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Core excitation in Coulomb breakup reactions
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Within the pure Coulomb breakup mechanism, we investigate the one-neutron removal reaction of the type
A(a,bg)X with 11Be and 19C projectiles on a heavy target nucleus208Pb at the beam energy of 60 MeV/
nucleon. Our intention is to examine the prospect of using these reactions to study the structure of neutron-rich
nuclei. Integrated partial cross sections and momentum distributions for the ground as well as excited bound
states of core nuclei are calculated within the finite-range distorted-wave Born approximation as well as within
the adiabatic model of the Coulomb breakup. Our results are compared with those obtained in the studies of the
reactions on a light target where the breakup proceeds via the pure nuclear mechanism. We find that the
transitions to excited states of the core are quite weak in the Coulomb dominated process as compared to the
pure nuclear breakup.
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I. INTRODUCTION

The single-nucleon transfer reactions, induced by ligh
well as heavy ions, have been established as a useful to
probing the single-particle components of the wave functi
of stable nuclei~see, e.g.,@1–4#!. The theory of these reac
tions developed within the framework of the distorted-wa
Born approximation~DWBA! @5# has been widely used t
analyze the absolute magnitudes and shapes of meas
cross sections and to deduce the structure information
cluding angular momentum assignments, occupation p
abilities, and spectroscopic factors of the ground as wel
excited states of the residual nuclei.

Nonetheless, transfer reactions are not yet routinely u
in probing the structure of exotic nuclei near the neutron a
proton drip lines, even though the first theoretical feasibi
study @6# for such investigations with transfer reactions a
the first experimental results@7# for the 11Be(p,d)10Be reac-
tion have been already reported. With the currently availa
experimental techniques, the measurements of these
tions involving drip line nuclei are performed in the inver
kinematics with low-intensity projectile beams. This puts s
vere experimental restrictions as the corresponding cross
tions are usually low. Furthermore, the theoretical analysi
these data in terms of the DWBA gets complicated as
usual well-depth search method to calculate the wave fu
tion of the transferred particle becomes unreliable@7#, and
the methods such as Skyrme Hartree-Fock theory need t
invoked@6# for a proper description of these wave function

Recently, an alternative new and more versatile techni
for investigating the spectroscopy of nuclei near the drip l
has been developed@8–11#. In this method, referred to as th
(a,bg) reaction in the following, one nucleon~usually the
valence or halo! is removed from the projectile~a! in its
breakup reaction within the field of a target nucleus. T
states of the core fragment~b! populated in this reaction ar
identified by their gamma (g) decay. Theg-ray intensities
are used to determine the partial breakup cross section
different core states. The signatures of the orbital ang
0556-2813/2001/63~5!/054608~9!/$20.00 63 0546
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momentum l associated with the relative motion of co
states with respect to the valence nucleon~removed from the
projectile! are provided by the measured parallel moment
distributions@12#.

This method improves the experimental conditions
working with projectiles of low beam intensities because
~i! large partial cross sections for transitions to various bou
states of the core fragment, even in experiments done w
high-energy projectiles,~ii ! possibility of using thick targets
and~iii ! strong forward focusing. These features may be c
trasted with those of the corresponding transfer reactions
addition, while, in the case of transfer reactions, the angu
distributions of the ejectile lose their characteris
l-dependence at high energies@13#, the longitudinal momen-
tum distributions of the core states in the breakup reacti
continue to show a strong dependence onl.

Most of the studies of the (a,bg) reaction performed so
far involve a light 9Be target, where the breakup process
governed almost entirely by only the nuclear interaction
tween the projectile fragments and the target. Since this
action is essentially inclusive in nature~as the measurement
are performed only for the heavy core fragment!, the nuclear
partial cross sections have contributions from both ela
~also known as diffraction dissociation! and inelastic~also
known as stripping or breakup-fusion! breakup modes
@14,15#. Several attempts have been made to calculate
elastic and inelastic nuclear breakup cross sections of
nuclei and they were either based on the semiclassical m
ods @16# or on the eikonal approximation@17–20#. The
fragment-target interactions are dealt with differently
these two approaches that could be important for the li
targets@21#. Data of Refs.@8–11# have been analyzed in
terms of an eikonal model@22# with core-target and neutron
target interactions treated in the black disc approximat
and in the optical limit of the Glauber theory, respectively.
order to extract unambiguous spectroscopic informat
from the (a,bg) type of measurements performed on a lig
target, it is quite desirable to develop the calculations
nuclear breakup reactions within the DWBA theory as h
©2001 The American Physical Society08-1
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been done for the breakup of stable projectiles@23,24#.
However, currently a full quantum-mechanical theory

the pure Coulomb breakup reaction, formulated within
framework of the post-form distorted-wave Born approxim
tion, is well established and has been applied successful
investigate the breakup of halo nuclei@25#. Finite-range ef-
fects are accounted for in this theory that can be applied
projectiles of any ground-state orbital angular-moment
structure. Moreover, an alternative theory of the Coulo
breakup reactions within the framework of an adiaba
model has also been formulated@26#. The expressions for the
breakup amplitude within this theory are very similar
those of the finite-range DWBA theory, although the tw
have been derived under quite different assumptions. In
adiabatic model, it is assumed that the excited states of
projectile are degenerate with the ground state. In the stu
of the breakup reactions done so far~where the core frag-
ments were assumed to remain in their ground states!, the
two theories produced almost identical results@25#. How-
ever, with the excitation of the core, the one-neutron sep
tion energies increase significantly. It would, therefore,
interesting to see if the two models lead to different results
these cases.

There are no adjustable parameter in either of the theo
of pure Coulomb breakup reaction. Assuming that the p
cesses, in which the mutual excitation of the target nucl
takes place due to the Coulomb interaction, contribute n
ligibly, the inelastic breakup mode is absent in the pure C
lomb breakup reactions. This is an added advantage as
is some ambiguity regarding the calculation of this mode t
dominates the partial cross sections for the excited c
states in the nuclear breakup process@22#.

In this paper, we present calculations of the pure Coulo
breakup contributions to the partial cross sections and lo
tudinal momentum distributions of the ground as well
excited states of the core fragments,10Be and 18C, in the
(a,bg) type of reaction induced by11Be and19C projectiles,
respectively, on a208Pb target at the beam energy of 6
MeV/nucleon. We assume that the states of the core f
ments are the same as those seen in the similar reac
studied on the9Be target. Our aim is to determine if ther
are quantitative differences in therelativepopulations of the
core states in the pure Coulomb breakup mechanism
compared to those observed in the pure nuclear breakup
cess. We shall also look at whether there are difference
the predictions of the finite-range DWBA and adiabatic mo
els of the breakup reactions leading to the core excited sta

We want to make it clear from the very beginning that
is not our intention to imply that the nuclear breakup con
butions are negligible for the reactions investigated by
Our results should be viewed as complementing contri
tions from the nuclear breakup process; in any comp
theory both contributions must be considered on an eq
footing.

In the next section we briefly present the formalism of t
Coulomb breakup reactions. The results of our calculati
and discussions are presented in Sec. III. A summary and
conclusions of our work are given in Sec. IV.
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II. FORMALISM

We consider the reactiona1t→b1c1t, where the pro-
jectile a breaks up into fragmentsb ~charged! and c ~un-
charged! in the Coulomb field of a targett. The chosen co-
ordinate system is shown in Fig. 1. The position vect
satisfy the following relations:

r5r i2ar1 , a5
mc

mc1mb
, ~1!

r c5gr11dr i , d5
mt

mb1mt
, g5~12ad!. ~2!

The starting point of both the finite-range distorted-wa
Born approximation~FRDWBA! and of the adiabatic mode
of the Coulomb breakup is the post formT matrix of the
reaction given by

T5E djdr1dr ixb
(2)* ~kb ,r !Fb* ~jb!xc

(2)* ~kc ,r c!

3Fc* ~jc!Vbc~r1!Ca
(1)~ja ,r1 ,r i !. ~3!

The functionsx are the distorted waves for the relative m
tions of b and c with respect tot and the center of mas
~c.m.! of the b1t system, respectively. The functionsF are
the internal-state wave functions of the concerned partic
that depend on the internal coordinatesj. The function
Ca

(1)(ja ,r1 ,r i) is the exact three-body scattering wave fun
tion of the projectile with a wave vectorka satisfying outgo-
ing boundary conditions. The vectorskb and kc are the Ja-
cobi wave vectors ofb and c, respectively, in the final
channel of the reaction. The functionVbc(r1) represents the
interaction betweenb andc. In the case of the pure Coulom
breakup, the functionxb

(2)(kb ,r ) is taken as the Coulomb
distorted wave~for a point Coulomb interaction between th
charged coreb and the target! satisfying incoming wave
boundary conditions, and the functionxc

(2)(kc ,r c) is just a
plane wave as there is no Coulomb interaction between
target and the neutral fragmentc.

In the distorted wave Born approximation, we write

FIG. 1. The three-body coordinate system. The charged c
valence neutron, and target are denoted byb, c, andt, respectively.
8-2
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Ca
(1)~ja ,r1 ,r i !5Fa~ja ,r1!xa

(1)~ka ,r i !. ~4!

The assumption inherent in Eq.~4! is that the breakup chan
nels are very weakly coupled and hence this coupling ne
to be treated only in the first order. In Eq.~4! the dependence
of Fa on r1 describes the relative motion of the fragmentsb
and c in the ground state of the projectile. The functio
xa

(1)(ka ,r i) is the distorted scattering wave describing t
relative motion of the c.m. of the projectile with respect
the target, satisfying outgoing wave boundary conditions
may be noted that the particular case of the pure Coulo
breakup of a projectile involving one uncharged fragme
where the choice of the coordinater may appear more natu
ral to describe the relative motion between the projectile
the target, follows from this expression as discussed bel

The integration over the internal coordinatesj in the T
matrix gives

E djFb* ~jb!Fc* ~jc!Fa~ja ,r1!5 (
lm jm

^ lm jcmcu j m&

3^ j bmbj mu j ama& i
lFa~r1!, ~5!

with

Fa~r1!5ul~r 1!Ylm~ r̂1!. ~6!

In Eq. ~6!, l ~the orbital angular momentum for the relativ
motion between fragmentsb andc) is coupled to the spin o
c and the resultant channel spinj is coupled to the spinj b of
the coreb to yield the spin ofa ( j a). TheT matrix can now
be written as

T5 (
lm jm

^ lm jcmcu j m&^ j bmbj mu j ama& i
l l̂ b lm~kb ,kc ;ka!,

~7!

where

l̂ b lm~kb ,kc ;ka!5E dr1dr ixb
(2)* ~kb ,r !e2 ikc .rc

3Vbc~r1!ul~r 1!Ylm~ r̂ 1!xa
(1)~ka ,r i ! ,

~8!

with b lm being the reducedT matrix and withl̂ [A2l 11.
Equation ~8! involves a six-dimensional integral tha

makes the computation ofb lm quite complicated. The prob
lem becomes more acute because the integrand has a pr
of three scattering waves that exhibit an oscillatory behav
asymptotically. Therefore, approximate methods have b
used, such as the zero-range approximation~ZRA! ~see e.g.,
@1,2,4#!, in which the productVbc(r1)Fa(r1) is replaced by a
delta function, or the Baur-Trautmann approximation@27#,
where the projectile c.m. coordinate is replaced by that of
core-target system~i.e., r i'r ). Both these approximation
lead to a factorization of the reduced amplitude into t
independent parts, which reduces the computational c
plexity. However, the application of both these methods
the reactions of halo nuclei is questionable@25#. The ZRA
05460
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necessarily restricts the relative motion betweenb and c in
the projectile tos-state only. Even for such cases, this a
proximation may not be valid for heavier projectiles and
higher beam energies~see, e.g.,@28#!. The Baur-Trautmann
approximation is justified if the c.m. of theb1c system is
shifted towardb ~which is indeed the case ifmb@mc). How-
ever, sincer i occurs in association with the wave vectorka ,
whose magnitude is quite appreciable at the higher be
energies, the neglected piece ofr i ~i.e., a r1) may still con-
tribute substantially.

In the FRDWBA theory, the Coulomb distorted wave
particleb in the final channel is written as@25#

xb
(2)~kb ,r !5e2 iaK .r1xb

(2)~kb ,r i !. ~9!

Equation ~9! represents an exact Taylor series expans
aboutr i if K52 i“ r i

is treated exactly. However, instead
doing this we employ a local momentum approximati
@28,29#, where the magnitude of momentumK is taken to be

K~R!5A2m

\2 @E2V~R!#. ~10!

Here m is the reduced mass of theb2t system,E is the
energy of particleb relative to the target in the c.m. syste
andV(R) is the Coulomb potential betweenb and the target
separated byR. Thus, the magnitude of the momentumK is
evaluated at some separationR that is held fixed for all the
values ofr. The value ofR was taken to be equal to 10 fm
For reactions under investigation in this paper, the magnit
of K remains constant for distances larger than 10 fm@25#.
Due to the peripheral nature of the breakup reaction,
regionR*10 fm contributes maximally to the cross sectio
In fact, the calculated cross sections change by only ab
5% if R is varied from 5 to 10 fm and with a further increas
in R the change is less than 1%. Furthermore, the result
the calculations for these reactions, at the beam energies
der investigation, are almost independent of the choice of
direction of momentumK @25#. Therefore, we have taken th
directions ofK andkb to be the same in all the calculation
presented in this paper. It may be remarked here that in
@30# an approximation similar to Eq.~9! was applied to the
Coulomb distorted wave of the incident channel. That pro
dure brings in two difficulties. First, the choice of the dire
tion of the local momentum is somewhat complicated as
rections of both the fragments in the final channel will ha
to be brought into consideration. Second, the procedure
produce a deviation from the exact DWBA approximation

On substituting Eq.~9! into Eq.~8!, we obtain the follow-
ing factorized form of the reduced amplitude:

l̂ b lm
FRDWBA5F E dr1e2 i (gkc2aK ).r1Vbc~r1!ul~r1!Ylm~ r̂ 1!G

3F E dr ixb
(2)* ~kb ,r i !e

2 idkc .r ixa
(1)~ka ,r i !G .

~11!
8-3
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This amplitude differs from those in earlier studies@23# since
it includes the interactionVbc to all orders.

Recently, an alternative theory of the Coulomb break
has been developed within the adiabatic~AD! model@26,31#.
This theory assumes~i! that one of the fragments~the va-
lence nucleon! is neutral so that the projectile interacts wi
the target only through the Coulomb interactionVbt of the
core fragment and the target nucleus, and~ii ! that the relative
excitation energyEbc of theb–c system is much smaller tha
the total incident energy so thatEbc can be replaced by th
constant separation energy of the fragments in the proje
ground state. Following~ii ! the continuum spectrum of th
b2c system is assumed to be degenerate with the gro
state. Under the above assumptions, the wave func
Ca

(1)(ja ,r1 ,r i) is found @31# in the form

Ca
(1)AD~ja ,r1 ,r i !5Fa~ja ,r1!eiaka•r1xa

(1)~ka ,r ! ~12!

It is clear that substitution of Eq.~12! into Eq.~3! will lead to
a factored form@similar to Eq.~11!# of the reduced breakup
amplitude. However, one limitation of this procedure sho
be brought into attention. For larger values ofr1, the wave
function Ca

(1)AD vanishes due to the presence of the fac
Fa(r1), whereas there may still be contributions to t
breakup from this region. It has been argued@26# that due to
the presence of the interactionVbc(r 1), the post-form-
breakup amplitude may not be sensitive to the domain wh
Ca

(1)AD is inaccurate. However, since the wave functions
the relative motion of the fragments forl .0 values have a
large spatial extension, the application of this model to s
cases may test the need for the nonadiabatic correction
the theory.

The reduced amplitude in the adiabatic model is given

l̂ b lm
AD5F E dr1e2 i (kc2aka).r1Vbc~r1!ul~r1!Ylm~ r̂ 1!G

3F E dr ixb
(2)* ~kb ,r i !e

2 idkc•r ixa
(1)~ka ,r i !G ~13!

It is obvious that this amplitude differs from that of th
FRDWBA, Eq.~11!, only in the form factor part~the first of
the factors!, which is evaluated here at the momentum tra
fer of (kc2aka). Equation~13! can also be obtained in th
DWBA model by making a local momentum approximatio
to the Coulomb distorted wave in the initial channel of
reaction and by evaluating the local momentum atR5`
with the momentum direction being the same as that of
projectile. In both of the theories, the Coulomb interacti
between the fragmentsb and the target is treated nonpertu
batively. The adiabatic model does not make the weak c
pling approximation of the DWBA. However, it necessar
requires one of the fragments~in this casec) to be neutral. In
contrast, the FRDWBA model can, in principle, be applied
the cases where both of the fragmentsb and c are charged
@28#. Furthermore, calculation of the nuclear breakup in
adiabatic model is not as comparatively trivial@31–33#, as it
is in the case of FRDWBA.
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The triple-differential cross section of the reaction
given by

d3s

dEbdVbdVc
5

2p

\va
r~Eb ,Vb ,Vc!(

lm
ub lmu2, ~14!

wherer(Eb ,Vb ,Vc) is the appropriate@25,34# three-body
phase-space factor.

On substituting the Coulomb distorted waves

xb
(2)* ~kb ,r i !5e2phb/2G~11 ihb!e2 ikb .r i

1F1

3@2 ihb ,1,i ~kbr i1kb .r i !#, ~15!

xa
(1)~ka ,r i !5e2pha/2G~11 iha!eika .r i

1F1

3@2 iha ,1,i ~kar i2ka .r i !# ~16!

into Eqs. ~11! and ~13!, one gets for the triple differentia
cross section

d3s

dEbdVbdVc
5

2p

\va
r~Eb ,Vb ,Vc!

3
4p2hahb

~e2phb21!~e2pha21!
uI u24p(

l
uZl u2.

~17!

In Eqs. ~15!–~17!, h ’s are the Coulomb parameters for th
respective particles. In Eq.~17!, I is the bremsstrahlung in
tegral @35# that can be evaluated in the closed form:

I 52 i FB~0!S dD

dx D
x50

~2hahb!

3 2F1@12 iha,12 ihb ;2;D~0!#1S dB

dxD
x50

3 2F1@2 iha ,2 ihb ;1;D~0!#G , ~18!

where

B~x!5
4p

k2(iha1 ihb11) @~k222k.ka22xka! iha

3~k222k.kb22xkb! ihb#, ~19!

D~x!5
2k2~kakb1ka .kb!24~k.ka1xka!~k.kb1xkb!

~k222k.ka22xka!~k222k.kb22xkb!
,

~20!

with

k5ka2kb2dkc . ~21!

The factorZl contains the projectile structure informatio
and is given by
8-4
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Zl5E dr1r 1
2 j l~k1r 1!Vbc~r1!ul~r 1!, ~22!

with k15ugkc2aK u, and k15ukc2akau for the cases of
FRDWBA and adiabatic model, respectively.

The total pure Coulomb one-nucleon removal cross s
tion for a givennl j configuration of the valence nucleon
obtained by integrating Eq.~13! over angles and energy o
fragmentb and over angles of the valence nucleon. Here,n is
the principal quantum number andl and j are as defined in
Eq. ~5!.

For calculating the total cross section into a given co
fragment final state, the projectile ground state is descri
as having a configuration in which a valence nucleon, w
single-particle quantum numbersnl j and an associated spe
troscopic factorC2S, is coupled to a specific core state de
ignated with j b in Eq. ~5!. The total cross sectionsC is the
sum @8,22# of the cross sections calculated with configu
tions ~having nonvanishing spectroscopic factors! corre-
sponding to all the allowed values of the channel spinj.

III. RESULTS AND DISCUSSIONS

A. Excitation of the bound states of 10Be in the Coulomb
breakup of 11Be

The one-neutron removal reaction of the ty
9Be(11Be,10Beg)X has been studied recently@9# at the beam
energy of 60 MeV/nucleon. Partial cross sections have b
measured for four states of the core fragment10Be: 01, 21,
12, and 22. The data were analyzed in terms of an eikon
model of the nuclear breakup reactions@19,22#, with the
spectroscopic factors taken from@36#. It has been concluded
in this study that about 22% of the total partial cross sect
went into the excited states, and that the ground state of11Be
consists of an admixture of the 1s and 0d single-particle
neutron configurations with the spectroscopic factors of 0
and 0.18, respectively.

We have calculated the pure Coulomb partial cross s
tions sC to the four 10Be final states in the
208Pb(11Be,10Beg)X reaction at the beam energy of 60 MeV
nucleon. The ground (01) and excited~3.368 MeV! (21)
states were assumed to correspond to the configura
@1s1/2n ^ 01(10Be)# and @0d5/2n ^ 21(10Be)#, respectively,
wheren represents a relative neutron state. The correspo
ing C2S values for these two configurations were taken@36#
to be 0.74 and 0.20, respectively, i.e., the same as those
in @9#. The excited 12 ~5.956 MeV! and 22 ~6.256 MeV!
states were assumed to stem from the configurat
@0p3/2n ^ 12(10Be)# and @0p3/2n ^ 22(10Be)#, respectively,
with the correspondingC2S values of 0.69 and 0.58. Thes
states could, in principle, also result from the stripping o
1p3/2 neutron from the10Be(01) core of the 11Be ground

state, producing @1s1/2^
9Be(3

2 )2#12 and @1s1/2

^
9Be(3

2 )2#22 types of 10Be* core. In the nuclear breaku
case, the cross sections to 12 and 22 states calculated with
the latter configurations were found@22# to be about 10
215 % smaller than those obtained with the preceding on
We have carried out our calculations with the former co
05460
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figuration for these states. The one-neutron separation en
for the ground state of11Be, with the configuration in which
10Be remains in its ground state, is taken to beSn50.504
MeV. For an excited state, the respective separation en
~SE! is assumed to be the sum ofSn and the excitation en-
ergy of that state with respect to the ground state.

In each case, the neutron single-particle wave function
calculated in a central Woods-Saxon well of radius 1.15
and diffuseness 0.50 fm. The depth of this well is adjusted
reproduce the corresponding value of SE. By this proced
the root mean square~rms! radius of the ground state of11Be
comes out to be 2.91 fm for the assumed rms radius of
10Be core of 2.28 fm.

Our results for the partial cross sections are shown
Table I. It is evident from this table that in the case of pu
Coulomb breakup of a projectile with a halo ground sta
most of the cross section goes to the ground state (01) of the
core. The sum of the partial cross sections correspondin
all the excited states is less than 1% of that to the gro
state. This is in sharp contrast to the observations made
lighter targets where partial cross sections correspondin
all the excited states represent about 22% of the total. W
there are no experimental data on the core-excitation reac
induced by11Be on a heavy target in the vicinity of208Pb,
the measurements@37# of the (a,bg) type of reactions with
14B projectile on197Au gold target at the beam energy of 6
MeV/nucleon may be used to test our results. In this exp
ment, no core-excited transitions were seen. Therefore,
lends support to our finding that inA(a,bg)X type of reac-
tions, involving projectiles that have a predominants-wave
neutron-halo ground state, transitions to the excited state
the core corresponding to the nonzerol-values of the
neutron-core relative motion, are quite weak in the pure C
lomb breakup reaction as compared to those in the nuc
breakup process.

The suppression of the cross sections to the higher st
can be traced back to the strong dependence of the Coul
breakup cross sections on SE. The latter enters in the co
sponding expressions through the momentumk @see Eq.
~21!#. As was shown in@38#, the modulus square of th
bremsstrahlung integralI rises very steeply ask approaches
zero, which happens as SE goes to zero (uI u2 is infinite for
k50). At larger values of SE~i.e., largerk) the rate of the
drop of uI u2 becomes less drastic. This is reminiscent of t
behavior of the virtual photon numbers in th

TABLE I. Calculated partial cross sections to the final states
10Be in the Coulomb breakup of11Be on the 208Pb target at the
beam energy of 60 MeV/nucleon.I p represents the spin and parit
of the populated states of the10Be core.

I p Ex l C2S sC
FRDWBA C2S•sC

FRDWBA

~MeV! ~mb! ~mb!

01 0.0 0 0.74 1536.48 1137.00
21 3.368 2 0.20 2.09 0.42
12 5.956 1 0.69 2.45 1.69
22 6.256 1 0.58 2.07 1.20

Sum 6.69 3.31
8-5
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theory of Coulomb excitation~see, e.g.,@39#!. The value ofk
is very small for SE equal toSn and larger for SE corre
sponding to excited states. This explains the reduction in
partial cross-sections to the excited 21 state of10Be core as
compared to that to its ground state. This also explains w
the cross sections to the excited states do not differ m
from each other. It may be useful to recall that, due to
centrifugal barrier, the breakup cross sections for n
s-wave projectiles are lower than those for thes-wave ones.
In case of the nuclear breakup, the dependence of the c
section on SE is comparatively weaker@16,40,41#. This
could be understood from the fact that nuclear breakup c
sections are sensitive to theb2c relative wave functions a
shorter distances that do not change much with change
the value of SE.

It should be interesting to compare the calculated p
Coulomb partial cross section for the197Au@14B,13B(g.s)#X
reaction, with its experimental value given in Ref.@37#. We
performed our calculations with the configurations@1s1/2n
^

3
2

2(13B)# and@0d5/2n ^
3
2

2(13B)# for the 14B ground state.
The resulting cross sections were summed up, after multi
ing them with the corresponding spectroscopic factors
0.663 and 0.306~taken from@36#!, respectively, to obtain a
value of 401 mb for the pure Coulomb partial cross sect
for this reaction. The corresponding experimental value
638645 mb. The difference between the calculated p
Coulomb and experimental partial cross sections sugg
that the nuclear, and Coulomb-nuclear interference te
could contribute up to 40250 % in this reaction. This is an
interesting finding that underlines the need for extending
FRDWBA theory to include the nuclear breakup effects.
should be stated here that the partial Coulomb cross sec
obtained within the adiabatic model are only a few perc
larger than those of the FRDWBA theory and show char
teristics similar to those in Table I.

The longitudinal momentum distributions~LMD ! for each
of the 10Be core states are displayed in Fig. 2. The solid a
dashed lines represent the results of the FRDWBA and a
batic model, respectively. We note that while for the grou
state of the10Be core the results of the two theories a
almost identical, they differ quite a bit from each other f
the excited states. It is for the first time that such big diff
ences are seen between the predictions of the two theorie
the momentum distributions.

Although due to unavailability of the experimental da
for these cases it would be premature to comment upon
suitability of either theory for these excited states, a f
speculative remarks can still be made. It is not unreason
to think that the adiabatic assumption~as discussed in the
previous section! may come under severe pressure for
excited states. Due to their non-s-wave nature, the wave
functions for the excited-state neutron-core motion peak
larger values in ther space, yielding possibly a significanc
to the regime where the asymptotic form of the adiaba
wave function @Eq. ~12!# becomes inadequate. It would
therefore, be interesting to investigate the importance of
non-adiabatic corrections@33# to the theory, for these case

The full width at half maximum~FWHM! of the calcu-
lated LMD for the ground state of10Be is 44 MeV/c that is
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consistent with the experimental value of (47.566) MeV/c
seen in the measurements on a9Be target@9#. This recon-
firms that LMDs are independent of the reaction mechan
and provide a very clean way of determining the existence
halo structure in nuclei. The LMDs for the excited states
10Be are broad, which is also consistent with the obser
tions made in@9#. This indicates that the respective stat
have a nonhalo structure.

B. Excitation of the bound states of18C in the Coulomb
breakup of 19C

Table II displays results of our calculations of the pu
Coulomb partial cross sectionssC for transitions to ground
and three excited bound states of18C core in the
208Pb(19C,18Cg)X reaction at the beam energy of 60 MeV
nucleon. These states have recently been seen@11# in the
9Be(19C,18Cg)X reaction at the same beam energy.

The states of the18C core~with excitation energies of 0.0
MeV, 1.6 MeV, 4.0 MeV, and 4.9 MeV! are assumed to hav
the configurations,@1s1/2n ^ 01(18C)#, @0d5/2n ^ 21(18C)#,

FIG. 2. Partial-longitudinal-momentum distributions for the i
dicated states of10Be fragment in the pure Coulomb one-neutro
removal reaction of11Be on a208Pb target at the beam energy of 6
MeV/nucleon. The solid and dashed lines represent the results
tained within FRDWBA and adiabatic models, respectively. T
core-valence neutron configuration considered for each state i
dicated in the respective boxes.

TABLE II. Calculated partial cross sections to the final states
18C in the Coulomb breakup of19C on a 208Pb target at the beam
energy of 60 MeV/nucleon.

I p Ex l C2S sC C2S•sC

~MeV! ~mb! ~mb!

01 0.0 0 0.58 993.2 576.1
21 1.6 2 0.48 8.80 4.22
01 4.0 0 0.32 13.38 4.28
21,31 4.9 2 2.44 1.08 2.87

Sum 23.26 11.37
8-6
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CORE EXCITATION IN COULOMB BREAKUP REACTIONS PHYSICAL REVIEW C63 054608
@1s1/2n ^ 01(18C)#, and @0d5/2n ^ I p(18C)#, respectively.
The correspondingC2S values were taken@36# to be 0.58,
0.48, 0.32, and 2.44, respectively, which are the same
those used in@11#. The value ofSn for the ground state wa
taken to be 0.530 MeV. We see that in this case too
ground state of18C is predominantly excited. The partia
cross sections to the excited states are somewhat larger
those seen in the case of10Be, since the excited 01 state of
18C core can have ans-wave neutron relative motion. Ye
these contributions represent no more than about 2% of
cross section to the ground state.

The LMD for each of the18C core states is shown in Fig
3. The solid and dashed lines show the results of the FR
WBA and adiabatic models, respectively. In this case too
note that the predictions of the two models differ for t
excited states of the core, while for the ground state t
agree very well with each other.

The value ofSn for 19C is still an unsettled issue. Th
weighted average of the atomic mass measurements ca
out at Los Alamos and GANIL@42,43# suggests a value o
0.1660.11 MeV. However, from the analysis@44,45# of the
data on the Coulomb dissociation of19C, a higher value of
0.530 MeV has been extracted. The interpretation of the
cent data@11# on the 9Be(19C,18Cg)X reaction also suggest
a higher value of 0.860.3 MeV. Obviously, any conclusion
drawn from the breakup data strongly depends on the r
tion mechanism and on the theory used for the calculatio
the breakup cross sections. With this precaution, we wo
like to show here that the pure Coulomb breakup has so
advantages over the nuclear breakup process in this reg

FIG. 3. Partial-longitudinal-momentum distributions for the i
dicated states of18C fragment in the pure Coulomb one-neutro
removal reaction of19C on a208Pb target, at the beam energy of 6
MeV/nucleon. The solid and dashed lines represent the results
tained within the FRDWBA and adiabatic models, respectively. T
core-valence neutron configuration considered for each state i
dicated in the respective boxes.
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It should be mentioned here that one of the reasons for
uncertainty in the value ofSn in Ref. @11# is the fact that, due
to the low beam intensity in this experiment, the statisti
errors associated with the measured LMD for the grou
state of 18C are large. The data do not allow to distingui
between the nuclear breakup calculations of the LMD do
within the rangeSn58006300 keV. The difference in the
peak value of the nuclear LMD@11# calculated withSn
51100 keV and 500 keV is only about 1.6. In contrast, t
peak values of the corresponding pure Coulomb LMD cal
lated with the same values ofSn differ by a factor of about 4,
as can be seen in Fig. 4. This result is unlikely to be alte
by the presence of the nuclear breakup effects, as they
to show up in the tail regions of the LMDs. Thu
A@19C,18C(g.s.)#X type of reactions on a heavy target ma
offer a better chance to put more definite constraint on
value ofSn for 19C.

Further insight into the value ofSn from these reactions
can be obtained from the full width at half maximum of th
LMD. In Fig. 5, we show theSn dependence of the FWHM
of the LMD for the 18C(g.s.) in the same reaction as in Fi
4. It can be seen that FWHM increases from 42 MeV/c to
about 65 MeV/c asSn increases from 500 keV to 1100 keV
The variation of the corresponding FWHM in the nucle
breakup case is relatively weaker.

IV. SUMMARY AND CONCLUSIONS

In this paper we calculated the pure Coulomb break
contributions to the partial cross sections and to the long
dinal momentum distributions for the ground and excit
states of the core fragments observed in208Pb(11Be,10Beg)X
and 208Pb(19C,18Cg)X types of one-neutron removal rea
tions, at the beam energy of 60 MeV/nucleon. These re
tions have recently been studied at the Michigan State U

b-
e
in-

FIG. 4. Partial-longitudinal-momentum distribution for th
ground state of18C in the pure Coulomb one-neutron removal r
action of 19C on a 208Pb target at the beam energy of 60 MeV
nucleon for the core-valence neutron separation energies of
MeV, 0.8 MeV, and 1.1 MeV, as indicated. The solid and dash
curves represent the results of the FRDWBA and adiabatic mod
respectively, in each case.
8-7
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R. SHYAM AND P. DANIELEWICZ PHYSICAL REVIEW C63 054608
versity but on the light9Be target; hence, these data a
dominated by the nuclear breakup effects. One of our a
was to see in which way the Coulomb-dominated react
mechanism was different and could supplement the con
sions derived from the pure nuclear breakup studies of
nuclei. The advantage of the pure Coulomb break up proc
is that the corresponding theory has no freely adjustable
rameter, and assuming that the mutual excitation of the ta
by the Coulomb force is negligible, the inelastic break
mode does not contribute to this process.

As in the previous studies@10,9,11#, we assumed that th
coupling between the core states is weak and that there
dynamical excitation of these states. Thus, the reaction
only populate those core states that have a nonzero spe
scopic factor for a given neutron-core configuration in t
projectile ground state. We employed both the finite-ran
DWBA and adiabatic model of the Coulomb breakup theo
in our calculations. In earlier studies@25# of the inclusive
Coulomb dissociation cross sections, the two theories p
duced nearly identical results for the momentum distrib
tions of heavy fragments.

FIG. 5. Full width at half maximum ~FWHM! of the
longitudinal-momentum distribution of18C(g.s) ~shown by solid
circles! as a function of the core-valence neutron separation en
in the same reaction as in Fig. 4. The FRDWBA and adiab
model results are indistinguishable from each other.
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We found that in reactions of the typeA(a,bg)X on a
heavy target, the core ground state is predominantly exci
higher energy states account for only a few percent of
total cross section. This finding is in contrast to the resu
obtained on similar reactions on a light target, where abo
quarter of the total breakup cross section could be due
transitions to core excited states. Our finding is supported
a recent measurement@37# of the 197Au(14B,13Bg)X reaction
at the beam energy of 60 MeV. The reason for this differen
is attributed to the fact that pure Coulomb breakup cr
sections drop very strongly as the separation energy
creases. On the other hand, the nuclear breakup cross
tions decrease slowly with increasing SE. Therefore, s
reactions on a heavy target are potentially a more useful
for investigating the properties of the ground state of the c
fragments.

A rather interesting result of our study is that the finit
range DWBA and the adiabatic theories of Coulomb break
lead to very different longitudinal momentum distribution
for the excited states of the core fragments. It is probably
first time that such a large difference is seen in the pred
tions of two theories for the momentum distributions. Th
should provide some impetus to look for the nonadiaba
corrections to the adiabatic approximation that may co
under some pressure for the excited states.

Coulomb-dominated breakup reactions may provide a b
ter way for resolving the uncertainty associated with the o
neutron separation energy of19C. The peak value and th
full width at half maximum of the longitudinal momentum
distributions for the ground state of18C core are more sen
sitive to the one-neutron separation energy in the Coulo
breakup process than in the nuclear breakup. In the la
case, the dependence could be so weak that the data
limited statistics may not allow to distinguish between t
values of these quantities calculated with quite different o
neutron separation energies@46#.
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