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Effects of a low-lying resonance in19C on the 18C momentum distribution after fragmentation

M. H. Smedberg and M. V. Zhukov
Department of Physics, Chalmers University of Technology and Go¨teborg University, S-412 96 Go¨teborg, Sweden

~Received 23 November 1998!

We have investigated the18C longitudinal momentum distributions from fragmentation of19C, calculated in
a binary coupling model. We have found that inclusion of a low-lying resonance in the19C, with Eres

;0.2 MeV, and sequential decay of this state together with the one-neutron stripping process, can simulta-
neously describe the different fragmentation data measured at intermediate and high projectile energies.
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PACS number~s!: 25.60.Gc, 27.20.1n
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I. INTRODUCTION

The question of the halo nature of19C and its underlying
structure is one of the interesting current questions in d
line physics. The spin of the19C ground state has not ye
been measured experimentally but different calculati
@1–3# all predict aJp51/21 ground state, with the valenc
neutron in an 1s1/2 orbit. However, both the shell model@1#
and the dynamical core polarization~DCP! approach@3#
gives low-lying 3/21 and 5/21 states, and the proximity o
the s and d states makes the ground-state configuration
certain.

Nuclear fragmentation of19C was studied experimentall
at MSU @4,5#, where the18C longitudinal momentum distri-
bution was measured at the19C beam energy 88 MeV
nucleon and at GANIL@6# where the neutron transverse m
mentum distribution from core breakup reactions w
measured at the19C beam energy 30 MeV/nucleon. The o
served narrow momentum distributions were interpreted
evidence for a one-neutron halo structure in the19C ground
state, where a halo neutron, with an average separation
ergy Sn50.2460.1 MeV ~note that the separation energ
for 19C, is not known well@5#!, is orbiting around the18C
ground state with angular momentuml 50. However, the
measured Coulomb dissociation cross section contrad
such a prediction which overestimates the measured c
section@5,7#.

The longitudinal momentum distribution of18C fragments
from the 19C breakup reactions has recently been measu
at the GSI@3#. The data were taken on a carbon target at
energy of 914 MeV/nucleon. The width of the distributio
full width at half maximum (FWHM)56963 MeV/c, was
significantly larger than the investigation of19C at an energy
of 88 MeV/necleon, where a width of 4264 MeV/c was
reported@5# on a beryllium target. The main differences b
tween the experiments are the projectile energies and
target materials~carbon and beryllium!. It should be noted
that in earlier measurements of longitudinal momentum d
tributions for the halo nuclei11Be and 11Li, no significant
dependence of the width on beam energy or target mate
has been observed@8#. In this paper we speculate that th
difference in the measured momentum widths of the18C
fragments could be due to the specific structure of19C with
closely spaced low-lying states.
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II. THE NEUTRON STRIPPING PROCESS

The measured longitudinal momentum distribution
two-body breakup reactions depends on the intrinsic mom
tum distribution between the two fragments as well as on
reaction mechanism. The black disc model@9#, the opaque
limit of the Serber model@10# for neutron stripping, was
used in Ref.@11# to calculate the momentum distribution
from two-body wave functions extracted from coupled cha
nel calculations using a deformed Woods-Saxon poten
The corresponding formulas and cutoff parameters are g
in @11#. The wave functions@11# contained an admixture o
single particles andd waves built either on the 01 ground
state or the first 21 excited state at 1.62 MeV of the18C
core. The momentum distributions offer an opportunity
discriminate betweens- andd-wave neutrons, since the pre
ence of anl 52 centrifugal barrier confines thed-wave neu-
tron close to the core, leading to a much wider moment
distribution with FWHM values in the order of 200 MeV/c.
An upper limit for the longitudinal momentum widths for a
s-wave neutron can be estimated from a zero-range Yuk
wave model leading to FWHM5A8mSn;41 MeV/c,
wherem is the reduced mass, the Woods-Saxon wave fu
tion gives FWHM;33 MeV/c, and the reaction further de
creases these values to;32 MeV/c for an s-wave neutron
coupled to the ground state of18C, see Ref.@11#.

The total momentum width is mainly determined by t
s-wave component, since thed waves only contribute to the
tail of the distribution. From the calculations in@11# it is
difficult to reproduce the the narrow width of 42 MeV/c but
a good agreement with the value 69 MeV/c @3# is obtained
if the 19C ground state is 3/21 or 5/21, and the wave func-
tion has an appreciable amount ofs motion coupled to the
21 state of 18C. Note that the authors of@5# also discussed
the opportunity to construct the19C ground state by coupling
thes-wave valence neutron to the18C(21) state. To simplify
the discussion we show in Fig. 1 separately the longitudi
momentum distribution for ans-wave neutron coupled to th
21 excited state, and ad-wave neutron coupled to the 01

ground state of18C. One can easily see that a pures-wave
configuration describes the experimental width measure
GSI well. If one considers admixtures of these two waves
resulting curve should be broader. Then we immediately f
two problems. First, we cannot reproduce the narrow wi
of 42 MeV/c measured at the MSU with admixtures of thes
2048 ©1999 The American Physical Society
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and thed waves shown in Fig. 1, and second, the GSI d
shown in Fig. 1 has a pronounced tail, for which we nee
large d-wave component in the wave function, but then w
can no longer describe the narrow part of the momen
spectra.

This leads us to speculate that some additional reac
mechanism may be responsible for the narrow part of
momentum spectra and this mechanism may explain the
ference between the two measurements@3# and @5#. Let us
look at different opportunities. First of all we have used
black disc model for the neutron stripping reaction. In th
model the momentum distribution does not depend on
projectile energy. But in the stripping model the results d
pend mainly on the shadowing effect and they are not v
sensitive to the cutoff function. More elaborate calculatio
@12# have demonstrated that the neutron stripping cross
tion changes only a little for projectile energies between
and 900 MeV/nucleon, so we cannot get the explana
from the stripping process. Secondly, the18C fragments can
appear also from diffraction dissociation from19C on a light
target, but for this process the cross section depends stro
on the projectile energy decreasing with a factor of 3–4 fr
90 to 900 MeV/nucleon for the11Be nucleus, as shown in
Ref. @12#. Unfortunately there is one problem with diffrac
tion also. It is known@13# that if we consider the diffraction
process in a simple approach with structureless continu
for outgoing fragments then the18C longitudinal momentum
distribution will be similar to the one from the stripping pro
cess. The situation can, however, be quite different if ther
a low-lying resonance state in the18C1n continuum.

III. THE RESONANCE STATE

In the following we will assume that there is a low-lyin
resonance in19C, and we assume also that part of the fra
mentation of 19C is going through this resonance. There a

FIG. 1. Longitudinal momentum distribution of18C fragments
from 19C breakup reactions. The experimental data are taken at
MeV/nucleon on a carbon target@3#. The dotted~solid! curve shows
a calculation with a valence neutron in ad-wave (s-wave! coupled
to the ground state~first excited 21 state! of the 18C core. The
curves have been calculated for the19C wave function
$5/21,0.50,0.24% @11# according to Eq.~11! in Ref. @11# with pa-
rametersRc53.0 fm, Rt52.38 fm, andRn50.8 fm.
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two facts which justify the assumption about the resonan
First, several theoretical calculations, mentioned above,
dict a few closely lying states for19C, and second, in the
near17C nucleus a low-lying excited state is known , but it
situated below the16C1n threshold. We can expect tha
such a state in19C may be situated above the18C1n thresh-
old if the neutron separation energy for19C is smaller than
for 17C.

We assume that a19C projectile impinging on a targe
nucleus is excited to a low-lying resonance with some pr
ability. It will then decay as a Breit-Wigner resonance a
the longitudinal momentum distribution of the core is giv
by

dNres

dkz
;E dkx dky

~k2/2m2Eres!
21G2/4

;12
2

p
arctanF 2

G S kz
2

2m
2EresD G , ~1!

wherem is the reduced mass,Eres is the resonance energ
above the18C1n threshold, andG is the width of the reso-
nance. Note that for a low-lying resonance the decay chan
18C(21)1n is closed. The neutron stripping, calculated in
black disc model also contributes to the cross section and
sum of these two gives the total18C longitudinal momentum
spectrum. A similar idea about the influence of a low-lyin
resonance on the momentum distribution from fragmen
tion, has been used in@14# with application to two-neutron
halo nuclei. The resonance energyEres, and the width
G, together with the probability to excite the resonan
are fitted to describe the experimental data. It is known fr
studies of fragmentation at low energies, that the sequen
decay through excitation of low-lying levels of loose
bound projectiles dominates for beam energies aro
10 MeV/nucleon@15,16#. Note that the resonance paramete
and the ground-state function should be the same for b
experiments, and one expects that the relative weight of
process going through the resonance state decreases a
projectile energy increases@14#.

IV. RESULTS

In our calculation we use the different neutron-18C rela-
tive motion wave functions shown in Fig. 1. The wave fun
tion WF100 is a pured-wave coupled to the18C ground
state, while the wave function WF70~WF50! contains 70%
~50%! of d waves coupled to the18C ground state and 30%
~50%! of s waves coupled to the18C first excited state. For
each wave function the longitudinal momentum distributi
originated from the neutron stripping process is calculat
To simultaneously describe the two experimental data
@3# and @5#, part of the fragmentation process goes throu
the 19C resonance. The ratio of the two breakup chann
~neutron stripping and19C resonance!, together with the
resonance energyEres and the widthG are free parameter
which are fitted to best describe the two data sets. Note,
for all cases the neutron separation energy is fixed equa
0.24 MeV.
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FIG. 2. Longitudinal momen-
tum distributions of18C fragments
from 19C breakup reactions. The
experimental data to the left ar
taken at 914 MeV/nucleon on a
carbon target@3# and the data to
the right at 88 MeV/nucleon on a
beryllium target @5#. The wave
functions are admixtures of thes
and d waves shown in Fig 1. In
the two top figures we have used
pure d-wave configuration and in
the middle two~bottom two! fig-
ures an admixture ofs and d
waves with weights 0.3~0.5! and
0.7 ~0.5!, respectively.
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In Fig. 2 we show the results of calculations with the thr
different 19C ground-state wave functions. The weights
the neutron stripping process from WFA (A5100, 70, and
50! and the decay through the19C resonance state to the tot
one-neutron removal cross section are given. One can
that for all wave functions its possible to simultaneously d
scribe the GSI and the MSU data. The only difference is t
for the lower projectile energy more excitation to the res
nance state in19C is needed, according to expectations. A
calculations suggest a resonance energy of approximatel
MeV above the18C1n threshold. The prominent momentu
tail in the GSI data cannot be explained if one further
creases the relatives-wave weight in the wave function.

V. SUMMARY

We have proposed an idea to solve the problem that
widths of the18C longitudinal momentum distributions from
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e

19C fragmentation are different at intermediate and high p
jectile energies. The hypothesis is supported by shell mo
and DCP calculations, both predicting closely spaced lo
lying states in19C. For the well established one-neutron ha
nucleus 11Be, the 10Be longitudinal momentum distribution
after one-neutron removal is independent of the projec
energy. The effect of different widths at different projecti
energies can therefore be related to the specific structur
the 19C nucleus. We have shown that the different widt
are consistent with excitation of a low-lying19C resonance a
approximately 0.2 MeV above the18C1n threshold~with
different probabilities!. The experimental confirmation o
such a resonance state should be useful in order to probe
19C ground state through fragmentation experiments. A
cent experiment on Coulomb dissociation of19C performed
at RIKEN @17# indicated aJp51/21 ground state with sepa
ration energy of 0.5 MeV for thes-wave neutron, which
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istwice as large as the average separation energySn
50.24 MeV used in our calculations. If these values for
separation energy~0.5 MeV! and the spin assignment (Jp

51/21) will be confirmed it is easy to show that the width
the longitudinal momentum distribution should be abo
42 MeV/c, if the reaction mechanism—the neutron stri
ping process—is taken into account~see Table 3 in Ref.
@11#!. Then this value corresponds well to the MSU resu
cl.

a

e

t

,

but deviates strongly from the GSI result. Moreover, it wou
be difficult to account for the pronounced tail in the longit
dinal momentum distribution clearly seen in the GSI da
@3#, see Fig. 1. We would like to point out that not only th
separation energy but also the spin assignment is crucia
the width of the momentum distribution and its shape. Ob
ously more experimental data are needed to clarify the s
ation for the one-neutron halo nucleus19C.
ov,
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