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Coulomb and nuclear breakup effects in the single neutron removal reaction197Au„17C,16Cg…X
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We analyze the recently obtained new data on the partial cross sections and parallel momentum distributions
for transitions to ground as well as excited states of the16C core, in the one-neutron removal reaction
197Au(17C,16Cg)X at the beam energy of 61 MeV/nucleon. The Coulomb and nuclear breakup components of
the one-neutron removal cross sections have been calculated within a finite range distorted wave Born approxi-
mation theory and an eikonal model, respectively. The nuclear contributions dominate the partial cross sections
for the core excited states. By adding the nuclear and Coulomb cross sections together, a reasonable agreement
is obtained with the data for these states. The shapes of the experimental parallel momentum distributions of
the core states are described well by the theory.
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The usefulness of the single nucleon transfer reaction
probing the single-particle structure of the stable nucle
well established~see, e.g.,@1–4#!. The theory of these reac
tions developed within the framework of the distorted wa
Born approximation~DWBA! has been widely used to ana
lyze the absolute magnitudes and shapes of the meas
cross sections to make the angular momentum assignm
and deduce the spectroscopic factors for the ground as
as excited states of the residual nuclei. However, the tran
reactions are not yet routinely used in probing the struct
of exotic nuclei near the neutron and proton drip lines. A
though the first theoretical@5# and experimental@6# studies
of the feasibility of such investigations have already be
reported, some formidable difficulties~see, e.g.,@5#! still per-
sist in the application of this method to probe the exo
nuclei.

Recently, an alternative new and more versatile techni
to investigate the spectroscopy of nuclei near the drip
was developed@7–11#. In this method one nucleon~usually
the valence or halo one! is removed from the projectile~a! in
its breakup reaction in the field of a target nucleus. The st
of the core~b! populated in this reaction are identified b
their gamma (g) decays, whose intensities are used to m
sure the partial breakup cross sections for these states.
signatures of the orbital angular momentum~l! associated
with the relative motion of different core states with resp
to the valence nucleon~removed from the projectile! are pro-
vided by the corresponding parallel momentum distributio
also measured in this experiment.

The practical experimental advantages of this meth
such as large partial cross sections for the excitation of v
ous bound states of the core fragment, the possibility of
ing thick targets, and the strong forward focusing of the
action products, make it possible to work with the hi
energy projectiles of low beam intensities. This is in contr
with the existing situation in the case of transfer reactio
Furthermore, while in the latter case the angular distributi
of the ejectile lose their characteristicl dependence at high
energies@12#, the parallel momentum distributions of th
core states in the breakup reactions still show strong de
0556-2813/2001/63~5!/051601~5!/$20.00 63 0516
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dence on thel value @13#. So far, most of the studies of th
(a,bg) type of reaction have been reported for the11Be @8#,
12Be @9#, 14B @10#, and 16,17,19C @11# projectiles on a light
9Be target. Therefore, for these cases the breakup proce
governed almost entirely by only the nuclear interaction
tween the projectile fragments and the target; the Coulo
breakup contributions are almost negligible for the
reactions.

Using the framework of the post form distorted wa
Born approximation, a theory for the Coulomb breakup
actions has recently been developed@14#. The finite range
effects are included in this theory, which can be applied
projectiles of any core fragment-valence neutron angular m
mentum structure. This theory has been applied rather
cessfully to investigate the inclusive data for the breakup
halo nuclei on heavy targets at beam energies below
MeV/nucleon@14#. A recent study within this theory@15# of
the A(a,bg)X type of reaction involving halo projectile nu
clei on a 208Pb target, reveals that the characteristics of t
reaction are different in a Coulomb dominated process
compared to those in the nuclear dominated one. In
former case, transitions to the excited states of the core f
ment are found to be very weak, which has been confirm
in a recent measurement of the197Au(14B,13Bg)X reaction
@10#. The pure Coulomb breakup cross sections decre
strongly with the increasing separation energy and thel value
of the core-valence neutron relative motion.

Our aim in this Rapid Communication is to investigate t
one-neutron removal reaction of the (a,bg) type induced by
a nonhalo nucleus on a heavy target. We would like to se
the predictions of the pure Coulomb breakup reaction in t
case are different from those described above. In this c
text, the17C is interesting in many respects. The ground st
of this nucleus has a spin parity of3

2
1 @11,16#, which means

that the relative motion of the16C~g.s.!-valence neutron sys
tem has anl value of 2. This makes it an unlikely candida
for having a halo structure even though the correspond
one-neutron separation energy~SE! is only 0.729 MeV. Due
to its nonhalo nature, the breakup of this nucleus is expec
©2001 The American Physical Society01-1
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to occur in regions around the distance of closest appro
Therefore, nuclear breakup cross sections are likely to
important for this case even if the measurements are
formed on a heavy target. Moreover, the excited bound st
of 16C can have configurations in which the relative moti
between the excited core fragment and the valence neu
has anl value of zero. This implies that the partial cro
sections for these states of16C may have larger values eve
in a Coulomb dominated breakup process.

Motivated by these facts, we undertook the analysis of
197Au(17C,16Cg)X reaction at the beam energy of 61 MeV
nucleon, which was measured in the same experimen
which the data were taken on a9Be target@11#. The detailed
description of the technique and data analysis is presente

FIG. 1. Doppler-correctedg-ray spectrum measured i
197Au(17C, 16C1g)X. The black curve is a fit to the spectrum usin
a single exponential curve for the background and Monte C
simulated response functions~dashed curves! for each of theg-ray
transitions. The spectrum was fitted using the procedure descr
in @11#.
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@11#. The Doppler correctedg-ray spectrum from the deca
of the 16C residues produced in this reaction is shown in F
1. It shows feeding to the same states as those seen in
experiment with a9Be target. The partial cross section
~PCS! for transitions to these states, extracted from the
solute g branching ratios, are shown in Table I. It can
seen that the PCS to the excited states are quite substa
which is contrary to the results of the measurements p
formed @10# with 14B ~a one-neutron halo nucleus! on the
same target and beam energy where no transition to the
cited core states~of 13B) was observed.

In the theoretical analysis of the data, we assume that
nuclear and Coulomb breakup cross sections~calculated with
different theories! can be added and that the Coulom
nuclear interference term can be neglected. Since this r
tion is essentially inclusive in nature~as the measurement
are performed only for the heavy fragment!, the nuclear par-
tial cross sections~NPC! have a contribution from both elas
tic ~also known as diffraction dissociation! and inelastic~also
known as stripping or breakup-fusion! breakup modes
@17,18#. Cross sections for both these modes were calcula
@19# within an eikonal model@20–23# where the core-targe
and neutron-target interactions are treated in the black
approximation and the optical limit of the Glauber theo
@19,24,25#, respectively. The data of Refs.@7–11# have been
analyzed within this model. For the semiclassical method
calculate the nuclear breakup cross sections, we refer
reader to@26#.

The pure Coulomb breakup cross sections have been
culated by using a theory formulated@14# within the frame-
work of the post form distorted wave Born approximatio
~DWBA!. Within this theory, the triple differential cross se
tion for the reaction,a1t→b1c1t, wherea is the projec-
tile, t the target, andb ~charged core! andc ~valence neutron!
are the breakup fragments in the final channel, is given b

d3s

dEbdVbdVc
5

2p

\va
r~Eb ,Vb ,Vc!(

lm
ub lmu2, ~1!

lo

ed
n
s
obtained

d

TABLE I. Calculated partial cross sections to the final states of16C in the one-neutron removal reactio
of 17C on a 197Au target at the beam energy of 61 MeV/nucleon.sC and sN represent the partial cros
sections due to Coulomb and nuclear breakup processes. The latter is the sum of the cross sections
in diffraction dissociation (DD) and stripping (str) mechanisms.I p and Ex represent the spin-parity an
excitation energy of the core states, respectively.

I p Ex l C2S sC sN
DD sN

str sN s th C2S•s th sexp

(sC1sN)
~MeV! ~mb! ~mb! ~mb! ~mb! ~mb! ~mb! ~mb!

01 0.0 2 0.03 148 38 75 113 261 8 113626
21 1.77 0 0.16 110 57 106 163 273 44

2 1.44 32 22 52 74 106 153
sum 142 79 158 237 379 197 162656

2,3141 4.1 0 0.22 32 31 69 100 132 29
2 0.76 10 15 40 55 65 49

sum 42 46 109 155 197 78 75625
1-2
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where r(Eb ,Vb ,Vc) is the appropriate@14# three-body
phase space factor. The reduced amplitudeb lm is defined as

l̂ b lm5ZlE drxb
(2)* ~kb ,r !e2 id kc•rxa

(1)~ka ,r !, ~2!

where

Zl5E dr1e2 i (gkc2aK )•r1Vbc~r1!ul~r 1!Ylm~ r̂ 1!, ~3!

l̂ 5A2l 11. ~4!

In Eq. ~2! x ’s are the distorted waves for relative motions
the center of mass~c.m.! of a and t, and fragmentb and t,
respectively.ka , kb , and kc are the Jacobi wave vector
associated with the relative motions ofa, b, andc, respec-
tively. The charged fragmentb interacts with the target by a
point Coulomb interaction, and hencexb

(2)(kb ,r ) is a Cou-
lomb distorted wave with incoming wave boundary con
tion. The structure functionZl involves the radial part of the
wave function (ul) for the relative motion of theb-c system
and the corresponding interactionVbc(r1). For further theo-
retical details and definitions of other variables, we refer
reader to@14#. It may be noted that Eq.~2! treats the inter-
action Vbc to all orders. An alternative theory of Coulom
breakup has also been developed@27# within the framework
of an adiabatic model. The expressions for the breakup
plitudes, within this theory, are similar to those of the fin
range DWBA theory, although the two have been obtain
from quite different assumptions. In the studies of break
reactions carried out so far, the two theories produced alm
identical results in most of the cases@14#.

In calculations of both nuclear and Coulomb partial cro
sections for populating a given final core fragment state,
projectile ground state is described as having a configura
in which a valence nucleon, with single particle quantu
numbers (nl j ) ~see, e.g., Ref.@14#! and an associated spe
troscopic factor (C2S), is coupled to the specific core sta
(I p). The total cross section in each case is the sum@7,19# of
the cross sections calculated with configurations~having
nonvanishing spectroscopic factors! corresponding to all the
allowed values of the channel spin.

We assume the ground state (01) of 16C is to arise from
the removal of the valence neutron from the configurat
(0d3/2^ 01, SE 5 0.729 MeV! of the 17C ground state. For
the excited 21 state at 1.77 MeV, two configurations
(0d5/2^ 21, SE5 2.499 MeV!, and (1s1/2^ 21, SE5 2.499
MeV! are considered. For the group of excited states near
MeV (2,3(1),41), we assume the configurations (0d5/2^ I p,
SE 5 4.829 MeV! and (1s1/2^ I p, SE 5 4.829 MeV!. The
corresponding spectroscopic factors (C2S) are taken from
@16#. In each case, the neutron single particle wave func
has been calculated in a central Woods-Saxon well of ra
1.25 fm and diffuseness 0.7 fm. The depth of this well
adjusted to reproduce the corresponding value of SE.

Our results for the partial cross sections are shown
Table I. It is evident that the theoretical partial cross secti
~even the pure Coulomb breakup ones! to the excited states
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are quite substantial. This is in sharp contrast to the res
seen in the case of such a reaction studied with halo nu
having ans-wave core~g.s.!-neutron relative motion in their
ground states. It is interesting to note that the nuclear pa
cross sections are quite large. For the ground state of16C,
NPC is of the similar magnitude as the corresponding C
lomb partial cross section~CPC!. However, for the excited
states, the NPC dominates the CPC. This can be unders
from the fact that Coulomb breakup cross sections decre
strongly as the value of SE increases, while nuclear brea
cross sections have a weaker SE dependence. Furtherm
as expected the cross sections tol 50 states are larger in
comparison with those withl 52.

The sum of the NPC and CPC is in reasonable agreem
with the data for the excited states. However, for the grou
state, the theoretical partial cross section is more than
order of magnitude smaller than the corresponding exp
mental value. A similar observation was also made in
analysis of the experimental data on a9Be target@11#. A Jp

assignment of either12
1 or 5

2
1 to the ground state of17C

could enhance the partial cross sections to the ground sta
16C, as it brings in thel 50 component to this transition
However, the presence of this component has been ruled
in @11# from the measurements of the corresponding para
momentum distribution, which is found to be broad a
similar to the distribution of anl 52 state. This excluded the
Jp5 1

2
1 assignment to the17C ground state. At the sam

time, with Jp5 5
2

1, the calculated partial cross sections we
found to be in disagreement with the data@11#. It has been
concluded@11# that only with the assignmentJp5 3

2
1 for the

ground state of17C can the trend of the experimental parti
cross sections for the excited states be explained.

In our case the situation is similar. Of course, here
data for the parallel momentum distribution corresponding
the ground state of16C have larger statistical errors~see Fig.
2!, which may not allow an unambiguous assignment of

FIG. 2. Comparison of the pure Coulomb breakup calculatio
and the experimental data for the partial parallel momentum dis
butions of the16C core states with the excitation energy (Ex) as
indicated. The dotted and dashed lines represent the results o
calculations performed withs-wave andd-wave configurations for
the core-valence neutron system, respectively, while the solid
represents their sum.
1-3
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l value to this state. However, with theJp value of 1
2

1 for
the ground state of17C and the corresponding spectroscop
factors @16#, the pure Coulomb partial cross sections a
found to be 690 mb, 40 mb, and 89 mb corresponding to
states with excitation energies of 0.0 MeV, 1.7 MeV, and
MeV, respectively. Looking at the data, these cross secti
on their own, rule out this assignment of the spin-parity
the 17C ground state. Consideration of the nuclear par
cross sections will worsen the comparison with the data e
further. On the other hand, withJp5 5

2
1, the theoretical par-

tial cross section for the transition to the ground st
(;170 mb) is closer to the data. However, the cross sec
to the group of states at 4.1 MeV is predicted to be lar
than that to the 1.77 MeV 21 state, which is in disagreemen
with the pattern of the experimental data. Therefore, our
culations also suggest that the most suitable spin-parity
signment for the ground state of17C is 3

2
1.

Thus, the discrepancy between theoretical and experim
tal cross sections for the transition to the ground state of16C
cannot be resolved by a different spin-parity assignmen
the 17C ground state. Furthermore, the theories of the C
lomb and nuclear breakup reactions used here are quite
bust; they have been used earlier to explain successfully
Coulomb and nuclear dominated data as discussed ab
Although it is desirable to calculate both these cross sect
on an equal footing within the same quantum mechan
theory, which would also include the Coulomb-nuclear int
ference terms, yet this is unlikely to explain the observe
order of magnitude difference between the data and the
culations for the16C ground state transition. To solve th
problem, a couple of possibilities are discussed in Ref.@11#.
They essentially try to invoke mechanisms which go beyo
the simple direct one-neutron removal process assume
the present analysis. If the52

1 state lies very close to the32
1

ground state of17C, then the coupled channel calculatio
for the breakup process may help in resolving this discr
ancy. However, such calculations, which are difficult to p
form at these high energies, have not yet been carried o

The parallel momentum distributions~PMD! of each of
the 16C core states are shown in Fig. 2. In this figure we ha
shown only the pure Coulomb calculations. As stated ear
the data have large statistical errors for the ground state t
sition. Even then, it appears to be a broad distribution wh
supports ad-wave relative motion for the core~g.s.!-neutron
relative motion. For the excited states, the momentum dis
bution data can only be understood by a combination of
s-wave andd-wave distributions, which have narrow an
broad widths, respectively. However, the difference in re
tive contributions of these components for the excited sta
at 1.77 MeV and 4.1 MeV should be noted. This can
attributed to the relative difference in the spectroscopic f
tors for l 50 and 2 configurations in two cases. The fact th
with values ofC2S ~as given in Table I! the shapes of the
experimental PMDs are described rather well by the theo
provides further support to the assignment of a spin-parity
3
2

1 to the 17C ground state, as these spectroscopic factors
based upon this assumption. This conclusion is unlikely to
affected by the inclusion of the nuclear breakup in the c
05160
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culations, as the shapes of the corresponding PMDs are
different from those of the Coulomb ones shown in th
figure.

In summary, we investigated the role of the Coulomb a
nuclear breakup mechanisms in the one-neutron remova
action 197Au(17C,16Cg)X studied at the beam energy of 6
MeV/nucleon. Partial cross sections and parallel momen
distributions were measured for the ground as well as exc
bound states of the core fragment16C, by detecting the core
residues in coincidence with theg rays emitted in the decay
of the excited core states. Substantial partial cross sect
were found for the excited core states, which is in contras
the results seen in the case of the similar measurement
formed with the one-neutron halo nucleus14B on this target.

An important observation of our study is that while for th
excitation of the core ground state the nuclear partial cr
sections are of the similar magnitude as the Coulomb on
they dominate the calculated cross sections for transition
the excited states. The sum of these two cross secti
weighted by the spectroscopic factors taken from Ref.@16#
~which is based on a3

2
1 spin-parity assignment for the

ground state of17C), is able to provide a good description o
the experimental data for the partial cross sections for tr
sitions to the excited states of the core. The dominance of
nuclear breakup effects in these data~taken on a heavy tar
get! is reminiscent of the similar observations made@17# in
the case of the breakup of stable nuclei. This supports
fact that 17C is not a halo nucleus even though it has a sm
one-neutron separation energy. However, the theory is
able to describe the data for the transition to the core gro
state. Similar observations were made earlier in the meas
ment of this reaction on a9Be target. This situation canno
be remedied by a different spin-parity assignment for the17C
ground state.

The shapes of the parallel momentum distributions
described well by the theory. For the excited states an
mixture of thes-wave andd-wave configurations with spec
troscopic factors as given above is necessary to explain
shapes of the observed PMDs. Our work underlines the n
for a proper quantum mechanical calculation of the nucl
and Coulomb-nuclear interference breakup terms.
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