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Single-neutron removal reactions from 15C and 11Be:
Deviations from the eikonal approximation
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The momentum distributions of the residual nuclei after one-neutron removal have been measured in coin-
cidence with gamma rays identifying the distributions associated with the excited and ground state levels of
these residues. These differential partial cross sections map the momentum content of the removed-nucleon
wave functions and their description provides an exacting test of the reaction dynamics. Momentum distribu-
tion data when populating the14C and 10Be ground states show a low-high momentum asymmetry that is
incompatible with the hitherto used eikonal descriptions. A fully dynamical coupled discretized continuum
channels description of the elastic breakup mechanism is shown to provide an understanding of this new
observation which is most pronounced for weakly bound,s-wave, nuclear halo states. This interpretation is
clarified further by an analysis of the momentum distributions as a function of the angle of detection of the
heavy ground state residues.
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I. INTRODUCTION

Cross sections for one-nucleon removal reactions fr
secondary beams of short-lived exotic nuclei, by a light t
get nucleus, are measured to be large. With the adven
measurements in which these heavy fragments, follow
nucleon removal, are detected in coincidence with
excitation photons it has become clear that a large fractio
observed cross sections results from transitions in which
projectile residue is left in an excited state. Such meas
ments of the ground and excited state partial cross sect
have been shown to provide an efficient and effective tool
studies of the evolution of the dominant single-particle sta
in rare nuclei@1–6# at beam energies of the order of 5
MeV/nucleon or greater. The advantages of reactions usi
light absorptive target, such as9Be, are twofold. First it en-
sures the reaction is dominated by the nuclear interaction
avoids ambiguities due to the long-standing theoretical pr
lem of the simultaneous treatment of both nuclear and C
lomb reaction mechanisms. Second, the use of a lowZ
nuclear target introduces spatial localization of the reac
at the nuclear surface. Use of9Be in particular, with no
bound excited states, essentially presents a black absor
disk to the incident core of nucleons. The requirement
core survival, at near to beam velocity, then dictates t
those contributing core-target paths are highly periphe
with the result that the removed nucleon’s wave function
probed at and beyond the surface of the projectile. Thi
then a very similar situation to that in low-energy light-io
transfer reactions on medium mass nuclei where the s
mean-free paths of the ions lead to strong surface loca
tion.

*Permanent address: Nuclear Physics Division, BARC, Tromb
Mumbai 400 085, India.
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The measured partial cross sections to individual fi
states and their distribution as a function of final moment
component in the beam direction,ds/dpi , identify both the
orbital angular momenta of the removed nucleons and t
spectroscopic factors. A review of the analyses to date
beam energies less than 100 MeV/nucleon, can be foun
Ref. @7# and the most recent analysis, of silicon and sulph
isotopes, in Ref.@8#. A very recent application@9# of this
technique to data at higher energies, between 250 M
nucleon and 2 GeV/nucleon, where the reaction theory in
is on a yet stronger footing, derives spectroscopic factors
proton removal in excellent agreement with those of
(e,e8p) reaction @10#, while extending the spectroscop
possibilities also to neutron removal and to unstable spec
A recent systematic study of a large number ofpsd-shell
nuclei, where the core states were not identified, adds fur
support to the value of the technique@11#. However, the
method is most powerful when the different core state c
tributions are resolved.

The ground state of11Be has a well-developed neutro
halo with a neutron separation energySn of only 0.503 MeV
and a wave function dominated by a 1s1/2 neutron single-
particle component. A recent experiment by Aumannet al.
@1# studied the9Be(11Be,10Be1g)X one-neutron remova
reaction at 60 MeV/nucleon. A subtraction procedure w
used to construct the cross section for those events witho
10Be decay photon in coincidence, corresponding to
10Be~g.s.!. Significantly, the resulting parallel-momentu
distribution of the ground state to ground state partial cr
section, ds/dpi , showed a marked low-high momentu
asymmetry with a low momentum tail to the measured d
tribution. Such a feature is incompatible with the straig
line, constant velocity assumptions made in the eiko
theory used in Ref.@1# and elsewhere for the analysis of su
systems and which lead to symmetric distributions about

y,
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momentum corresponding to the beam velocity. This s
gests that the analysis and our understanding of these
and the underlying reaction mechanism is still incomple
We should stress that the asymmetry under discussion he
that seen in theexclusivemomentum distributions to the
ground states of the residues. Low momentum tails can
be observed in inclusive momentum distributions@11#, but
there they almost certainly originate, not from intrinsic co
state asymmetries, but from the overlapping core final s
distributions with differentpi centroids. In the exclusive
measurements to date@7# only the two ground state trans
tions discussed here have revealed significant asymmet
the pi distribution.

In this paper we show that an understanding of the
served ground state to ground state momentum distribu
asymmetry is provided by using a fully dynamical descr
tion of the elastic breakup component of the cross sectio
preliminary analysis of this effect was reported in Ref.@12#.
The observations for11Be are also confirmed in a precis
new experiment on15C, with Sn51.218 MeV. The low ly-
ing states of15C and their spectroscopy are rather well d
termined empirically. Two analyses of the14C(d,p) 15C reac-
tion, at 16 and 17 MeV, derive spectroscopic factors of 0
and 1.03 for the 1/21 ground state neutron orbital@13,14#. A
third 14-MeV experiment and analysis of Gosset al. @15#
derivesS50.88, but using a more extended neutron bou
state potential geometry, with Woods-Saxon parameterr 0
51.3 fm, a050.7 fm, which will enhance the calculate
cross section and so reduce the extracted spectroscopic
tor. The 15C case is therefore a very useful test case wit
relatively pure single-particle ground state.

A second new feature of this paper is an investigation
the dependence of theds/dpi cross section distributions o
the angle of the emerging core particle. We show here
this additional differential cross section, and the quant
mechanical elastic breakup calculations, suggest differen
gular distributions from the contributing stripping and elas
breakup reaction mechanisms. Consequently, although
observed asymmetry is expected to be most important
weakly bound and halo states, the results discussed have
nificance beyond halo states in the clarification of the t
mechanisms contributing to single-nucleon removal re
tions.

II. EXPERIMENTAL TECHNIQUES

Measurements of the one-neutron-removal reactions f
15C were performed at the National Superconducting Cyc
tron Laboratory~NSCL! at Michigan State University. A ra
dioactive beam of15C was produced by fragmentation of a
incident 80-MeV/nucleon18O primary beam on a thick9Be
target. The secondary beam was purified in the A1200 fr
ment separator@16# by the combination of magnetic analys
and an intermediate degrader. The resulting beam was d
ered to the experimental setup, shown in Ref.@6#, consisting
of three parts: a dispersion-matching beam line, a target
rounded by an array of NaI~Tl! gamma detectors@17#, and
the S800 spectrograph@18# used for detecting the projectil
residues from the reaction.
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A. Cross section and momentum distribution
of the knockout residue

The A1200 separator has been designed to accept a
momentum bite, up to 3% in normal operation. Alternative
it is possible to perform high resolution experiments w
such a beam through the use of a dispersion-matched sys
In this the spread in incident momentum is compensated
dispersing the secondary beam on the reaction target
using the magnification of the spectrograph to cancel its
persion. The S800 spectrograph@18# has been designed t
operate in this way. Due to the large dispersion of the S8
the beam must be limited to a spread in relative momen
of 0.5%. In this case, it is possible to study reaction produ
at a relative momentum resolution of 0.025%. The sp
trograph is characterized by a large angular acceptance~up to
20 msr solid angle,65° horizontal,63.5° vertical, disper-
sive direction! and by a momentum acceptance of62.5%.
The position and angles of the fragments were determined
two x/y position-sensitive cathode-readout drift chamb
@19# at the focal plane of the spectrograph. The result
beam of 15C was cleanly identified on an event-by-eve
basis with a typical intensity of 90 particles per second. T
reactions took place in a secondary target of 228 mg/c2

9Be at a mid-plane energy of 54 MeV/nucleon. The reso
tion and intensity of the incident secondary beam was mo
tored in short exposures with the setting of the spectrogr
adjusted to the full momentum of the15C beam. After this,
long exposures at an appropriately reduced field setting id
tified the 14C residues. Their full momentum distribution
were reconstructed with the ion optics codeCOSY INFINITY

@20#. The intensities of the beams and residues were norm
ized using the signals from a beam-line timer, a scintilla
placed at the end of the A1200 separator.

At the focal plane of the S800, a segmented ionizat
chamber and a 5-cm-thick plastic scintillator measured
energy, energy loss, and time of flight of the residues. Th
data were used for particle identification purposes. The cr
section for the one-neutron removal reaction was calcula
as the yield of detected fragments divided by the yield
incident projectiles, taking into account the thickness a
number density of the9Be target. The spectrograph acce
tance provided a complete momentum distribution for
narrow distributions corresponding to thel 050 state compo-
nent, and the corrections for the angular and the momen
acceptance in thel 051 orbital angular momentum distribu
tion were small. The procedure has been discussed in
@6#. The absolute partial cross sections were obtained fr
the gamma-ray data as described below. The error of 12%
the total one-neutron removal cross section includes un
tainties in target thickness, incident particle rate, parti
identification, and acceptance. In the following, the mome
tum distributions are shown in the laboratory system, and
measured quantity is actually the total momentum, which
been projected onto the beam axis to give the quantitypi
used in the figures of the present paper. Since the resid
deflection angle is small, typically a few degrees, the diff
ence between the total momentum and the parallel mom
tum is small. The laboratory distributions are broadened
7-2



-

nn

ie

th
ay
rg

d
c
h

a
p

s

h
re
ll
in
tl
n
th
k
le
ul

tr
o

ri-
e

w
a
r

a
w
fu

se
n
th
t

ob
e

to

of
ly
e

ile

ays,
sec-
in-
is
for
lute

hing

r
n

nd
e
tion
ed
re-

ss
ia-
pa-
re-
te.
and

nts

ec-

.09-
6.90
d on
ch
a

nt
rays
.
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the relativisticg factor, which has to be included in the com
parisons with theory.

B. Gamma-ray detection

The excited states of the residues were tagged by an i
ring of 11 cylindrical NaI~Tl! scintillators surrounding the
target. Each scintillator was read out by two photomultipl
tubes, one at each end, thus allowing the determination
both the energy and the interaction point of the photon in
detector. The position information provided by the arr
made it possible to correct for the Doppler shift in the ene
of the g rays emitted by the fast (b.0.33) residues. The
energies of up to four hits in separate detectors were ad
independently to the spectrum, so that summing of coin
dent lines in this large detector was greatly reduced. T
back transformation to the center of mass~c.m.! system,
however, does not generate the spectrum that would h
been observed from a source at rest due to the energy de
dence of the detection efficiency and, especially, event
which radiation has escaped from the crystal. Examples
these are annihilation radiation and Compton-scattered p
tons. Since the reconstruction cannot identify these featu
the part of the response function that lies below the fu
energy peak gets distorted. This may seem unimportant s
the full-energy peaks obviously are reconstructed correc
However, an accurate understanding of the measured e
lope of the gamma spectrum requires knowledge also of
shape of the continuum distributions underlying the pea
For the decomposition of the measured spectrum, comp
response functions were constructed in a numerical sim
tion in the following way.

For a gamma ray of a given energy, assumed to be iso
pically emitted in the projectile c.m. system, a sequence
Lorentz-boostedg events with the appropriate angular dist
bution was generated in a Monte Carlo procedure. Th
were subsequently used in the Monte Carlo codeGEANT @21#,
which simulated the energy deposited in the detectors as
as losses generated by interactions with chamber walls
detector mounts. One million events were generated fo
given energy. For each event the~random! outcome was ran-
domly broadened by the energy resolution, which was
sumed to scale with the square root of the energy and
fixed to the measured resolution corresponding to a
width at half maximum~FWHM! of 7.5% at 1.33 MeV.
Based on the spatial resolution of 1.5 cm FWHM, the
quence of simulatedg signals were corrected event by eve
for the Doppler shift to construct the apparent energy in
c.m. system. Histograms of the simulated events created
reference line shapes, which were used for fitting the
served spectra. The reliability of the simulations was verifi
by comparing measured and simulatedg-ray spectra from
~necessarily stationary! calibration sources. An agreement
within 10% in the absolute intensity was found.

A complication in the data analysis was the presence
continuum background distribution varying approximate
exponentially with energy. This has been discussed in R
@6#, which shows results from the isotopes11Be and 16C,
which have no gamma rays above 0.8 MeV. This project
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related background is attributed to neutrons, gamma r
and charged particles produced in the target and to their
ondary interactions with construction materials and the sc
tillators. Its intensity for gamma energies above 0.25 MeV
approximately 9% per outgoing fragment and the same
the two isotopes. It has been included with the same abso
intensity per incident fragment in the analysis of the15C
gamma spectrum shown in Fig. 1. The measured branc
ratios deduced from the gamma intensities~with indirect
feeding taken into account! are given in Table I. Those fo
the previously reported11Be experiment can be found i
Table I of Ref.@1#.

III. REACTION THEORY MODELS

The data for the momentum distributions to the grou
and 6.09-MeV 12 states of14C are shown in Fig. 2. Thes
are each the sum of cross sections from two distinct reac
mechanisms. The first, stripping, involves the remov
nucleon being absorbed by the target and hence being
moved from the forward-going beam—the inclusive cro
section for target excitation. The second, diffraction dissoc
tion or elastic breakup of the projectile, describes the se
ration of the neutron from the core by the neutron- and co
target tidal forces, the target remaining in its ground sta
Both of these processes must therefore be calculated
cannot be individually identified from the measureme
made only of the residue.

The single-particle stripping contribution to the cross s

FIG. 1. Center-of-mass systemg-ray spectrum from9Be(15C,
14C1g)X ~filled circles! and its decomposition into individual line
shapes obtained in the Monte Carlo simulation. The 0.81- and 6
MeV gamma rays are in cascade and give rise to a sum line at
MeV. There is no crossover. Since the spectrum was analyze
the basis of individual hits in the detectors, this sum line is mu
weaker than the 7.01-MeV gamma ray, which we attribute to
known 21 level in 14C. The approximately exponential compone
is the continuum contribution ascribed to neutrons and gamma
from the target. Its intensity and shape has been taken from Ref@6#.
7-3
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TABLE I. Cross sections~in mb!, theoretical and deduced spectroscopic factors for the reac
9Be„15C,14C(I p)…X at E554 MeV/nucleon. The15C ground state spin isJp5

1
2

1. The division of cross
section between the stripping and diffraction dissociation mechanisms is also shown. The lower entrie
table show eikonal calculations~i! for the ground state transition when using the Woods-Saxon15C~g.s.!
single-particle wave function and the JLM neutron-9Be optical potential, and~ii ! the ground state and 12

transitions when the15C single-particle wave functions are calculated from the Skyrme HF~see text!. The 12

and 02 final state results were calculated assuming a13C1n(1s) composite core@3#.

E@MeV# I p l 0 ssp(str) ssp(diff) ssp sexp C2Sexp C2Sth

0.00 01 0 91 56 147a 109613 0.7460.09 0.98
6.094 12 1 23 8 31a 2263 0.7260.10 1.18
6.903 02 1 22 7 29a 361 0.1060.03 0.46
7.102 21 2 23 7 30a 361 0.1060.03 0.02

s tot 137616
0.00 01 0 63 67 130b 109613 0.8460.10 0.98
0.00 01 0 76 45 121c 109613 0.9060.10 0.98
6.094 12 1 21 7 28c 2263 0.7960.11 1.18

aCross sections from the Glauber model potential and WS single-particle wave functions.
bCross sections from the JLM potential and WS single-particle wave functions.
cCross sections from the Glauber model potential and HF single-particle wave functions.
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CC
tion, ssp(str), was discussed by Hussein and McVoy@22#
and Hüfner and Nemes@23# in the spectator core model an
an expression given within the eikonal limit. This still repr
sents one of the only practical ways to calculate this inc
sive cross section with respect to target excitations. T
transfer to the continuum based approach of Bonaccorso
Brink @24# has much in common with the eikonal approx

FIG. 2. Distributions with the parallel momentumpi of the cross
section to the ground state of14C ~circles! and in coincidence with
the 6.094-MeV gamma ray~triangles!. ~The latter contains a 10%
contribution from feeding via the 6.90-MeV level. Coincidenc
with the 0.81-MeV gamma ray show this contribution, within t
experimental errors, has the samel 051 shape.! Acceptance correc-
tions are discussed in Ref.@6#. They amount to a factor 2 at th
edges of the figure. The dashed~g.s.! and dot-dashed (12) curves
are the results of the eikonal-model calculations with the p
heights and positions adjusted to the data.~The theoretical 12 peak
has been centered 0.008 GeV/c lower than that of the ground state
The calibration was not precise enough to permit a discussion o
absolute position of the peaks relative to beam velocity.! The solid
curve for the ground state transition is the result of the CD
analysis discussed in the text.
02460
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mation for the stripping term. Although quantum mechani
few-body formalisms applicable to the stripping part of t
cross section have been proposed~a review has been given
by Ichimura@25#! these have not led to practical impleme
tations. In the present work all calculations of the strippi
terms will use the eikonal formalism@26,6#.

Practical methods for calculations of the diffraction diss
ciation ~or elastic breakup! componentssp(diff) of the neu-
tron removal cross section are much better developed, s
this is an exclusive process. These include the coupled
cretised continuum channels~CDCC! @27# and eikonal meth-
ods ~used here!, time-dependent@28,29#, distorted waves
Born approximation~DWBA! @30# and numerous first- and
higher-order semiclassical formulations@28,31#. We will
show that for the nuclear breakup of the weakly bound p
jectiles discussed here the DWBA approximation is not s
ficiently accurate and that reliable calculations ofssp(diff)
require a higher-order treatment. Use of the CDCC appro
includes such higher-order effects. Most importantly it gu
antees a complete dynamical description of the energy tr
fer between the c.m. and internal degrees of freedom of
reacting projectile, expected to be vital for the study of fin
details of the momentum distributions of the residues.

To date, at the fragmentation beam energies of inte
here, '50 MeV/nucleon and greater, theoretical analys
have, almost exclusively, exploited the sudden/adiabatic p
eikonal approximations. These lead to considerable prac
simplifications and to calculation schemes@3,6# with rela-
tively simple and transparent physical inputs. They ha
been very successful@24,26,32,33#, with good agreement be
tween different models.

A. Eikonal model cross sections

The eikonal reaction theory of Refs.@3,6# has been used
here to calculate the single-particle removal cross sect
ssp@5ssp(str)1ssp(diff) # shown in Table I. The removed
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nucleon-core bound state wave functions are calculated
Woods-Saxon potential well with conventional radius a
diffuseness parameters 1.25 and 0.7 fm@6#. The depth of the
potential is adjusted to reproduce the physical separation
ergy of the nucleon from the projectile for each residue fi
state. The neutron- and core-target interactions are calcu
by single and double folding, respectively, of the effecti
Gaussian nucleon-nucleon interaction of@3# assuming
Gaussian matter distributions for the core and target. We
sume root mean squared mass radii of 2.30, 2.28, and
fm for 14,13C and 10Be. For the transitions to the excite
final states of the14C core, in which a more tightly bound
core neutron is removed, the14C core is itself treated as
composite, of 13C and the weakly bounds-wave valence
neutron, as was discussed in Ref.@3#.

Based on theB(E1) distributions calculated from th
ground state single-particle wave functions, upper bounds
the Coulomb dissociation contribution to the ground state
ground state cross sections are estimated to be less tha
mb for 11Be and 4 mb for15C, compared to the measure
cross sections of 203~31! mb and 109~13! mb, respectively.
These small Coulomb contributions will not be consider
further in this paper.

As has been noted earlier@12#, the eikonal modelssp are
relatively insensitive to the details of the assumed nucle
target interaction, provided they give consistent nucle
target reaction cross sections. However, the division of cr
section between the diffractive and stripping mechanism
sensitive to the choice of potential. A realistic description
the refractive~real! content of the neutron-target optical p
tential is therefore rather essential for a quantitative study
the relative contributions from the stripping and elas
breakup mechanisms. The optical limit profile function f
the nucleon-target system constructed above is less o
ously appropriate for comparisons with the CDCC calcu
tions which also, for practical purposes, require specifica
of a neutron-target optical interaction. We therefore make
of the better theoretically founded microscopic effecti
nucleon-nucleus interaction of Jeukenne, Lejeunne, and
haux @34# ~JLM!, shown to provide a good overall descri
tion of a large body of nucleon scattering data from light a
medium mass nuclei at these energies@35#. So, in the CDCC
calculations, the neutron interaction with the target is cal
lated from the same target density, the mid-point local d
sity approximation@35#, and the JLM effective interaction
We apply the conventional scalings, 1.0 and 0.8, to the
and imaginary strengths@35# of the calculated interaction. To
allow a more direct comparison with these calculations,
eikonal calculations were repeated with this neutron inter
tion, the neutron-target profile function being calculated
ing the exact continued phases method of Ref.@36#. These
eikonal calculations are also shown in Table I for the grou
state transition only. The more refractive and less absorp
nature of the JLM optical potential is reflected in the reduc
stripping and enhanced diffractive cross section contributi
with the JLM interaction, shown in Table I.

We note that, being consistent with earlier analyses@1–6#,
we have used a fixed Woods-Saxon potential geometry, w
radius 1.25 fm and diffuseness 0.70 fm, to generate
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single-particle bound states. This common choice has
lowed a systematic study of the many measured transit
without parameter variation in individual cases, and has
to a consistent overall agreement of theoretical shell mo
and experimentally deduced spectroscopic factors@7#. It is
also clear, however, that the absolute nucleon removal c
sections will be sensitive to these bound state wave fu
tions. To gain an insight into this sensitivity in the15C case,
we have also recalculated the reaction using single-par
wave functions from a Skyrme Hartree-Fock~HF! calcula-
tion @37#. It was necessary to scale the central HF potent
by a number near unity, to ensure agreement with the em
cal separation energy for each orbital@38#. In the surface and
tail regions, of importance to nucleon removal reactions, t
wave function is very similar to that calculated in a modifi
Woods-Saxon geometry of radius 1.27 fm and diffusen
0.50. The smaller diffuseness reduces the rms radius of
1s orbital and hence the calculated neutron removal cr
section, to 121 mb. The 12 state cross section is less a
fected, being reduced by only 2.5 mb.

The different eikonal model cross sections are collected
Table I and give an overview of the model sensitivities in t
calculatedssp . The resulting experimental spectroscop
factors to the lowest two states are in reasonable agreem
with the theoretical shell model values from the WBP inte
action @39#. The radial mismatch factors, which account f
the change in average potential for the neutron in the pro
tile and residual nuclei@4#, are within 2% of unity for the
12, 02, and 21 states and so have no implications in th
case. We will return to a discussion of the ground state sp
troscopic factor in Sec. V. The experimental cross section
the 6.903-MeV 02 state falls short of that expected theore
cally, but a discussion of the spectroscopy of these hig
lying states is not the priority of this work and will not b
entered into here.

B. Parallel momentum distributions

The shapes of the measuredds/dpi distributions for
nucleon removal from15C leaving 14C in its ground or
6.09-MeV 12 levels are shown in Fig. 2. As was discuss
in the introduction, a characteristic of these reactions is th
surface dominance, evident from the facts that~i! the calcu-
lated stripping cross sections shown in Table I are mu
smaller than the free neutron-target reaction cross sec
'300 mb, and~ii ! the momentum components associat
with the inner lobe of the 1s neutron wave function
are absent from the ground state momentum distribution
Fig. 2 @40#.

Eikonal estimates of theds/dpi are also shown by the
dashed and dot-dashed curves, based here on profile f
tions with sharp cutoff radii, chosen to reproduce the fr
neutron-target and core-target reaction cross sections.
calculations assume, as is usual@41#, that the stripping and
diffractive cross section components have the same sh
The experimental distribution to the 6.09-MeV 12 level
agrees well with the eikonal calculation~dot-dashed curve!.
While the eikonal calculation~dashed line! clearly identifies
the 14C~g.s.! distribution as due tos-state nucleon remova
7-5
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its failure in detail is quite apparent. The ground state d
show an increased width and an excess of intensity at
momenta when compared to the eikonal theory~dashed
curve!, as was seen also for the11Be data@1#, shown by the
filled diamonds in Fig. 3. The width of the calculated eikon
distribution has been shown to retain a very small sensiti
to the details of the profile functions used@42# but cannot
lead to asymmetry.

Our concern is this observed asymmetry. These first in
cations of a systematic departure from the eikonal theory
evident only because of the exclusive character and qu
of the data shown in Fig. 2 and Ref.@1#. In Fig. 3 we also
show that these observed asymmetries in15C ~open squares!
and 11Be ~filled diamonds! must have a common origin
since their ground state distributions, and their associa
asymmetries, are essentially identical when the widths of
distributions are scaled by their ground state bound-neu
asymptotic wave number. The filled circles, obtained wh
the width of the 11Be distribution is rescaled by
A1.218/0.503, are essentially identical with those
the 15C. This scaling is what the simplest sudden appro
mation model would predict if the bounds states were ap
proximated by Yukawa wave functions.

A feature of the semiclassical eikonal approximations
that they are implicitly energy nonconserving. The calcu
tions do not treat energy sharing between the center of m
and relative motion degrees of freedom of the neutron
core or the momentum transfers involved in the deflection
the core from its assumed~eikonal! straight line path. A re-
sult is that the calculated distributions must be symme
about the momentum corresponding to the beam veloc
That the experimental asymmetry is pronounced for the h
states suggests that the phenomenon is associated wit
elastic breakup mechanism and that there is a need to
beyond the eikonal theory.

IV. COUPLED CHANNELS BREAKUP CALCULATIONS

In the present work, we exploit the fully quantum m
chanical coupled discretized continuum channels~CDCC!

FIG. 3. Comparison of the measured parallel momentum dis
butions, in the projectile rest frame, for populating the14C~g.s.!
~open squares! and 10Be~g.s.! ~filled diamonds! in nucleon removal
from 15C and 11Be at 54 and 60 MeV, respectively. The lines are
guide to the eye. The filled circles show the result of scaling
width of the 10Be distribution by the square root of the ratio of th
separation energies in the two cases,A(1.218/0.503).
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method@27# to calculate the elastic breakup components
the 15C and11Be nucleon removal cross sections. The CDC
approach calculates a three-body solution of the Schro¨dinger
equation, an approximate description of the projection of
full many-body wave function onto the ground states of t
target and core nuclei. The targett is assumed here to hav
spin zero and no explicit target excitation is included,
effects of target excitation on the elastic breakup enter o
through the complex effective interactions of the core a
valence neutron with the target. HereRW is the position of the
c.m. of the core and neutron relative to the target andrW is the
position of the removed-neutron relative to the core.

The core particlesc in the present case are spinless, a
the neutron has spins and projections. These particles are
assumed structureless. The total angular momentum of
projectile ground state isI, with projectionM, in which the
relative orbital angular momentum of the two constituents
l 0 and their separation energy isE0(.0). The incident wave
number of the projectile in the c.m. frame of the project
and target isKW 0 and the coordinatez axis is chosen in the
incident beam direction.

In the CDCC treatment of the breakup of neutron-co
systems one couples the incident projectile in spin s
(I ,M ), in all orders, to selected breakup configuratio
(I 8,M 8) of the core and neutron, with relative orbital angul
momentuml. This continuum of breakup states, in each s
nificant spin-parity excitationI 8, is further grouped into a
numberN(I 8) of representative energy intervals or bins.
each bin i, representing states with wave numbers on
interval @ki 21→ki #, a square integrable bin statef̂a ,a
[„i ,(ls)I 8… is constructed@43# as a weighted superpositio
of the scattering states in that interval. In the present ap
cations, orbital angular momental<5 are included and lead
to converged results. In eachI 8 channel,N510 bins were
used. This CDCC model space, for the15C case, is shown
schematically in Fig. 4. The widths of the bins in eachl
channel, extending up to the maximum relative energies
dicated, are chosen so that each bin spans an equal rel
wave number interval.

A. Construction of continuum bin states

For each of theN(I 8) bin intervals, with width Dki
5@ki2ki 21#, the representative bin state is, explicitly,

f̂a
M8~rW !5@Yl~ r̂ ! ^ Xs# I 8M8ua~r !/r . ~1!

Each radial functionua is a square integrable superpositio
with weight functionga(k),

ua~r !5A 2

pNa
E

ki 21

ki
ga~k! f a~k,r ! dk, ~2!

of the scattering statesf a(k,r ), eigenstates of thec1n rela-
tive motion HamiltonianHp . The normalization factor is
Na5*ki 21

ki uga(k)u2dk. The f a are defined here such that, fo

r→`,

i-

e
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f a~k,r !→@cosda~k!Fl~kr !1sinda~k!Gl~kr !#, ~3!

wherek belongs to bina andFl andGl are the regular and
irregular partial wave Coulomb functions. So thef a are real
when using a realc1n two-body interaction. Energy conse
vation connects the wave numbersKa of the c.m. of the
fragments in bin statea and the corresponding bin state e

citation energiesÊa5^f̂auHpuf̂a&. For non-s-wave bins we
used ga(k)51. For the s-wave bins we usedga(k)5k
which aids the interpolation of the three-body transition a
plitude near the breakup threshold.

These bin statesf̂a provide an orthonormal relative mo
tion basis for the coupled channels solution of the three-b
c1n1t wave function. The bins and their coupling pote

tials ^f̂auU(rW,RW )uf̂b& are constructed, and the coupled equ
tions are solved, using the coupled channels codeFRESCO

@44#. HereU(rW,RW ) is the sum of the interactions of the co
and neutron with the target, which are expanded to multip
orderq. The coupled equations solution generates~effective

two-body! transition amplitudes T̂ M8M
a (KW a), already

summed over projectile-target partial waves, for populat
each bin stateI 8,M 8 from initial stateI ,M , as a function of
the angle of the c.m. of the emerging excited projectile in
c.m. frame. These amplitudes are expressed in a coord
system withx axis in the plane ofKW 0 andKW a . For a general
x-coordinate axis the coupled channels amplitudes must
sequently be multiplied by exp(i@M2M8#fK), with fK re-
ferred to the chosenx axis.

FIG. 4. Diagrammatic representation of the CDCC model sp
calculation for 15C. The left side shows the physical bound sta
and continuum and the right hand side the included continuum
~10! in eachn1 14C partial wave. The dashed arrows are repres
tative of the one-way couplings included in the DWBA. The so
arrows show representative couplings for the full CDCC calcu
tions which connect all bins, including diagonal bin couplings, w
two-way couplings to all orders. Relativeh waves were found to
make negligible contributions.
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B. Three-body breakup observables

The relationship of the CDCC coupled channels bin st
inelastic amplitudesT̂ M8M

a (KW a) to the physical breakup tran

sition amplitudesTs:M(kW ,KW ) from initial state I ,M to a
three-body continuum final state is discussed in detail in R
@43#. This is needed to make predictions for the detect
geometries considered here, since each detector config
tion and detected fragment energy involves a distinct fi
state c.m. wave vectorKW , breakup energyEk , and relative
motion wave vectorkW .

The three-body breakupT matrix can be written

Ts:M~kW ,KW !5
~2p!3/2

k (
an

~2 i ! l~ lnssuI 8M 8!

3exp@ ida~k!#3Yl
n~ k̂!ga~k!TM8M~a,KW !.

~4!

Hereda(k) is the neutron-core relative motion phase shift
excitation stateI 8, and theTM8M(a,KW ) are interpolated from
the coupled channelsT̂M8M

a (KW a) on the chosenKa anduKa

grid. Specifically,

TM8M~a,KW !

5exp~ i @M2M 8#fK!@ T̂M8M
a

~KW !/ANa#, ~5!

where the value of the bracketed term on the right hand s
is interpolated from the coupled channels solution. The nu
ber of bin states used to describe eachI 8 excitation must
allow an accurate interpolation of these amplitudes. The s
in Eq. ~4! is taken over all bin statesa which containk.

The three-body amplitudes, Eq.~4!, are used to compute
the triple differential cross sections for breakup in the lab
ratory frame. If the energy or momentum of the core parti
is measured then the relevant cross section is

d3s

dEcdVcdVn
5

2pmpt

\2K0

1

~2I 11!

3(
sM

uTs:M~kW ,KW !u2r~Ec ,Vc ,Vn!, ~6!

where r(Ec ,Vc ,Vn) is the three-body phase space fac
@45#. The data under discussion here are the parallel mom
tum distributions for the heavy core fragments and the cr
sections must be integrated numerically over all directions
the unobserved neutron. The coreds/dpi differential cross
sections are computed by writing, afterdVn integration, in
the laboratory frame

ds

dpW c

5
1

mcpc

d2s

dEcdVc
~7!

and then integrating over the required angular accepta
and/or perpendicular momentum components of the he
residue.

e
s
s
-
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C. CDCC model space

The details of the model space parameters used in
CDCC calculations are as follows. Partial waves up
Lmax5200 and radiiR up to Rcoup550 fm were used for
the computation of the projectile-target relative motion wa
functions. The continuum bins were calculated using radr
<r bin550 fm.

In the final calculations presented, see Fig. 4, alll states
up to and includingg waves (l 54) were included. Addition
of l 55 relative motion bins changed the calculated in
grated elastic breakup cross sections for both the15C and
11Be cases by less than 1 mb. The bin state discretiza
was carried out up to maximum relative energyEmax
520 MeV in s and p waves, 24 MeV ind waves, and 30
MeV in f and g waves. The number of bins in eachl con-
figuration was 10 with equally spacedki from k50 to kmax.
In the case of the DWBA cross sections quoted below
calculations used the same model space, however, the gr
state was coupled to each bin state in first order only. Ca
lations used potential multipolesq<4 in constructing the
coupling potentials and coupled equations set.

The core-neutron potentials used to construct the gro
and continuum states were the standard spin-indepen
Woods-Saxon potential wells with radius parameter 1.25
and diffuseness 0.7 fm discussed earlier in Sec. III. In thl
5 l 050 states the well depth was chosen to reproduce
ground state neutron separation energies of 1.218 and 0
MeV for 15C and 11Be, respectively. The same potential w
then used in alll configurations, except that the potentials
the p waves in 11Be, and in thed waves in 15C, were ad-
justed to reproduce the single bound excited states at
MeV (p1/2) and 0.74 MeV (d5/2) in the two systems. Thes
bound channels were included as an additional state in
coupled channels calculations, together with the ground s
entrance channel and the 50 bin state configurations.
inclusion of these single excited bound states had neglig
influence on the breakup distributions and cross sectio
The CDCC calculations are carried out assuming a gro
state spectroscopic factor of unity.

The interactions used for the core-target systems w
those which calculate the optical limit profile functions us
in the eikonal calculations of Sec. III. Similarly, the potent
of the neutron with the9Be target is the JLM interaction a
was used in the eikonal calculation, also in Sec. III.

V. RESULTS

Figure 5 shows the calculated elastic breakup compon
of ds/dpi from the CDCC, for 15C1 9Be→ 14C(g.s.)1X at
54 MeV/nucleon, as a function of the maximum angle
detection of the14C residue in the laboratory frame. Th
cross section is that measured in a forward angle cone.
parent is that the calculated cross section distribution
asymmetric, the asymmetry developing with the angle of
detected residues until the full cross section is obtained
about 4°. The solid circles, which have been scaled to
0.5° acceptance curve, show the results of the eikonal ca
lation, the dashed curve from Fig. 2, and coincide with
CDCC distribution for these extreme forward angles of
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residues, as would be expected. The integrated ela
breakup cross section from the CDCC is 56 mb, which co
pares with the value 67 mb computed in the eikonal mod
Table I, with the same interactions. The correspond
DWBA calculation, in which all bin-bin and higher-orde
couplings are removed, generates an elastic breakup c
section of 65 mb. The calculations for11Be are qualitatively
very similar. For the11Be case the elastic breakup cross s
tions obtained are 115 mb~CDCC!, 185 mb~DWBA!, and
127 mb~eikonal!. These cross section values are tabulated
Table II.

To help clarify the relationship of the calculated and me
sured cross section asymmetry to the angle of acceptanc
the detected core fragments, we calculate the core angle
ferential cross sections and momentum distributio
ds/dpidV. We consider the core fragments emerging in t
laboratory angle intervals 0–1, 1–2, 2–3, and 3–4 degr
about the beam direction, both from the CDCC and from
experimental data. The11Be data of Ref.@1# have also been
reanalysed in this differential form. Since the experime
did not use tracking of the incoming projectiles, the~rms!
resolution on the deflection angle was only 0.43°. Our cho
of one degree angular intervals here and in subsequent
ures has been made to avoid contributions of this experim
tal resolution in the comparisons. The results for the diff
ential cross sections are shown in Fig. 6. The correspond
experimentalds/dpidV for the 14C~g.s.! and 10Be~g.s.!
transitions are shown by the solid symbols in Figs. 7 and
These show clearly that, as well as the expected fall of cr
section with angle, there is both a broadening of the mom
tum distributions and a shift in the peak positions towa
lower momenta with increasing scattering angle. We will
turn to calculations of these angle dependent distribution

In Fig. 6 the experimental ground state partial cross s
tions in each angle interval are shown by the solid his
grams, for both the15C ~upper! and 11Be ~lower! induced
reactions. These sum to the measured ground state nuc
removal cross sections of 109 and 203 mb, Table II. T

FIG. 5. Calculated elastic breakup component ofds/dpi for
15C1 9Be→ 14C(g.s.)1X at 54 MeV/nucleon from the CDCC as
function of the maximum angle of detection of the14C residue in the
laboratory frame. The solid circles, scaled to the 0.5° accepta
curve, show the results of the eikonal calculation which coinc
with the CDCC distribution for extreme forward angles of the re
dues.
7-8
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TABLE II. Calculated and measured neutron removal cross sections~in mb! and deduced spectroscop
factors for the reactions9Be„15C,14C(01,g.s.)…X at E554 MeV/nucleon and9Be„11Be,10Be(01,g.s.)…X
at E560 MeV/nucleon. All calculations use the JLM neutron-9Be optical potentials calculated from th
target matter density discussed in Sec. III.

Projectile Model ssp(diff) ssp(str) ssp sexp C2Sexp

15C(1/21) CDCC 56 ~63!a 119 109613 0.9260.11
Eikonal 67 63 130 0.8460.10
DWBA 65

11Be(1/21) CDCC 115 ~98!a 213 203631 0.9560.15
Eikonal 127 98 225 0.9060.14
DWBA 185

aCross sections from the eikonal theory.
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elastic breakup components to these differential cross
tions predicted using the CDCC are shown by the das
histograms and filled squares in the figure, summing to
values 56 and 115 mb, as stated above. This suggests th
cross section differences, 53 and 88 mb, are attributabl
the stripping process in the two cases, to be compared
the eikonal calculation estimates of 63 and 98 mb. Th
revised calculated cross section values, and their impl
tions for the experimentally deduced15C and 11Be ground
state spectroscopic factors,C2Sexp, are collected in Table II.
Within the 1s experimental errors,C2Sexp for 15C is consis-
tent with unity, and for11Be is consistent with the earlie
analysis of Aumannet al. @1#.

Evident from Fig. 6 is the generic nature of the15C and
11Be results, the differences being essentially in the cr
section magnitudes, driven by the neutron separation e
gies in the two cases. We note also that~i! the CDCC calcu-
lations predict that the measured cross sections for resi

FIG. 6. Measured partial cross sections~solid lines! for popula-
tion of the 14C~g.s.! ~upper! and 10Be~g.s.! ~lower! for residues
emerging in the laboratory angle intervals indicated, from the15C
1 9Be and11Be1 9Be reactions at 54 and 60 MeV/nucleon, respe
tively. The angle interval size of 1° has been chosen to avoid c
tributions of the experimental angular resolution in the comparis
The CDCC elastic breakup calculations are shown by the das
lines and filled squares.
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emerging at angles greater than 2° will be dominated
elastic breakup events, and~ii ! that the stripping contribu-
tions, estimated as the difference between the experim
and the CDCC, are more forward angle focused. The fig
also shows that, at the most forward angles, the stripping
elastic breakup contributions to the cross section are
dicted to be approximately equal, a long standing expecta
from eikonal model calculations at the energies involv
here@26#. Although in principle calculable, at present we d
not know the theoretically predicted stripping cross sect
contributions as a function of core angle. It would be int
esting to compute this angular distribution for comparis
with the expectations of Fig. 6.

The results in Fig. 6 also suggest that we should reas
ably compare the largest angleds/dpidV data of Figs. 7
and 8 directly with the CDCC calculations, assuming th
arise from the diffraction dissociation mechanism alone. T
is done in the lower (3 –4°) solid lines in Figs. 7 and
revealing excellent agreement with the widths, magnitu
and the shifted peak positions of the experimental differen
distributions. The conclusion here is that the CDCC calcu
tion correctly predicts the breakup contributions into th

-
n-
.

ed

FIG. 7. Measured differential parallel momentum distributio
~solid symbols! of the 14C~g.s.! in each of the laboratory angle
intervals indicated, from the15C1 9Be reaction at 54 MeV/nucleon
The solid curves are the CDCC elastic breakup calculations sup
mented, in the case of the 0 –3° intervals, by the stripping cr
section contributions required in Fig. 6. The latter have been ad
here assuming the same parallel momentum distribution for
stripping components as for the CDCC calculation.
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J. A. TOSTEVINet al. PHYSICAL REVIEW C 66, 024607 ~2002!
angle interval. Its correct treatment of energy and momen
conservation in the three-body dynamics also reprod
naturally the observed shift and width of the large an
ds/dpidV distributions, responsible in large part for th
asymmetry in the data.

For the three smaller angle intervals the situation is a li
more complex since we need to add an appropriate c
section contribution due to the stripping mechanism. Like
stripping cross section angular distribution itself, the sha
of the stripping components to theds/dpidV distributions
as a function of core angle are not known. Two availa
options are to assume~a! the same distribution as generat
by the CDCC calculation, or~b! to apply the distribution
calculated from the eikonal model at all core angles. In F
7 and 8 the curves on the intervals from 0 –3° are obtai
when those stripping contributions indicated in Fig. 6 a
added assuming these have the same shape as from

FIG. 9. As for Fig. 7 except that the stripping contributions
the 0 –3° angle interval curves have now been assumed to hav
parallel momentum distribution given by the eikonal calculatio
shown in Fig. 2, and which is assumed independent of the ang
the residue.

FIG. 8. Measured differential parallel momentum distributio
~solid symbols! of the 11Be~g.s.! in each of the laboratory angl
intervals indicated, from the11Be1 9Be reaction at 60 MeV/
nucleon. The solid curves are the CDCC elastic breakup calc
tions supplemented, in the case of the 0 –3° intervals, by the s
ping cross section contributions required in Fig. 6. The latter h
been added here assuming the same parallel momentum distrib
for the stripping component as for the CDCC calculation.
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CDCC calculation which, among other processes, takes
account energy and momentum conservation in the defl
tion of the core fragment. The agreement with the data
excellent overall for both15C and 11Be induced reactions
The solid curve for the angle inclusive ground statepi dis-
tribution in Fig. 2 is the appropriate sum of these calcu
tions, providing an excellent description of the measu
asymmetry and width of the distribution.

If one uses instead the eikonal strippingpi distribution
shapes, shown in Fig. 2 for15C and in Ref.@1# for 11Be, we
obtain the revised theoretical distributions shown in Figs
and 10. There is little to choose between the finalpi distri-
butions with the two choices, however, using the elas
breakup~CDCC! distribution does lead, for both15C and

the
,
of

FIG. 10. As for Fig. 8 except that the stripping contributions
the 0 –3° angle interval curves have now been assumed to hav
parallel momentum distribution given by the eikonal calculati
and which is assumed independent of the angle of the residue

FIG. 11. The nucleon-removal parallel momentum distributio
ds/dpi , for the 15C1 9Be reaction at 54 MeV/nucleon to the14C
ground state, shown on a more familiar linear scale. The s
curves assume the stripping contributions have the same form
that calculated using the CDCC. The dashed curves assume
stripping contributions have a parallel momentum distribution at
angles of the residue given by the eikonal calculation shown in F
2.
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SINGLE-NEUTRON REMOVAL REACTIONS FROM15C . . . PHYSICAL REVIEW C 66, 024607 ~2002!
11Be, to an improved description of the data in the mid-an
region of 1 –3°, particularly in the peak positions. This
shown in Fig. 11 for15C and Fig. 12 for11Be, where the
angle-dependentds/dpi are presented on a linear scale a
where the stripping contributions have been added assum
CDCC ~solid curves! or eikonal~dashed curves! shapes. The
small but significant differences in the momentum distrib
tions highlight the level at which the reaction mechanism
now being probed when the data are exclusive and of s
cient quality to make differential cuts. To carry the analy
further will require a more dynamically complete descripti
of the target excitation~stripping! process to supplement tha
provided by the CDCC for the elastic breakup~diffractive!
mechanism.

VI. CONCLUSIONS

In this paper we have examined in detail the integra
and differential cross sections, with respect to both para
momentum and angle of the emerging heavy fragments
neutron-removal reactions from the single neutron halo
clei 15C and 11Be. A new experiment for the15C case is also
reported. The momentum distributions of the14C and 10Be

FIG. 12. The nucleon-removal parallel momentum distributio
ds/dpi , for the 11Be1 9Be reaction at 60 MeV/nucleon to the10Be
ground state, shown on a more familiar linear scale. The s
curves assume the stripping contributions have the same form
that calculated using the CDCC. The dashed curves assume
stripping contributions have a parallel momentum distribution at
angles of the residue given by the eikonal calculation.
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ground state residues show a low-high momentum asym
try that is incompatible with earlier eikonal model descri
tions. CDCC calculations of the elastic breakup compon
of the reaction mechanism have been performed in b
cases. We show how the CDCC approach is able to calcu
the more general differential observables required to in
pret the data.

Our partial cross section results, summarized in Table
and II, show that the calculated absolute neutron remo
cross sections and the deduced experimental spectrosc
factors show rather modest dependence on the details o
theoretical model. Moreover, the use of improved theoret
inputs, such as the CDCC elastic breakup treatment, the J
neutron-target effective interaction, and of Skyrme Hartr
Fock neutron single-particle form factors for15C, each move
the calculations toward a better agreement with the pre
tions of structure theory and the measurements in this imp
tant test case.

We show that the asymmetries observed in the15C
and 11Be parallel momentum distributions arise in a natu
way from the CDCC theory with its exact treatment of t
three-body breakup reaction dynamics. A detailed descrip
of the available data is obtained, however, our lack of a fu
dynamical description of the inclusive target excitati
~stripping! component of the cross section leads to assum
tions having to be made regarding the shape of the par
momentum distribution, with angle, for this process. The
are indications from the data that this distribution must ha
a similar shape to that from the CDCC.

Arising as they do from the elastic breakup mechanis
the physical effects discussed here are most pronounce
halo states. It will be important, however, to take these
viations from eikonal theory into account in transitions th
require an accurate adjustment to mixedl 050 and 2 momen-
tum profiles, such as have been observed in Refs.@5, 6#.
Furthermore, the present analysis establishes that the r
tion mechanisms in nucleon removal reactions can be un
stood in considerable detail and accurately described. Th
an essential step in their use for mapping single-part
strength and the evaluation of structure theories in hithe
inaccessible regions of the nuclear chart.
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