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The Coulomb breakup of one-neutron halo nuclei is studied within the postform distorted-wave Born
approximation(DWBA) theory. A method of evaluation of the DWBA breakup amplitude in momentum space
is presented. The theory is applied to the Coulomb breakup of the11Be and19C halo nuclei on208Pb at the
beam energy of,70 MeV/nucleon. Calculations for relative energy spectra are compared with available
experimental data. Good agreement in shape is found for low relative energies. Comparison with the results
obtained using a local momentum approximation to the DWBA amplitude shows that the effects of this
additional approximation are substantial. The DWBA calculations are also compared to those of an adiabatic
breakup theory. The two theories lead to significantly different results.

DOI: 10.1103/PhysRevC.70.044605 PACS number(s): 25.60.Gc, 24.10.Eq, 25.70.De, 27.20.1n

I. INTRODUCTION

The investigation of neutron halo nuclei has attracted sig-
nificant interest in the past decades. In a simplified picture
these nuclei are described as a well-defined core surrounded
by a diffuse halo with a valence neutron(s) [1–3]. Breakup
reactions, in which the valence neutron is removed from the
halo nucleus, are used to study the properties of the halo
structure. Coulomb breakup is an important reaction channel
in the scattering of halo nuclei from highly charged targets.
Because of the simplicity of the reaction mechanism, the
Coulomb breakup could be a very important source of infor-
mation about the structure of neutron halo nuclei. However,
in order to extract reliable structure information from experi-
mental data, the adequacy of the reaction formalism must be
ascertained.

There are a number of different theoretical approaches to
the study of the Coulomb breakup of neutron halo nuclei
(see, e.g., Ref.[4] for a recent review). In some of these
approaches the Coulomb and nuclear breakups are treated at
the same time—e.g., Refs.[5–9]. Most of the methods are
based on a semiclassical approximation: the relative motion
between the projectile and target is treated classically. The
experimental data are usually analyzed within the framework
of first-order perturbation theory[10–16]. The main semi-
classical methods which include higher-order effects are ex-
plicit inclusion of higher-order terms[17,18], coupled chan-
nel calculations[19,20], and direct numerical solution of the
time-dependent Schrödinger equation[5,6,9,21–26].

The Coulomb breakup has also been investigated within
fully quantum mechanical approaches. The post-form
distorted-wave Born approximation(DWBA) was used ear-
lier to study the breakup of light stable nuclei[27]. Later, this
theory was also applied to the Coulomb breakup of neutron
halo nuclei—e.g., Refs.[28,29]. The theory is first order in
the interaction between the core and valence particle; it as-
sumes that the excitation of the projectile is weak. Recently,
a theory of Coulomb breakup has been formulated within the

framework of an adiabatic model[30–32]. The model as-
sumes that the excitation energy of the projectile is small
compared with the energy of the projectile-target relative
motion. This assumption leads to a simple bremsstrahlung
expression for the breakup amplitude. In both the adiabatic
and DWBA approaches the Coulomb interaction between the
core and target is taken into account to all orders.

In applications of the DWBA theory to the Coulomb
breakup of neutron halo nuclei the finite-range transition am-
plitude has not been evaluated exactly. Additional simplify-
ing approximations have been used—e.g., the approximation
of a zero-range interaction between the core and valence
neutron(s) [28,33–35]. The zero-range approximation(ZRA)
implies that the projectile’s internal orbital angular momen-
tum is zero. Moreover, the ZRA cannot be justified at higher
energies[31,36] even fors-wave projectiles. Several calcu-
lations of the Coulomb breakup of neutron halo nuclei have
been reported[29,32,37] where finite-range effects are
treated approximately by a local momentum approximation
to the DWBA theory. In most of the cases studied this ap-
proach gave results which are similar to those obtained
within the adiabatic model. However, in order to draw con-
clusions from such a comparison, regarding the basic as-
sumptions made in the two theories, the effects of the addi-
tional approximation to the DWBA breakup amplitude must
be known. Recently, test calculations within the exact
DWBA theory have been presented[38]. The DWBA
breakup amplitude has been expressed in momentum space
as a three-dimensional integral and evaluated without the use
of additional approximations. It has been shown that com-
monly used approximations to the DWBA theory of Cou-
lomb breakup are very suspect.

In this paper, the method of evaluation of the DWBA
breakup amplitude in momentum space is presented in more
detail. The theory is applied to the Coulomb breakup of the
one-neutron halo nuclei11Be and 19C at energies around
70 MeV/nucleon. The calculations for relative energy spec-
tra are compared to the experimental data of Nakamuraet al.
[10,11]. The results are also compared to the predictions of
the adiabatic model as well as to those obtained using the
local momentum approximation to the DWBA.*Electronic address: zadro@irb.hr
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The paper is organized in the following way. In Sec. II the
theoretical formalism is given. Numerical results and com-
parison to experimental data are presented and discussed in
Sec. III. Conclusion are summarized in Sec. IV.

II. FORMALISM

We consider the reactionp+ t→c+n+ t, where the two-
body projectilep (with chargeZp), consisting of the charged
fragmentc (with massmc and chargeZc=Zp) and the neutral
particlen (with massmn), breaks up in the Coulomb field of
a targett (with massmt and chargeZt). The relative coordi-
nates used to describe this three-bodyc+n+ t system are
shown in Fig. 1. The two complementary sets of relative
coordinatessr ,Rd and srct,Rnd are related by the following
equations:

rct = R − ar, Rn = bR + gr , s1d

where

a =
mn

mc + mn
, b =

mt

mc + mt
, g = 1 −ab. s2d

The corresponding pairs of the relative momenta in the final
channels"k ,"K fd and s"kct,"Knd are related as

kct = gK f − bk, Kn = aK f + k. s3d

The relative momentum of the projectile with respect to the
target is"Ki.

We assume that the projectile interacts with the target
only through the core-target point Coulomb potentialVctsrctd.
The exact transition amplitude in the post-form is given by
(spin coordinates are omitted for simplicity)

T = kxs−dskct,rctdFce
iKn·RnFnuVncsrduCp

s+dsr,Rdl. s4d

HereCp
s+dsr ,Rd is the full solution of the three-body scatter-

ing problem, xs−dskct,rctd is the Coulomb distorted-wave
function describing thec− t relative motion in the final state,
andVncsrd is the core-valence particle binding potential.Fc

and Fn are, respectively, the internal wave functions of the
fragmentsc andn.

A. DWBA transition amplitude

The DWBA consists of replacing the exact wave function
Cp

s+dsr ,Rd by

Cp
s+dsr,Rd < Fpsrdxs+dsKi,Rd, s5d

where Fpsrd is the projectile internal wave function and
xs+dsKi ,Rd is the Coulomb distorted wave describing the
projectile-target relative motion. Inserting Eq.(5) into Eq.
(4) and integrating over internal coordinates yields(e.g.,
[32,38])

T = o
,mjm

S, j
1/2kJcMcjmuJpMplk,mSsu jmlB,m, s6d

whereS, j
1/2 is the usual spectroscopic amplitude. Here,Jc,S,

andJp are the spins of the particlesc, n, andp, respectively,
, is the orbital angular momentum of the particlen in the
projectile p, and j is its total angular momentum. The re-
duced transition amplitudeB,m is

B,m = kxs−dskct,rctdeiKn·RnuVncsrdufp
,msrdxs+dsKi,Rdl, s7d

wherefp
,msrd is the wave function of then−c relative motion

in the projectilep,

fp
,msrd = i,u,srdY,msr̂d. s8d

B. Approximations to the DWBA amplitude

The expression for the transition amplitudeB,m is quite
difficult to evaluate because it involves a six-dimensional
integral. Therefore, different additional approximations have
been used to reduce the computational complexity. The com-
mon result of several approximate methods[38] is that the
reduced transition amplitude separates into two factors, each
involving a three-dimensional integral,

B,m < keiqnc·ruVncsrdufp
,msrdlkxs−dskct,r8deibKn·r8uxs+dsKi,r8dl.

s9d

The first factor in this equation is the so-called vertex func-
tion and it contains information about the internal structure
of the projectile. It can be expressed as

Fsqncd = keiqnc·ruVncsrdufp
,msrdl = F,sqncdY,msq̂ncd, s10d

where

F,sqncd = 4pE drr2j,sqncrdVncsrdu,srd. s11d

The amplitudes of different approaches differ only through
the momentaqnc which appear in the vertex functionFsqncd.
The ZRA, defined byVncsrdfp

,msrd=D0dsrd, corresponds to
the constant vertex functionFsqncd=D0=Fs0d. An approxi-
mate way of taking into account finite-range effects is by use
of the local momentum approximation. Applying this ap-
proximation to the entrance-channel Coulomb distorted wave
xs+dsKi ,Rd leads to Eq.(9) with qnc=k−asKi8−K fd, whereKi8
is the local momentum evaluated at some representative
projectile-target distance. With the local momentum approxi-

FIG. 1. (Color online) Definition of the relative coordinates used
in the text.
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mation to the Coulomb distorted wave in the final channel,
xs−dskct,rctd, one obtainsqnc=k−askct8 −kctd, wherekct8 is the
effective local momentum in the core-target system. If the
local momentaKi8 and kct8 are replaced by their asymptotic
valuesKi andkct (asymptotic momentum approximation), we
haveqnc=k−asKi −K fd and qnc=k, respectively. A detailed
discussion of the validity of the approximate DWBA meth-
ods can be found in Ref.[38].

The second term in Eq.(9) contains the dynamics of the
breakup process. It can be expressed in closed form in terms
of hypergeometric functions—e.g., Refs.[39,40]. Using the
following expressions for Coulomb distorted waves,

xs+dski j ,r i jd = e−phi j /2Gs1 + ihi jdeiki j ·r i j

31F1f− ihi j ,1;iskij r ij − ki j · r i jdg, s12d

xs−d*ski j ,r i jd = xs+ds− ki j ,r i jd, s13d

one obtains

kxs−dskct,r8deibKn·r8uxs+dsKi,r8dl

= e−pshpt+hctd/2Gs1 + ihptd

3Gs1 + ihctdF− lim
«→0

d

d«
IBs«,Ki,kct,QdG . s14d

HereIB is the integral which appears in the calculation of the
bremsstrahlung cross section[41–43], sometimes called the
Nordsieck integral[44],

IBs«,Ki,kct,Qd

=E dr8
r8

e−«r8+iQ·r8
1F1f− ihct,1;iskctr8 + kct · r8dg

31F1f− ihpt,1;isKir8 − Ki · r8dg

= As«,Ki,kct,Qd2F1f− ihpt,− ihct;1;zs«,Ki,kct,Qdg,

s15d

where

As«,Ki,kct,Qd = 4p
sQ2 + «2 − 2Q ·Ki − 2i«KidihptsQ2 + «2 + 2Q ·kct − 2i«kctdihct

sQ2 + «2d1+ihpt+ihct
, s16d

zs«,Ki,kct,Qd =
2sQ2 + «2dsKikct + Ki ·kctd − 4sQ ·Ki + i«KidsQ ·kct − i«kctd

sQ2 + «2 − 2Q ·Ki − 2i«KidsQ2 + «2 + 2Q ·kct − 2i«kctd
, s17d

with

Q = Ki − kct − bKn = Ki − K f . s18d

In the above expressions« is a real positive parameter and
hpt andhct are the Coulomb parameters,

hpt =
ZpZte

2mpt

"2Ki
, hct =

ZcZte
2mct

"2kct
, s19d

wherempt and mct are the reduced masses of the projectile-
target and core-target systems, respectively.

C. Evaluation of the exact DWBA amplitude

The reduced amplitude of Eq.(7) can be expressed in
momentum space as a three-dimensional integral,

B,m =E dQi

s2pd3Ffk − asQi − K fdgx̃s−d*skct,Qi − K f + kctd

3x̃s+dsKi,Qid, s20d

whereFsqd ,q=k−asQi −K fd, is the vertex function defined
by Eq. (10) and x̃s±dski j ,qi jd is the Fourier transform of the
Coulomb wave functionxs±dski j ,r i jd defined by

xs+dski j ,r i jd =E dqi j

s2pd3eiqi j ·r i j x̃s+dski j ,qi jd, s21d

x̃s+dski j ,qi jd =E dr i je
−iqi j ·r i jxs+dski j ,r i jd. s22d

The Coulomb wave in momentum space has been derived by
Guth and Mullin[45]. It can be can be expressed as

x̃s+dski j ,qi jd = w0
s+dski j ,qi jd + ws+dski j ,qi jd, s23d

where

ws+dski j ,qi jd = − 8phi j kije
−phi j /2Gs1 + ihi jd

3 lim
«→0

H fqij
2 − skij + i«d2g−1+ihi j

fuqi j − ki j u2 + «2g1+ihi j
J . s24d

The first term in Eq.(23) is the Coulomb asymptotic state in
momentum representation[46]. It is a d-function-type term
with support at the pointqi j =ki j .

Now, we assume that the dominant contribution to the
integral in Eq.(20) comes from the narrow region around a
point Qi =Qi

0 and thatFsqd is the slowly varying function of
Qi, so that it can be factored out of the integral at the point
qnc=k−asQi

0−K fd. Then the breakup amplitude reduces to
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B,m < B,m
0 = Ffk − asQi

0 − K fdg E dQi

s2pd3

3x̃s−d*skct,Qi − K f + kctdx̃s+dsKi,Qid

= Fsqncdkxs−dskct,RdeibKn·Ruxs+dsKi,Rd. s25d

This expression forB,m has the same structure as that in Eq.
(9). The localization of the breakup amplitude(20) in mo-
mentumq and the validity of the factorization approximation
for different choices of the effective momentumQi

0 has been
studied in Ref.[38].

The exact transition amplitude can be rewritten as

B,m = B,m
0 + DB,m, s26d

where

DB,m =E dQi

s2pd3hFfk − asQi − K fdg − Ffk − asQi
0 − K fdgj

3 x̃s−d*skct,Qi − K f + kctdx̃s+dsKi,Qid. s27d

In order to reduce the integral in Eq.(27), we write it as

DB,m = DB,m
0 + dB,m, s28d

where

DB,m
0 =E dQi

s2pd3 f0sQidx̃s−d*skct,Qi − K f + kctdx̃s+dsKi,Qid,

s29d

dB,m =E dQi

s2pd3ffsQid − f0sQigx̃s−d*skct,Qi − K f + kctd

3x̃s+dsKi,Qid, s30d

with

fsQid = Ffk − asQi − K fdg − Ffk − asQi
0 − K fdg, s31d

f0sQid =
Qi

2 − Ki
2

Kf
2 − Ki

2 fsK fd +
sQi − K f + kctd2 − kct

2

sKi − K f + kctd2 − kct
2 fsKid.

s32d

It is readily seen thatffsQid− f0sQig→0 whenQi →Ki and
Qi →K f, which are the supports ofw0

s+dsKi ,Qid and
w0

s−d*skct,Qi −K f +kctd, respectively. Thus, the contribution
from terms involving the Coulomb asymptotic states in Eq.
(30) vanishes, so that we can write

dB,m =E dQi

s2pd3ffsQid − f0sQigws−d*skct,Qi − K f + kctd

3ws+dsKi,Qid. s33d

The first term in Eq.(28) can be evaluated analytically. Us-
ing the Schrödinger equation in momentum space, one ob-
tains

sqij
2 − kij

2dx̃s+dski j ,qi jd = − 2hi j kijW̃
s+dski j ,qi jd, s34d

where W̃s+dski j ,qi jd is the Fourier transform of
xs+dski j ,r i jd / r ij , and the termDB,m

0 can be written as

DB,m
0 = −

2hptKi fsK fd
Kf

2 − Ki
2 E dQi

s2pd3x̃s−d*skct,Qi − K f + kctd

3W̃s+dsKi,Qid −
2hctkctfsKid

sQi − K f + kctd2 − kct
2 E dQi

s2pd3

3W̃s−d*skct,Qi − K f + kctdx̃s+dsKi,Qid. s35d

Transforming these integrals back to coordinate space, we
find

DB,m
0 = − 2FhptKi fsK fd

Kf
2 − Ki

2 +
hctkctfsKid

sQi − K f + kctd2 − kct
2 G

3Kxs−dskct,RdeisKf−kctd·RU 1

R
Uxs+dsKi,RdL

= − 2FhptKi fsK fd
Kf

2 − Ki
2 +

hctkctfsKid
sQi − K f + kctd2 − kct

2 G
3e−pshpt+hctd/2Gs1 + ihptdGs1 + ihctd

3 lim
«→0

IBs«,Ki,kct,Qd, s36d

where IB is the Nordsieck integral given by Eq.(15) with
Q=Ki −kct−sK f −kctd=Ki −K f.

Thus, the DWBA breakup amplitude of Eq.(20) can be
reexpressed as

B,m = B,m
0 + DB,m

0 + dB,m. s37d

The termsB,m
0 and DB,m

0 have the analytical forms of Eq.
(25) and Eq.(36), respectively. The integration in the expres-
sion (33) for dB,m can be carried out numerically.

D. Adiabatic model

The Coulomb breakup of neutron halo nuclei has recently
been formulated within the adiabatic model[30–32]. In the
adiabatic approach it is assumed that the projectile excitation
energy is negligible compared to the incident energy, and
thus the internal Hamiltonian of the projectile can be re-
placed by a representative constant energy. This is chosen to
be then−c binding energy in the projectile ground state. It
has been shown that the resulting three-body wave function
has an analytic solution[47]

Cp
s+dsr,Rd < Cp

s+dADsr,Rd = FpsrdeiaKi·rxs+dsKi,Rd. s38d

SubstitutingCp
s+dAD in Eq. (4) leads to the expression(6) for

the transition amplitude where the reduced amplitudeB,m is

B,m
AD = keiqnc·ruVncsrdufp

,msrdlkxs−dskct,rctdeibKn·rctuxs+dsKi,rctd,

s39d

with qnc=k−asKi −K fd. It may be noted that the identical
amplitude is obtained within the DWBA theory by making
the asymptotic momentum approximation to the entrance-

M. ZADRO PHYSICAL REVIEW C 70, 044605(2004)

044605-4



channel Coulomb distorted wave. However, assumptions un-
derlying the two theories are quite different[32].

E. Differential cross section

The differential cross section for the three-body breakup
reaction is given by(e.g.,[48,49])

ds =
2pmpt

"ppt

1

2Jp + 1 o
McsMp

uTu2
dpncdpsncdt

s2p"d6

3dsEnc + Esncdt − Etot
c.m.d, s40d

whereppt="Ki , pnc="k, andpsncdt="K f. In Eq.(40), Enc and
Esncdt are the kinetic energies of the relative motion of the
fragmentsn and c and of their center of mass(c.m.) with
respect to the target, respectively. The total kinetic energy in
the c.m. system,Etot

c.m., is related to the kinetic energy of the
projectile-target relative motionEpt and the reactionQ value
Q,

Etot
c.m. = Enc + Esncdt = Ept + Q. s41d

Using pijdpij =mi jdEij , where mi j is the corresponding re-
duced mass, one obtains, for the triple differential cross sec-
tion,

d3s

dEncdVncdVsncdt
=

2pmpt

"ppt

1

2Jp + 1 o
McsMp

uTu2r f , s42d

HereVnc andVsncdt are the solid angles associated with the
directions of the relative momentapnc andpsncdt, respectively,
andr f is the phase space factor,

r f =
mncmsncdtpncpsncdt

s2p"d6 . s43d

Inserting Eq.(6) into Eq.(42) and carrying out the sum over
spin projections one gets

d3s

dEncdVncdVsncdt
=

2pmpt

"ppt
o
j,m

S, j

s2, + 1d
uB,mu2r f . s44d

Finally, the relative energy spectrumds /dEnc is obtained
bay integrating this equation over the solid anglesVnc and
Vsncdt.

III. NUMERICAL RESULTS

The breakup of the11Be and19C halo nuclei on a Pb target
has been measured at RIKEN at the beam energies of 72 and
67 MeV/nucleon, respectively[10,11]. In this section the
calculations within the exact DWBA model are presented for
these cases. For the purpose of comparison with the DWBA
results, calculations were also performed within the adiabatic
(AD) model. Comparison is also made with the results ob-
tained by using the local momentum approximation to the
DWBA (LMA-DWBA ). The local momentum approxima-
tion was applied to the distorted wave in the final channel.
The local momentumkct8 was calculated as in Refs.[29,37]:
the magnitude ofkct8 was evaluated at 10 fm and its direction

was taken to be the same as that of the asymptotic momen-
tum kct.

The single-particle wave functionsu,srd were calculated
in a Woods-Saxon potential. The depth of the potential was
adjusted to reproduce the neutron-core separation energy.
The radius and diffuseness parameters used in this work are
listed in Table I. For11Be, the ground state was assumed to
have a 2s1/2 neutron coupled to the10Bes0+d core with a
binding energy of 504 keV. In the case of19C, the ground-
state wave function was obtained by assuming a configura-
tion in which a 2s1/2 neutron is bound by 0.530 keV to the
18Cs0+d core [11].

The cross sectionds /dErel as a function of the relative
energy Erel sErel=Encd between the fragmentsn and 10Be
from the breakup of11Be on a208Pb target at the beam en-
ergy of 72 MeV/nucleon is shown in Fig. 2. The relative
energy spectrum is obtained by integrating the triple-

TABLE I. Parameters of then-10Be andn-18C potentials.

Nucleus a [fm] R [fm] Set Ref.

11Be 0.50 2.478 P1 [32]

0.60 2.669 P2 [50]

0.67 2.640 P3 [51]
19C 0.62 3.239 [11]

FIG. 2. (Color online) (a) Cross section as a function of the
relative energy between the neutron and10Be emitted in the breakup
of 11Be on 208Pb at the beam energy of 72 MeV/nucleon. The
curves represent the exact DWBA(thick solid), the LMA-DWBA
(dotted), and the AD model(thin solid) calculations. The calcula-
tions are with the potential setP2 of Table I.(b) The exact DWBA
and AD model calculations after multiplying with a spectroscopic
factor of 0.81 and 1.08, respectively. The experimental data are
from Ref. [10], but scaled by a factor 0.85[9].
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differential cross sectiond3s /dEncdVncdVsncdt, Eq. (44),
over all possible relative angles between the fragments. The
integration over c.m. angles of then+10Be systemusncdt was
done in the range 0°–2.77°, which corresponds to a minimum
impact parameterbmin of about 13 fm. The thick solid and
dotted lines represent the results of the exact DWBA and
LMA-DWBA calculations, respectively. The results of the
AD model are represented by the thin solid line. It can be
seen in Fig. 2(a) that the results of the exact DWBA differ
considerably from the results of the approximate DWBA as
well as from those of the AD model. On the other hand, the
results of the LMA-DWBA are almost identical to the results
of the AD model. The comparison of the results of the exact
DWBA and AD model calculations with the experimental
data of Nakamuraet al. [10] is presented in Fig. 2(b). The
experimental data are scaled by a factor of 0.85(see Ref.[9])
and the theoretical cross sections are multiplied by a spec-
troscopic factor of 0.81(DWBA) and 1.08(AD). These val-
ues of the spectroscopic factorS are deduced by fitting the
calculated cross sections to the experimental spectrum for
low relative energies,Erel,0.8 MeV.

The calculated cross section depends on the parameters
defining the geometry of the Woods-Saxon potential. Chang-
ing the shape of the binding potential will change the size of

the neutron halo. The exact DWBA calculations for three sets
of the radius parameterR and diffusenessa (see Table I) are
presented in Fig. 3(a). The corresponding root-mean-square
(rms) radii for the relative motion between the halo neutron
and the core are 6.7 fmsP1d, 7.0 fm sP2d, and 7.15 fmsP3d.
The resulting spectroscopic factors are 0.90, 0.81, and 0.77,
respectively. The rms radius is sensitive to the potential dif-
fuseness while its dependence on the potential radius is
rather weak [51]. The structure of the projectile enters
through the vertex functionF0sqd. Figure 3(b) shows the
low-momentum part of the vertex functions for11Be, as a
function of q, for the three potentials. The breakup cross
sections at very forward angles reflect the behavior of the
vertex function at low momentaq; see Ref.[38].

Figure 4 shows the cross sections as a function of the
relative energy between the fragments(neutron and18C) for
the breakup of19C on a208Pb target at the beam energy of
67 MeV/nucleon. The integration overusncdt was done in the
range 0°–2.5°[52]. The calculations are for the neutron sepa-
ration energySn=530 keV [11]. Qualitatively, the results of
the three models for the19C breakup are similar to those for
the 11Be case. The spectroscopic factorS=0.73 is obtained
by fitting the exact DWBA results to the experimental data
for Erel,1 MeV. The results of the AD model differ signifi-
cantly from the exact DWBA calculations: they lead to a
spectroscopic factor of 1.08. We note that in this case too the
effects of the local momentum approximation to the DWBA
breakup amplitude are significant.

FIG. 3. (Color online) (a) Cross section as a function of the
n-10Be relative energy for the breakup of11Be on208Pb at the beam
energy of 72 MeV/nucleon. The experimental data are from Ref.
[10], but scaled by a factor 0.85[9]. The curves compare the exact
DWBA calculations for three different shapes of then-10Be poten-
tial (see Table I): P1 (thick solid), P2 (dashed), and P3(thin solid).
(b) The vertex functionsF0sqd, as a function ofq, for these
potentials.

FIG. 4. (Color online) (a) Cross section as a function of the
n-18C relative energy for the breakup of19C on 208Pb at the beam
energy of 67 MeV/nucleon. The curves represent the exact DWBA
(thick solid), the LMA-DWBA (dotted), and the AD model(thin
solid) calculations. The calculations are for the neutron separation
energy of 530 keV.(b) The exact DWBA and AD model calcula-
tions after multiplying with a spectroscopic factor of 0.73 and 1.08,
respectively. The experimental data are from Ref.[11].
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Since the one-neutron separation energySn of the 19C is
not known precisely, calculations were performed with three
values ofSn: 530 keV [11], 650 keV [5,53], and 800 keV
[53]. The results of the exact DWBA calculations are shown
in Fig. 5. It can be noted that both the peak height and shape
of the relative energy spectrum are quite sensitive to the
separation energy. The normalization factorS changes from
0.73 forSn=530 keV to 1.57 forSn=800 keV. The compari-
son of the shapes of the calculations and experimental data in
the peak region seems to support a value ofSn in the range
,530–650 keV.

In order to draw more reliable conclusions from a com-
parison of the pure Coulomb breakup calculations with ex-
perimental data, the effects of the projectile-target nuclear
interaction should be known. In the present calculations the
nuclear absorption is simulated by a cutoff on the angleusncdt.
This classically corresponds to a cutoff on the impact param-
etersb. However, the choice of an adequate minimum impact
parameterbmin is not straightforward for halo nuclei. Further-
more, one has to take into account the nuclear contribution to
the breakup cross section. In Refs.[10,11], this was esti-
mated from the carbon target data. Recently, a different ap-
proach has been used[12–14]: the breakup cross sections for
11Be, 15C, and19C have been analyzed as a function of the
minimum impact parameter. The selection of the minimum
impact parameter is expected to be effective to select the
pure Coulomb breakup component. In order to make a com-
parison with the new RIKEN data(preliminary experimental
data of Refs.[12–14], the DWBA and AD model calculations
were performed with the minimum impact parameterbmin
=30 fm. The results for the breakup of11Be at
68 MeV/nucleon and19C at 67 MeV/nucleon on208Pb are
shown in Fig. 6. For11Be, the calculations and new data for

b.30 fm [12–14] seem to lead to a spectroscopic factor
smaller than that extracted from the comparison of the old
data, without the selection on the impact parameterb, with
the calculations forbmin=13 fm. In the19C case, the calcu-
lations in Fig. 6 and the data forb.30 [13] seem to indicate
a value ofSsimilar to that obtained from the data without the
cutoff on b and the calculations withusncdt

max =2.5°. More de-
tailed comparison has to wait for the publication of the new
RIKEN data.

The experimental data[10,11] could also contain contri-
butions from the inelastic Coulomb breakup, where the target
is excited during the breakup process, as well as the Cou-
lomb breakup leading to the core excited states. In the Cou-
lomb breakup experiments of Refs.[15,16,54], g rays were
measured in coincidence with the breakup fragments. The
detection ofg rays allowed to identify the specific states of
the core after breakup. In addition, theg rays associated with
the excitation of the target were measured in the experiment
of Ref. [54]. The results of these experiments suggest that the
mutual excitation process could be negligible in the Cou-
lomb breakup reactions. In Ref.[16] it was found that in the
the Coulomb breakup of11Be on Pb at 520 MeV/nucleon a
few percent of the total cross section is due to the population
of the 10Be excited states. Such contributions in the RIKEN
data[10,11] would reduce the extracted spectroscopic factors
for the core ground-state component in the ground state of
11Be and19C.

FIG. 5. (Color online) Cross section as a function of then-18C
relative energy for the breakup of19C on 208Pb at the beam energy
of 67 MeV/nucleon. The curves represent the exact DWBA calcu-
lations for three values of the neutron-core separation energySn:
530 keV (thick solid), 650 keV (thin solid), and 800 keV(dot-
dashed). The experimental data are from Ref.[11].

FIG. 6. (Color online) Cross section as a function of the
neutron-core relative energy for the breakup of(a) 11Be on208Pb at
the beam energy of 68 MeV/nucleon and(b) 19C on 208Pb at the
beam energy of 67 MeV/nucleon, for a minimum impact parameter
of bmin=30 fm. The curves represent the exact DWBA(thick line)
and the AD model(thin line) calculations. The calculations for the
11Be projectile are with the potential set P2 of Table I. The calcu-
lations for 19C are with the neutron-core separation energySn

=530 keV.
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IV. SUMMARY AND CONCLUSIONS

In this paper, the Coulomb breakup of one-neutron halo
nuclei has been studied within the postform DWBA theory.
The DWBA breakup amplitude has been evaluated in mo-
mentum space without the use of additional approximations.

Relative energy spectra of the fragments(neutron and
core) were calculated for the Coulomb breakup of11Be and
19C on a 208Pb target at the beam energy of
,70 MeV/nucleon for very forward angles. The calculations
have been compared with the experimental data of Naka-
mura et al. [10,11]. Good agreement in shape between the
theory and the data is found for low relative energies for both
projectiles. The comparison confirms that the dominant con-
figuration of the11Be is a 2s1/2 neutron coupled to the ground
state of the10Be core. For19C, the relative energy spectrum
is consistent with a predominance of the ground-state con-
figuration in which a 2s1/2 neutron is coupled to the ground
state of the18C core with a binding energy in the range
530–650 keV.

The calculations were also performed within the approxi-
mate DWBA model which uses the local momentum ap-
proximation to the DWBA breakup amplitude. This work has
shown that the differences between the local momentum and

exact DWBA calculations are substantial for both projectiles.
In the case of the11Be breakup, the local momentum ap-
proximation reduces the cross sections in the peak region by
,25%. In the19C case, the effects of the local momentum
approximation are,35%. Thus, it appears that the LMA-
DWBA breakup amplitude is a poor approximation to the
exact DWBA amplitude.

The results of the exact DWBA calculations have also
been compared to those of the AD breakup model. It appears
that these two theories lead to significantly different spectro-
scopic factors. Thus, at least one of the models is not ad-
equate for a quantitative analysis of the Coulomb breakup of
11Be and 19C at ,70 MeV/nucleon. This discrepancy be-
tween the DWBA and AD model results reflects differences
between assumptions made in the two theories. The AD
model assumes that excitations of the projectile are to the
low-energy continuum, and so the adiabatic approximation
can be made. Thus, there is a need to estimate the range of
validity of the adiabatic approximation for the Coulomb
breakup. The DWBA assumes that excitations of the projec-
tile are weak and so need be treated only to first order. How-
ever, in the case of weakly bound halo nuclei, the effects of
halo breakup could be important.
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