential by
the realistic CD-Bonn NN potential (dash-dotted curve) in the

60 T T

—— Faddeev Gaussian
—-—- CDCC Gaussian

FIG. 1. (Color online) Calculated differential energy distribution
for the resonant breakup p('°C,p)'®C n at 70 MeV/nucleon. The
solid curve corresponds to Faddeev AGS reaction framework and
the dashed line is the result of the CDCC calculation, used in both
the Gaussian NN interactions.
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FIG. 2. (Color online) Experimental and calculated differential
angular distribution for the resonant breakup p('°C,p)'8C n at
70 MeV/nucleon. The solid (dash-dotted) curve corresponds to
Faddeev AGS reaction framework using the Gaussian (CD-Bonn)
NN interaction. The dashed line is the result of the CDCC calculation
using the Gaussian interaction.

Faddeev AGS formalism, the result is drastically decreased by
an order of magnitude. Thus, the angular distribution for the
resonant breakup is very sensitive to a realistic treatment of the
NN potential, an effect even more significant than that found
in the work of Ref. [6].

No calculation is able to reproduce the shape of the angular
distribution independently of the n-p potential that is used. We
note that we have assumed pure single-particle configurations
for the ground and resonant states. This single-particle transi-
tion is expected to be even smaller when the renormalization
due to the spectroscopic factor is introduced. We have also
evaluated other single-particle transitions where the core is
kept in the same state. We found that the transition where the
core remains in its excited 2| state and the valence nucleon
makes a transition from the 1ds,, to the 2s;/, configuration is
two orders of magnitude smaller than the data and thus also
negligible.

Therefore, we can conclude that single-particle transitions
where the core remains in the same state may be neglected
because they underpredict the data by an order of magnitude.
Consequently, we expect that, within a core 4 valence picture,
the main contribution to the resonant breakup should arise
from the core-excitation contributions. These effects have been
investigated at length in early studies of inelastic excitation
of stable nuclei within the microscopic DWBA approach.
These studies identified situations in which the inclusion
of these core polarization effects are essential to account
for the experimental cross section. Within a microscopic
picture, this result was interpreted as a consequence of the
limited number of shell-model configurations included in the
microscopic calculation. In this context, the core polarization
can be taken into account by enlarging the model space
used in the microscopic inelastic form factors or by using
an effective NN interaction [28]. Within a core + valence
two-body approach, as used here, this effect can be included,
incorporating explicitly the excitation of the core within a
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macroscopic (collective) picture. This idea has been used in
the past to analyze the inelastic scattering of stable nuclei, such
as 2Zr [29]. A similar idea has been applied in an extended
version of the CDCC formalism [21]. More recently, the effect
of core excitation was also used within a simple reaction
mechanism to explain the breakup of ''Be on a proton target,
containing integrated contributions with excitation energies in
the range E, = 3.0-5.5 MeV [22].

To get a more quantitative idea of the relevance of core-
excited components in the states involved in this analysis, we
have performed shell-model calculations for the '°C nucleus,
using the code OXBASH [30] with the spsdpf model space
and the Warburton-Brown (WBP) interaction [31]. These
calculations predict a 1/2% ground state for '°C with a
dominant 8C(0") ® 2s, /2 configuration with spectroscopic
factor S = 0.58, but with non-negligible contributions of
core-excited components. Similarly, the resonance reported
by Satou er al. [1] at 1.46 MeV is likely to correspond to
the 5/25 shell-model state calculated at E, = 1.56 MeV. For
this state, the shell-model calculation predicts the dominant
configurations '8 C(2) ® 25y, and '8C(2]") ® 1ds > with spec-
troscopic factors 0.61 and 0.29, respectively. Consequently, the
core-excitation mechanism is expected to play a significant
role in the transition between these two states.

Since our results show that within the core 4 valence neu-
tron model the single-particle mechanism gives a negligible
contribution to the calculated resonant breakup, we expect
that the core-excitation mechanisms should be the dominant
reaction mechanism as suggested by the number of shell-model
configurations involved in the initial and final '°C states.

VI. SUMMARY AND CONCLUSIONS

We have performed full Faddeev-type and CDCC cal-
culations for proton inelastic scattering from °C at
70 MeV/nucleon incident energies, using a two-body model
for '°C consisting of an inert '8C core and a valence neutron.

We have shown that the Faddeev AGS results using a simple
L-independent p-n potential of Gaussian parametrization
agree fairly well with the corresponding CDCC calculations,
using the same interaction. However, the calculated observable
considerably differs from the one obtained with a realistic
CD-Bonn potential. The former is found to overestimate the
nonresonant breakup angular distributions calculated with the
realistic NN interaction by almost an order of magnitude.
These results strongly suggest that, at least in this energy
regime, the resonant breakup observable is very sensitive
to the underlying NN interaction and that any reliable few-
body scattering framework should incorporate a realistic NN
interaction.

We also conclude that the single-particle excitations of
the valence particle where the core remains in the same
state do not contribute significantly to the resonant breakup.
Reaction calculations including core-excitation mechanism
are in progress and will be presented elsewhere. The role
of core excitation could shed light on the deformation of
19C core, in particular if it has a prolate or oblate intrinsic
deformation [32,33].
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