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Probing the halo structure of 19,17,15C and 14B

D. Bazin, W. Benenson, B. A. Brown, J. Brown,* B. Davids, M. Fauerbach,† P. G. Hansen, P. Mantica, D. J. Morrissey
C. F. Powell, B. M. Sherrill, and M. Steiner

National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824
~Received 9 December 1997!

We have measured the parallel momentum distributions of outcoming fragments in the one-neutron breakup
of the odd-mass carbon isotopes19,17,15C and14B. Owing to their low neutron separation energies, the study of
these nuclei is of particular interest regarding the appearance of the halo phenomenon. Discrepancies between
experiment and theory observed for15C and 14B indicate that their halos are not as prominent as in11Be or
11Li, and that core excitations start playing a role in the breakup mechanism. In17C the halo appears hindered
by a d-wave neutron ground state configuration. Finally, the data on19C suggests ans-wave neutron around
the 21 excited state in18C. @S0556-2813~98!00805-X#

PACS number~s!: 25.70.Mn, 21.10.Dr, 21.60.Cs, 27.20.1n
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I. INTRODUCTION

As our knowledge on nuclei far from stability deepens
becomes more apparent that nuclear halos are a genera
ture of loosely bound nuclei. As the binding energy becom
smaller in the vicinity of the drip lines, the valence nucl
on~s! tunnel out of the central potential, and enhance
diffuseness of the nuclear surface. Eventually, this leads
delocalization of the valence nucleon~s! which can be pic-
tured as a halo surrounding the core of the nucleus.
appearance of this halo is determined by the height of
potential barrier, which itself depends on the binding ener
the angular momentum and, for protons, the Coulomb po
tial.

In order to investigate the formation of halos in nuclei, w
present the results of experiments performed on the serie
nuclei 19,17,15C and 14B. The choice of these nuclei is mot
vated by their broad range of binding energies and poss
angular momentum.15C and 14B have presumably very
similar l 50 neutron shell structures, confirmed in15C by
14C(d,p) reaction angular distributions@1#. The nucleus19C
has been shown to be the heaviest halo nucleus so far@2#, but
its detailed structure remains uncertain, partly because o
large uncertainty in its mass. The structure of17C is still
unknown experimentally, but shell model calculations p
dict a very close proximity between thes-orbit and the
d-orbit in this nucleus. The known characteristics of the
four nuclei are summarized in Table I. Shell model pred
tions are also included for those cases where no experime
assignments are available.

Shell-model calculations using the WBP interaction@3#
indicate that the well known inversion of the 0d5/2 and 1s1/2
orbits in 15C is reproduced by the calculation, but also th
the situation for17C and 19C is not so clear, and the groun
states of those two nuclei could have a more complex st
ture. Relativistic mean-field calculations on the carbon i
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topes@4# predict a deformation of the neutron-rich isotop
which peaks at18C, and ground states of 1/21, 3/21 , and
1/21 for 15C, 17C, and 19C, respectively.

II. EXPERIMENT

A. Method

In this experiment the halo structure of the studied nuc
was probed using knockout reactions in which the vale
neutron is removed from the projectile and the momentum
the recoiling core is measured. Qualitatively we then exp
from the uncertainty principle that the width of the valen
neutron distribution in momentum coordinates is invers
proportional to its width in space coordinates. In the sudd
approximation @5#, the momentum distribution in the
breakup of the deuteron directly reflects its internal mom
tum distribution and provides a direct measurement of
Fourier transform of the internal wave function. The sam
technique is used in atomic physics@6# to probe the wave
function of valence electrons. The presence of a stron
absorbing nuclear core in heavier nuclei modifies this p
ture, most strongly for the transverse component of the n
tron momentum, which essentially reflects diffraction diss
ciation @7#. The longitudinal momentum distribution of th
charged fragment~and, presumably the neutron! is expected
to be less affected@8# and has been successfully used
many experiments~see for instance@9–11#!, including our
previous study of the halo of19C @2#. Small corrections to
this picture are discussed below.

The selection of the one-neutron removal channels
stricts the total reaction cross section to impact parame

e,

ty,

TABLE I. Characteristics of the studied nuclei. Shell mod
predictions have been included when the orbitals are unknown
perimentally~calc.!.

Nucleus Sn Jp g.s. Valence neutron orbit

14B 970 621 keV 22 ~expt.! 1s1/2 ~expt.!
15C 1218.160.8 keV 1/21 ~expt.! 1s1/2 ~expt.!
17C 729618 keV 3/21 ~calc.! 0d5/2 ~calc.!
19C 1606110 keV 1/21 ~calc.! 1s1/2 ~calc.!
2156 © 1998 The American Physical Society
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57 2157PROBING THE HALO STRUCTURE OF19,17,15C AND 14B
greater than the sum of the core and target radii. React
leading to the breakup of the core do not contribute to
observed momentum distributions, which therefore only c
tain information about the outer region of the wave functio
This localization or shadowing effect@12–14# leads to a
modification of the momentum distribution~mostly a sup-
pression of the high-momentum components! and a reduc-
tion of their width. It should be emphasized that this meth
seems valid only if there is a definite delocalization of t
halo particle~s!, and one can assume that the breakup re
tion does not affect the core. As soon as the valence
ticle~s! are closer, other channels involving the core will b
come open and start contributing to the cross section. M
complete calculations taking into account these core exc
tions would therefore be necessary for a complete descrip
of experimental data.

B. Experimental details

The experiment was performed at the A1200@15# frag-
ment separator at the National Superconducting Cyclo
Laboratory. The secondary beams of14B, 15C, and17C were
produced by fragmenting an18O beam at 100 MeV/nucleon
on a 790 mg/cm2 thick Be target. Because the productio
cross section from18O is smaller, the19C were produced by
fragmenting an40Ar beam at 100 MeV/nucleon on a 47
mg/cm2 thick Be target. The separator was operated
dispersion-matched mode@16# in which the reaction target is
placed at a dispersive location, and the intrinsic dispersio
the secondary beam is compensated for by the last sectio
the spectrometer. The magnetic rigidity of this last section
set according to the momentum of the outgoing core fr
ment.

The horizontal position of the particles at the focal pla
was recorded using a Cathode Readout Drift Cham
~CRDC! filled with gas in which the primary electrons pro
duced by the particle drift to a single wire to produce
avalanche. The charge distribution produced by this a
lanche is then imaged and recorded on a series of pad
cated along the wire. The measured position is the cent
of the charge distribution. Behind the CRDC were two 3
mm silicon detectors which provided the energy-loss m
surements and a thick plastic scintillator in which the p
ticles stopped. The time of flight from the production targ
to the focal plane was measured between the plastic sc
lator and the rf-cyclotron signal.

As fragment separation was provided by the first sect
of the spectrometer, the selection of the fragments wa
magnetic rigidity only, which introduced numerous contam
nants in the secondary beams. However, this allowed s
of the nuclei of interest to be transmitted simultaneous
such as14B and 17C which were transmitted at the same Br
setting. Although other reactions and scattered particles f
the contaminants arrived at the focal plane, the group
events corresponding to the one-neutron breakup of the
clei of interest was uniquely identified because of its uniq
time of flight and the specific setting of the magnetic rigid
ties of the A1200. The elastically scatteredA21Z nuclei were
not transmitted through the last section of the spectrom
because their momentum did not match the rigidity.
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The reaction targets of Be and Ta had thicknesses of
mg/cm2 and 295 mg/cm2 respectively, chosen for equivalen
energy loss. The situation is particularly favorable in the c
of a neutron stripping reaction, since the differential ene
loss betweenAZ and A21Z is very small. The thickness limi-
tation was the energy straggling, chosen to be about the s
magnitude as the resolution of the spectrometer. The
mentum dispersion and the resolution were measured
stepping the elastically scattered secondary beam acros
focal plane. This also allowed the mapping of the accepta
of the last section of the A1200. The momentum resolut
was 0.12% with the Be target and 0.16% with the Ta targ
which would correspond for the15C breakup to 6.7 MeV/c
and 9.0 MeV/c FWHM, respectively.

The beam intensity was monitored by a set of small s
con detectors located near the production target. The r
between the number of incoming nuclei of interest and
beam monitors was measured by transmitting the secon
beam directly to the focal plane. This ratio was later used
determine the breakup cross sections.

C. Data analysis

On the top of Fig. 1 is shown the shape of the measu
momentum acceptance. As can be seen from the figure,
flat in a momentum range of about 1% and therefore lim
the extent to which the tails of the momentum distributi
can be measured. For this reason, the measurement of15C,
14B and 17C consisted of 3 magnetic rigidity settings at i
tervals21%, 0%, and 1% from the calculated momentum
the core fragments. The reconstruction of the final mom
tum distribution was performed using the acceptance m
ping as well as the normalization of secondary beam int
sity for each setting. An example of such a reconstruction
shown in Fig. 1, taken from the breakup of15C on the Be
target. In the left spectrum one clearly sees the effect of
limited acceptance for the overlap regions between the

FIG. 1. Top: momentum acceptance of the A1200 spectrome
The curve has been used to correct the data for each momentum
of the distributions. Bottom: example of an uncorrected~a! and
corrected~b! momentum distribution. The distribution consists
three momentum bins pieced together.
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2158 57D. BAZIN et al.
tings of the spectrometer. After correction~spectrum on the
right!, the overlap regions show a much better agreem
between each setting.

The limited angular acceptance of the last section of
A1200 spectrometer can modify the shape of the para
momentum distributions after integration over the transve
dimensions. However, this modification depends on whe
the initial shape of the 3-dimensional distribution factoriz
he

s
e

-
ly
lin
dt
em
at
th

as
th
f

nc
a

ea
xa
he

a
re
s
d
lt
xo
s

k

nt

e
el
e

er
s

or not. If the initial shape is close to a Gaussian, then
transverse and parallel components are independent
there is no modification. If the distribution is closer to
Lorentzian, then a partial integration ofpx and py in the
intervals upxlimu5^pz&3 sin(Du/2) and upylimu5^pz&
3 sin(Df/2) whereDu andDf are the horizontal and ver
tical acceptances, respectively, leads to the following l
shape for thepz distribution:
ds

dpz
[

1

~pz2^pz&!21~\/r!2F pxlimarctan@pylim /Apxlim
2 1~pz2^pz&!21~\/r!2#

Apxlim
2 1~pz2^pz&!21~\/r!2

1
pylimarctan@pxlim /Apylim

2 1~pz2^pz&!21~\/r!2#

Apylim
2 1~pz2^pz&!21~\/r!2 G , ~1!
a
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where r is the decay length inversely proportional to t
Lorenztian width of the distribution:r52\/G. At the limit
wherepxlim andpylim go to infinity, the term in brackets doe
not depend onpz anymore leading to a Lorentzian lin
shape. These effects are studied in more detail in@17#. In
medium acceptance mode, theDu andDf angular acceptan
ces of the A1200@15# are 20 mrad and 40 mrad, respective
These values are used with the modified Lorentzian
shape to fit the data and extract directly the Lorentzian wi
corrected from the angular acceptance cut. It should be
phasized that this method of extracting a width from the d
is model dependent since it assumes a Lorentzian for
shape of the distribution, which corresponds only to the c
of an l 50 single particle wave function and assumes
absence of the shadowing effect discussed above. In the
lowing calculations, the effect of the geometrical accepta
of the spectrometer is taken into account whenever relev

III. CALCULATIONS

A. Hankel wave functions

The first calculation used in the comparison to the nucl
breakup data uses Hankel wave functions which are the e
solution of the Schro¨dinger equation outside the range of t
potential. It is assumed that the radius of light targets is sm
compared to the scale of the wave function, which is
placed by its value at the center of the target. The detail
the calculation are given in@12#. The expressions derive
analytically have been found to be within 1% of the resu
obtained by a numerical calculation using a Woods-Sa
potential@12#. We have extended the calculation to the ca
of a d-state, needed for comparison with the17C data. Fol-
lowing the notation in@12#, we obtain for the probability
distribution as a function of the momentum along thez axis
and for l 52:

dW2

dkz
5

sTB2

8p2k3
@~3kz

21k2!2K0
2~x!112kz

2~kz
21k2!K1

2~x!

13~kz
21k2!2K2

2~x!# ~2!

in which sT is the free nucleon cross section,B a dimension-
less constant obtained, in principle by matching the Han
.
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wave function to the internal solution obtained, e.g., from
Woods-Saxon wave function,k the range in momentum
space obtained from the reduced mass and separation en
throughk5A2mSn/\ and x the argument of the modified
Bessel functionsx5bAk21kz

2. The impact parameter is de
noted byb. The 3 terms in the probability distribution cor
respond to the contributions fromm50, m561 andm5
62 respectively, the last being the most important. Af
integration over the impact parameter, the differential cr
section is

ds2

dkz
5

sTB2bmin
2

8pk3 F ~3kz
21k2!2~K1

22K0
2!

112kz
2~kz

21k2!S K2
22K1

22
2

j
K1K2D

13~kz
21k2!2S K3

22K2
22

4

j
K2K3D G , ~3!

where the argument of the modified Bessel functionsKi is
j5bminAk21kz

2. The minimum impact parameterbmin is the
sum of the core and target radii, chosen to reproduce he
ion interaction cross sections. The halo breakup cross sec
can be deduced by integrating the differential cross sec
along the parallel momentum axis.

B. Shell model mixing and Woods-Saxon wave functions

In the second calculation presented in this paper, we h
used shell model calculations to determine the parentag
the ground state to single particle wave functions. Th
wave functions are calculated using a Woods-Saxon po
tial with radius and diffuseness parametersr 051.25 fm and
a 5 0.7 fm, the well depth being adjusted to reproduce
binding energy. The localization effect is calculated nume
cally and yields parallel momentum distributions which a
subsequently summed according to their relative contribu
to the ground state. For pure single particle ground states
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57 2159PROBING THE HALO STRUCTURE OF19,17,15C AND 14B
results are similar to those obtained with the Hankel cal
lation presented in the previous section.

Figure 2 shows an example of wave functions and th
corresponding parallel momentum distributions with~dashed
line! and without~full drawn line! localization for 0d5/2 and
1s1/2 orbits. The only part of the wave functions left at rad
greater than the cutoff are the exponential tails, which
essentially identical to the Hankel wave functions of the p
vious section. Because of the centrifugal barrier, the tai
thes orbit wave function extends farther out than that of t
d orbit, and the localization effect leads to a greater red
tion of the d orbit momentum distribution than thes orbit
~the maxima of the distributions have been normalized
unity in the figure to better show the width modification d
to the localization!. This means that even a small compone
of s orbit in a wave function can play an important role in t
final momentum distribution, whereas ad component would
have to dominate in order to affect it.

IV. RESULTS AND DISCUSSION

A. Breakup of 15C and 14B

1. Nuclear breakup

As can be seen on Table I,15C and 14B are the best
known nuclei of our study set. The angular distribution fro
the ground state of15C in the reaction14C(d,p)15C @1# re-
veals the assignment 1/21. The set of optical parameter

FIG. 2. 0d5/2 and 1s1/2 wave functions calculated in a Woods
Saxon potential and their corresponding parallel momentum di
butions with ~dashed line! and without~plain line! a localization
effect. The calculation assumes a neutron separation energy o
keV.
-
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e
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f
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t

giving the best fit in a DWBA calculation also gives a spe
troscopic factor of 0.88. This spectroscopic factor is in li
with shell model calculations. The ground state of14B is 22,
resulting from a hole in the 0p3/2 proton shell coupled to a
single neutron in the 1s1/2 neutron shell. The neutron she
structure of14B is therefore very similar to that of15C, and
a shell model calculation yields a spectroscopic factor
0.95.

The parallel momentum distributions of14C and 13B after
the breakup of15C and 14B on the Be target are presented
the top parts of Fig. 3. The momentum distribution from14B
breakup was measured simultaneously with the17C breakup,
as 14B was transmitted as a contaminant in the17C second-
ary beam. A fit to the data with a modified Lorentzian lin
shape is used to extract the experimental width~see also
Table II!. The dashed lines shown in the spectra obtained
nuclear breakup come from anl 50 Hankel function calcu-
lation with localization. A calculation using a Woods-Saxo
potential gives very similar distributions. The effect of a po
sible d-component in the wave function is negligible at th
level of 10%, as it is the most supressed by the localizat
effect. Because the binding energies of15C and 14B are well
known, there is very little error on the calculated width. T
width of the vertical bar crossing the dashed curve repres
the error due to the mass uncertainty, and is less than the
thickness.

It is apparent from Fig. 3 that the observed parallel m
mentum distributions from the one-neutron nuclear brea
of 15C and 14B are different from the predicted shapes. Th
comes as a surprise, since this calculation has been show
reproduce the momentum distributions observed in
nuclear breakup of11Be and 8B @12,11#. In particular, the
wave function of 11Be is also known to be an almost pu
s-state, although with a different binding energy. The ma
discrepancy with the calculation is found in the tails of t
momentum distributions, which correspond to smaller ra
in spacial coordinates. A closer look at Fig. 3 reveals t
this discrepancy seems more pronounced for15C than for
14B. These two facts suggest that the origin of the differen
between the observations and the calculations lies in co
butions from the core. As the binding energy increases,
size of the halo decreases and breakup reactions where
core gets excited become possible. For the cases tha
discuss here, the halo still extends far beyond the core ra
of approximately 2.5 fm. A calculation with Woods-Saxo
wave functions for the halo neutron gives root-mean-squ
radii of 5.62 fm and 5.98 fm for15C and 14B, respectively.
Very recent data were taken on the breakup of15C with
g-rays detected in coincidence with the fragment. They s
gest that an important contribution in the neutron stripp
leads to the 12 state at 6.09 MeV in14C, which has the
parentage 13C ^ 1s1/2. This will explain the high-
momentum tails of the distributions.

2. Coulomb breakup

The bottom spectra of Fig. 3 show the parallel moment
distributions obtained in the one-neutron breakup of15C and
14B. The dashed curves show a Coulomb breakup calcula
based on the analytical expressions given in@18#. As in the
nuclear breakup data shown in the previous paragraph,
biggest discrepancy between the calculated and obse
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70
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2160 57D. BAZIN et al.
FIG. 3. Left: Unnormalized parallel momentum distribution of14C after the breakup of15C on Be~top! and Ta~bottom! targets. The
dashed line in the top figures corresponds to anl 50 Hankel function calculation taking into account the localization effect. The solid cu
in the bottom figures comes from a Coulomb breakup calculation using a Yukawa potential~see text!. Right: parallel momentum distribution
of 13B after the breakup of14B on Be~top! and Ta~bottom! targets. The deviations between the experimental and calculated peak pos
here and in Fig. 5 are within the uncertainties of the calibration.
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momentum distributions lies in the tails. This again sugge
that core contributions may be responsible for the discr
ancy, where reactions removing a neutron from the c
rather than from the halo account for a significant part of
cross section. The mismatch in absolute momentum betw
the experiment and the calculations is consistent with
uncertainty in the absolute calibration.

The experimental Coulomb breakup cross sections a
integration over longitudinal momentum are given in Tab
III, where they are compared with a calculation usi
Woods-Saxon single-particle wave functions both for
bounds-state and for the continuump-states. For complete
ness we show also the absolute cross sections obtained
a Yukawa wave function~given as set 1!, the approximation
that we used for calculating the shape of the momen
distributions in Fig. 3. The difference in cross section
approximately 30% illustrates that introducing a finite-s

TABLE II. Measured FWHM of the parallel momentum distr
butions expressed in the c.m. system. The width is theG parameter
given by Eq.~1!.

Nucleus Be target Ta target

14B 57 6 2 MeV/c 48 6 3 MeV/c
15C 67 6 3 MeV/c 67 6 1 MeV/c
17C 1456 5 MeV/c
19C 42 6 4 MeV/c 41 6 3 MeV/c
ts
-
e
e
en
e

er

e

ith

m
f

correction, here of the order of a factor 2, gives less prec
estimates than was the case for the more loosely bound11Be
@7,18#.

The most striking feature, however, is that the measu
Coulomb cross sections given in Table III are factors 4
smaller than the calculated values, whereas the agreem
was essentially exact for the case of11Be, bound by 0.5
MeV. Since we neglect nuclear contributions to the reactio
with the tantalum target, the real reduction factor is likely
be larger. We believe that this primarily reflects the incre
ing influence of the giant dipole resonance with increas
separation energy of the halo neutron, 0.97 and 1.22 MeV
14B and 15C, respectively, so that we are seeing the onse
the quenching of the low-energyE1 strength. This is quali-
tatively what is expected for the behavior of the soft dipo
mode of a halo nucleus~which seems to be predominantly
single-particle and noncollective mode!. A more quantitative
comparison must, however, await the clarification of an
perimental problem affecting the absolute normalization
the cross sections for Coulomb dissociation.

This problem arises from the Coulomb deflection of t
projectile. If the average of the horizontal and vertical acc
tance is taken to be 30 mrad, then the minimum impact
rameter becomes of the order of 20 fm, which cuts the c
culated Coulomb cross sections by approximately a facto
relative to the values given as set 2 of Table III. We ho
soon to be able to carry out measurements with a spectr
eter with higher angular acceptance.
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57 2161PROBING THE HALO STRUCTURE OF19,17,15C AND 14B
TABLE III. Measured and calculated cross sections. The nuclear breakup cross sections were ca
by integrating the parallel momentum distributions obtained from the Hankel function calculations
calculated Coulomb breakup cross sections are based on pertubation theory and represent electr
transitions from the bounds-state to continuump-states. The first set uses a Yukawa potential with finite-s
corrections@18,24#, and the second a Woods-Saxon potential. Note that the experimental cross sectio
not corrected for possible contributions from the angular acceptance of the spectrometer. The quote
on 19C are statistical only. For the other nuclei the dominating error is systematic and is estimated
10%. Its two most significant contributions come from the beam monitoring which did not scale linearly
intensity and the inhomogeneity of the reaction target.

Nucleus Beam Be Calculated Ta Calculated Calculate
energy target nuclear target Coulomb~1! Coulomb~2!

14B 86 MeV/u 48 mb 112 mb 157 mb 447 mb 676 mb
15C 85 MeV/u 33 mb 120 mb 75 mb 394 mb 625 mb
17C 84 MeV/u 26 mb 37 mb
19C 88 MeV/u 105617 mb 84 mb 1.16 0.4 b 3.68 b 4.52 b
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B. Breakup of 17C

Little is known about the structure of17C. Its ground state
and an excited state at 295610 keV have been observed
the reaction48Ca(18O,17C) at 6.2 MeV/nucleon@19#. How-
ever, no spin assignment could be deduced from these
Shell model calculations indicate that three closely spa
low-lying states are expected, their order varying with t
interaction used in the calculations.

The parallel momentum distribution of16C core frag-
ments from the nuclear breakup of17C on a Beryllium target
is presented in Fig. 4. No useful data could be extracted f
the Coulomb breakup because of background coming f
the contaminants in the secondary beam. The striking fea
of the spectrum displayed in Fig. 4 is the large width of t
momentum distribution, which is fitted in the center-of-ma
system by a modified Lorentzian line shape of width 14565
MeV/c, despite the relatively small binding energy~see
Table I!. The large discrepancy between this value and
one found in our previous paper@2# is attributed to a poor
identification of the16C fragments in that earlier work. Ca

FIG. 4. Parallel momentum distribution of16C after the breakup
of 17C on a Be target. The thin line corresponds to anl 52 Hankel
function calculation. The thick line is the sum ofs and d compo-
nents calculated with a Woods-Saxon potential and parentage
ficients of 0.16 and 1.58, respectively.
ta.
d

e

m
m
re

s

e

culations using the Hankel function solutions lead to wid
of 45 MeV/c and 142 MeV/c for a s-state and ad-state,
respectively. These calculations point towards a predo
nance of ad component in the ground state of this nucleu
However, the shape of the parallel momentum distribut
calculated for a pured-state does not match the observed o
~see Fig. 4!.

Shell model calculations suggest that both thes and d
single-particle components are present in the ground stat
calculation performed with the WBP interaction@3# predicts
parentage coefficients of 1.58 and 0.16 to the 0d5/2 and 1s1/2
orbits respectively, assuming a coupling to the 21 state of
16C. The shell model ground state is 3/21 and thed3/2 par-
entage to the16C ground state is small. In this case the bin
ing energy is augmented by the excitation energy of the1

state, which yields 2.5 MeV instead of 0.73 MeV. Becaus
d-state wave function is more concentrated in the poten
than ans-state wave function, the localization caused by t
reaction suppresses thed component more than thes com-
ponent. This effect counterbalances the parentage co
cients in the case of this calculation, and the two compone
give comparable contributions. The resulting momentum d
tribution is shown in thick line on Fig. 4, and agrees rema
ably well with the data. The corresponding FWHM is liste
with the experimental value in Table II.

C. Breakup of 19C

As in 17C, the low-lying states of19C are expected to be
0d5/2 and 1s1/2. Shell model calculations predict ans-state
but some uncertainty remains due to the proximity of t
3/21 and 5/21 states. Theb-decay of19C has been studied
experimentally@20# and delayed neutron emission to excit
states of18N have been observed. However, comparison
the GT strength distribution with shell model calculatio
does not allow a determination of the spin and parity of
19C ground state.

1. Nuclear breakup

The nuclear breakup of19C on a Be target was measure
in our first experiment@2#. The data from that experimen
have been revised, and the overestimated error bars
been reduced. The parallel momentum distribution of18C
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fragments is shown on the top of Fig. 5. A fit to th
modified-Lorentzian line shape yields a FWHM of 426 4
MeV/c in the c.m. system~see Table II!. Although this width
clearly indicates a delocalization of the valence neutron
the form of a halo, a comparison to anl 50 calculation using
the Hankel wave function fails to reproduce the data. T
dashed line displayed on the top of Fig. 5 shows a m
smaller width, even though the large uncertainty on the m
introduces a large error bar on the calculation~also displayed
in the figure!.

A shell model calculation using the WBT interaction pr
dicts a 5/21 spin-parity for the ground state of19C, corre-
sponding to the coupling of anl 50 valence neutron to the
21 state in18C. In this calculation, the separation energy
the last neutron is augmented by the excitation energy of
21 state, yielding 1.8 MeV. The parentage coefficients to
1s1/2 and 0d5/2 orbits are 0.49 and 0.08, respectively. B
cause thed component is so weak and more suppressed
the localization effect than thes component, it can be ne
glected. The momentum distribution calculated using
Woods-Saxon potential is displayed on top the data in Fig
and is in better agreement than thel 50 Hankel calculation.
Due to the larger separation energy of the valence neut

FIG. 5. Parallel momentum distribution of18C after the breakup
of 19C on a Be target~top! and a Ta target~bottom!. The dashed
line in the top figure corresponds to anl 50 Hankel function calcu-
lation. The large uncertainty on the width due to the error on
mass is indicated by a horizontal error bar at half maximum. T
thick line is the sum ofs andd components~although thed com-
ponent is negligible in this case! calculated with a Woods-Saxo
potential and parentage coefficients of 0.49 and 0.08 respecti
The curves in the bottom part of the figure correspond to a Coulo
breakup calculation using a Yukawa potential. The solid cu
stands for the tabulated value Sn50.16 MeV and the dashed curv
for Sn50.6 MeV, value needed to reproduce the data~see text!.
n
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ss
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the width of the parallel momentum distribution is much le
sensitive to the mass determination of19C, as indicated by
the horizontal error bar. The comparison of cross secti
calculated with either ans-orbit coupled to the 01 ground
state or the 21 state of18C leads to the same conclusion. Th
first calculation yields 290 mb and the second 84 mb, co
pared to the experimental value of 1056 17 mb ~see also
Table III!. The same result is also suggested by rec
coupled channel calculations performed using a deform
Woods-Saxon potential@21#.

2. Coulomb breakup

The parallel momentum distribution of18C from the Cou-
lomb breakup of19C on a Ta target is displayed on the bo
tom of Fig. 5. The observed width is very similar to th
nuclear breakup width, wih a modified-Lorentzian fit yiel
ing a FWHM of 416 3 MeV/c. This width is in agreemen
with the results from a recent experiment@22# where neu-
trons from the breakup of19C have been observed. The tw
curves are from a Coulomb breakup calculation similar
that of @18# using a Yukawa potential. The solid curve co
responds to the tabulated@23# value of Sn50.16 6 0.11
MeV, and the dashed curve toSn50.6 MeV, value needed to
reach agreement with the data. The discrepancy between
culation and experiment suggests, as for the nuclear brea
data, that the ground state wave function of19C is more
complex than a simples-orbit coupled to the ground state o
the 18C core. Although the error bar on the mass of19C is
quite large, it would have to be stretched by more than 3s to
give reasonable agreement with the data.

The measured cross section is listed with the other res
from this experiment in Table III. The two Coulomb breaku
calculations ~see Sec. IV A 2! were calculated using the
valueSn50.16 MeV, and also overestimate the experime
although by a smaller factor than for14B and 15C. As already
mentioned in Sec. IV A 2, the discrepancy is linked to t
fact that a significant part of theE1 strength still is going to
the giant dipole resonance, but because of the large un
tainty in the neutron separation energy, a more precise c
parison is not possible.

V. CONCLUSION

In this experiment, we have measured the longitudi
momenta of core fragments emitted in the one-neut
breakup of the following nuclei:14B, 15C, 17C and19C. Both
nuclear and Coulomb dissociations were investigated us
Be and Ta targets, except in the Coulomb dissociation of17C
for which the background could not be removed. Little
known about the two heavy carbon isotopes and our d
allow only a tentative interpretation.

The broad parallel momentum distribution obtained fro
the one-neutron nuclear breakup of17C shows no halo for-
mation in this nucleus. With a separation energy of 0
MeV, this suggests a halo suppression due to the centrifu
barrier. Indeed, the spin-parity of the17C ground state is no
well established, and shell model calculations indicate t
the 1/21, 3/21, and 5/21 levels are very close. A calculatio
using parentage coefficients obtained from the shell mo
gives the best agreement with the data for spin-parity
3/21 arising froms- andd-state neutrons coupled to the fir

e
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21 excited state of16C. However, this agreement is sti
uncertain due to the large error bars on the data. Clea
better statistics would be desirable in order to distinguish
shape of the parallel momentum distribution and mak
more sensible comparison to the calculations.

With our previous measurement on the nuclear breaku
19C on Be target@2#, this experiment completed the prelim
nary program by observing its one-neutron Coulomb brea
on a Ta target. The observed width is very similar in bo
breakup processes. The analysis of these data is complic
by the large uncertainty on the mass of this nucleus,
further experimental progress in that direction would be w
come. As in the case of17C, the ground state properties o
19C are not well known, and shell model predictions va
from one interaction to another. The nuclear breakup data
not seem to be consistent with ans ground state coupled to
the ground state of18C. Rather, anl 50 ground state coupled
to the first 21 excited state of18C seems to give the bes
agreement with the data, although a large leeway is allow
by the large error bars on both calculations and data.

For 11Be, the best studied case of a single-neutron hal
an l 50 state, the Coulomb dissociation cross section
essentially full single-particle strength, and the comparis
in @7,18# suggest a spectroscopic factor of the order of 0
consistent with 10–20 % of the10Be ~21) ^ 0d5/2 compo-
nent in the 1/21 ground state. An interesting contrast to th
R
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is provided by the heavier analogs14B and 15C that have
firmly established assignments. They are alsos-states, but
the neutron separation energies are higher by factors of 2
2.4, respectively, and the quenching of14B and 15C disso-
ciation probabilities is, as discussed above, clearly m
larger and suggests a return towards normal nuclei for wh
the major part of the electric-dipole strength is shifted to
region of the giant dipole resonance. There are two reas
why it is difficult to make quantitative evaluations of th
quenching on the basis of the present data. The first is
the technique used here is expected to introduce accept
effects that make the absolute Coulomb cross section un
tain and the second is that the smaller Coulomb cross sec
makes it necessary to correct for the nuclear dissociat
which clearly must contribute also for the tantalum targ
The conclusion is that the shapes of the momentum distr
tions confirm the picture that has emerged from studies
11Be and other halo states, but that more precise experim
with improved techniques are required are in order to und
stand the absolute cross sections.
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