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Coulomb breakup of 11Be and 19C

P. Banerjee, I. J. Thompson, and J. A. Tostevin
Department of Physics, School of Physical Sciences, University of Surrey, Guildford, Surrey GU2 5XH, United Kingdom

~Received 18 March 1998!

We investigate the Coulomb part of the one-neutron removal cross section in breakup reactions of the
neutron rich nuclei11Be and 19C. Approximate Coulomb breakup amplitudes are derived from two distinct
theoretical viewpoints. One of these uses an approximation to the distorted-wave Born approximation. The
other assumes an adiabatic treatment of the projectile excitation to the low energy continuum. Both approaches
include approximately the finite range of the interaction between the breakup fragments and so can treat non-
s-wave projectiles. Calculations are analyzed and compared with available experimental data for total one-
neutron removal cross sections, neutron angular distributions, heavy charged fragment momentum distribu-
tions, and excitation energy spectra for breakup on highZ targets.@S0556-2813~98!00108-3#

PACS number~s!: 24.10.Eq, 25.60.2t, 25.70.Mn
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I. INTRODUCTION

Experiments with beams of neutron rich nuclei, like11Li,
11Be, and14Be, have revealed the existence of a neutron h
structure. In their ground states these nuclei have vale
neutron~s! which extend far out in space beyond a smal
dense core@1–3#. 19C, the last particle stable odd-neutro
isotope of carbon, also promises to be a halo candidate@4,5#
with a very small one-neutron separation energy of 2
695 keV @6#. Such systems provide a stringent test
nuclear structure models developed for stable nuclei as
involve new structures and surface phenomena. The
structure is manifest experimentally through large react
and Coulomb dissociation cross sections@7–9#, forward
peaked angular distributions of neutrons measured in coi
dence with the core nuclei@10,11#, a narrow component in
the neutron angular distributions in core breakup reacti
@5#, and extremely narrow measured momentum distributi
of these core nuclei@12–14#.

Consideration of the fragmentation of these halo nucle
important. Most have only one bound state, the ground st
and a broad featureless continuum. Thus conventio
nuclear structure methods, dealing with the energies
spin-parities of excited levels, are inappropriate. One m
consider processes that excite the continuum and the stud
breakup reactions provides such a tool. In particular, a p
cise knowledge of halo nucleus Coulomb dissociation cr
sections would place constraints on their electric dipole
sponse@15–19#.

The Coulomb dissociation of11Li and 11Be has been
studied by Cantoet al. @20# and Bertulaniet al. @21# within a
semiclassical coupled-channels formalism. Kidoet al. @22#
and Bertschet al. @23,24# have solved the time-depende
Schrödinger equation for the relative motion of the core a
halo. The results in@22–24# are however dependent on th
range of impact parameters chosen for the assumed str
line trajectories used to describe the motion of the projec
in the field of the target. Shyamet al. @25,26# have studied
the Coulomb breakup of several neutron dripline nuclei
ing the post form of the distorted-wave Born approximati
~DWBA! theory. However, they make the simplifying a
proximation of a zero-range~ZR! interaction between the
PRC 580556-2813/98/58~2!/1042~10!/$15.00
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constituents of the projectile, as did the authors of@20,21#.
Other semiclassical@11# and prior form DWBA@16# calcu-
lations also make the ZR approximation.

A consequence of using the ZR approximation is that
structure of the projectile is assumed to affect the brea
amplitude only as a multiplicative constant. Although the Z
approximation is justified in studies of low energy deuter
breakup @27–29#, its use for more massive projectiles
higher beam energies is very suspect. The approximatio
certainly inapplicable in cases where the projectile’s inter
orbital angular momentum is different from zero, when it
crucial to include the effects of the finite-range of the inte
action. This in turn introduces a more complex depende
and sensitivity of the breakup amplitude to the project
structure.

In this paper we report approximate finite-range quant
mechanical calculations of elastic Coulomb breakup in11Be
and 19C induced reactions at beam energies below 100 M
nucleon. We derive finite-range breakup amplitudes fr
two theoretically distinct viewpoints. One of these makes
approximation to the distorted waves Born approximat
theory. The other assumes an adiabatic treatment of the
jectile excitation to the low energy continuum. Calculatio
of the exclusive neutron angular distributions, parallel a
transverse momentum distributions of the core fragment,
excitation energy spectra are also presented. In Sec. II
present details of the theoretical formulations. Struct
models used for11Be and19C are presented in Sec. III. Ou
results are discussed in Sec. IV and conclusions are draw
Sec. V.

II. THREE-BODY MODEL OF COULOMB BREAKUP

We consider the elastic Coulomb breakup of a two-bo
composite projectilea5c1v, with spins sa , sc , and sv ,
from a spinless targett. Thus we treat thea1t→c1v1t
dissociation process as an effective three-body probl
which are assumed to have massesmc, mv , andmt . We also
assume that the valence particlev is uncharged and does no
interact with the target,Vvt50, and that the charged corec
interacts with the target through a~spin-independent! point
1042 © 1998 The American Physical Society
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PRC 58 1043COULOMB BREAKUP OF 11Be AND 19C
Coulomb interactionVct . We adopt the Jacobi system o
coordinates shown in Fig. 1.

The Schro¨dinger equation satisfied by the three-body sc
tering wave function, for the projectile incident with mome
tum \ka and spin-projectionsa in the center-of-mass~c.m.!
frame, is therefore

@TR1Vct~R2gr!1Hcv2E#Ckasa

~1 ! ~r,R!50, ~1!

whereg5mv /(mc1mv) andHcv is the internal Hamiltonian
for the valence-core system.TR is the kinetic energy operato
for the projectile-target relative motion. The projecti
ground state will be denotedFasa

(r), with an assumed sepa

ration energy2e0, and is obtained by solving the Schro¨-
dinger equation for the core-valence particle relative mot
in their binding potentialVcv(r).

The transition amplitude for elastic Coulomb breakup,
the c.m. frame, is

Tscsv ;sa
5^x~2 !~kc ,Rc!Ssc

eikv•RvSsv
uVcvuCkasa

~1 ! ~r,R!&,
~2!

whereSsc
andSsv

are the core and valence particle intern

wave functions withsc and sv their spin projections.\kc
and \kv are the asymptotic momenta of these fragmen
conjugate toRc andRv , respectively, andx (2) is an in-going
waves Coulomb distorted wave function describing thec–t
relative motion in the final state. Since it is assumed t
Vvt50 the valence particle is described by a plane wave
the final state.

A. DWBA and adiabatic approximation schemes

We outline two approximation schemes for calculatio
of the exact quantum mechanical amplitude Eq.~2! based on
~i! an approximation to the distorted-wave Born approxim
tion ~DWBA!, and ~ii ! an adiabatic treatment of the proje
tile’s excitation @30,31#. We show that, dependent on th
precise assumptions made in the first of these methods
formulas derived from the two approaches can look simi
or even identical. We stress however that in deriving th
formulas the two models make quite distinct physical a
proximations to the exact three-body wave functionC (1).
Possible observable differences between calculations b

FIG. 1. The coordinate system adopted for the core, vale
particle, and target three-body system.
t-
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on the two approaches are discussed with our results.
basis of the two formulations is first clarified.

In the DWBA it is assumed that Coulomb excitations
the projectile are weak and so need be treated only to
order. C (1) is therefore approximated, as is usual, by t
product

Ckasa

~1 ! ~r,R!'Ckasa

DW ~r,R!5Fasa
~r!x~1 !~ka ,R!. ~3!

Herex (1) is a Coulomb distorted wave describing the~point!
projectile elastic scattering and, by definition,CDW has a
vanishing overlap with all projectile inelastic channels. Su
stituted in Eq.~2! this yields the usual post form transitio
amplitudeTDW of DWBA theory.

By contrast, the adiabatic approach does not assume
breakup states are weakly coupled. It is assumed how
that the states which are strongly coupled to the projec
ground state in Eq.~1! havec–v relative energiesEcv!E, or
that the energies associated withHcv are small.Hcv is there-
fore replaced by a representative~constant! energy, taken as
2e0. It was shown in Ref.@30# that the resulting~adiabatic!
three-body equation has an exact solution which separate
the variablesRc and r, namely

Ckasa

~1 ! ~r,R!'Ckasa

AD ~r,R!5Fasa
~r!eigka•rx~1 !~ka ,Rc!.

~4!

The x (1) here is the same Coulomb distorted wave as
peared in Eq.~3! but is evaluated at the core coordinateRc .
Unlike CDW, CAD solves the adiabatic three-body equati
and by construction it retains breakup components—evid
from its complicated dependence onr. This approximate
three-body solution, when substituted in Eq.~2!, derives the
adiabatic approximation to the elastic breakup amplitu
TAD @31#.

In both cases the projectile ground state appears as a
tor, which we now write explicitly, to clarify its orbital com
ponentsl , as

Fasa
~r!5 (

lm jmsc8sv8
^scsc8 jmusasa&

3^ lmsvsv8u jm&Fa
lm~r!Ss

c8
Ssv8

, ~5!

where Fa
lm(r)5 i lul(r )Ylm( r̂), the ul are radial wave func-

tions, and theYlm are the spherical harmonics. Since the on
distorting interactionVct is assumed central the integration
over spin variables can be carried out in Eq.~2!. The re-
quired ~AD and DW! approximate transition amplitudes ca
then be expressed as

Tscsv ;sa
5 (

lm jm
^scscjmusasa&^ lmsvsvu jm&b lm , ~6!

where the reduced transition amplitudesb lm are, in the
DWBA

b lm
DW5^x~2 !~kc ,Rc!e

ikv•RvuVcvuFa
lm~r!x~1 !~ka ,R!&,

~7!

and in the adiabatic model

e



ow

ap
th
e.
c

io
e

n
q.
is

he

r
he

are
lcu-

-

li-

des

ated

at
e-

c-
y

e
all

ate
on

c-
in
re

ob-

o

R
ing
o
rises
con-
ria-

ef-
he

neu-
ac-
his

1044 PRC 58P. BANERJEE, I. J. THOMPSON, AND J. A. TOSTEVIN
b lm
AD5^x~2 !~kc ,Rc!e

ikv•RvuVcvuFa
lm~r!eigka•rx~1 !~ka ,Rc!&.

~8!

Since Rv5aRc1r, where a5mt /(mt1mc), then without
further approximation the entire adiabatic amplitude n
separates exactly in the coordinatesRc and r, as

b lm
AD5^eiqW v•ruVcvuFa

lm~r!&

3^x~2 !~kc ,Rc!e
iakv•Rcux~1 !~ka ,Rc!&

5^qW vuVcvuFa
lm&^x~2 !~kc!;akvux~1 !~ka!&. ~9!

The momentumqv appearing in the first term isqv5kv
2gka .

B. Effective momentum approximation to DWBA

The entrance channel distorted wave function inbDW

does not separate in the variablesRc and r. The DWBA
amplitude thus remains a six dimensional integral. An
proximate variable separation, and hence factorization of
amplitude, can however be developed if one assumes,
@32,33#, a local momentum approximation to the entran
channel Coulomb distorted wave forR(5Rc1gr) values
about the pointRc , i.e.,

x~1 !~ka ,R!'exp~ igKa•r!x~1 !~ka ,Rc!. ~10!

Equation~10! is of course an exact Taylor series expans
aboutRc if Ka(52 i¹Rc

) is treated exactly. This is not don

here. RatherKa[Ka(RD) will be interpreted as aneffective
momentumfor the projectile, to be evaluated at a represe
tative distanceRD from the target, where the integrand in E
~7! is thought to be large. The choice of direction of th
vector is discussed later, however, sinceVcv restricts the
integrals in Eq.~7! to smalluru, Eq. ~10! may be a useful first
approximation.

It was shown in@32# that a condition for the validity of a
local momentum approximation is that the variation of t
magnitudeKa5uKau with positionRD should satisfy

Rcv!
Ka~RD!

2 UdKa~r !

dr U
r 5RD

21

, ~11!

whereRcv is of order of the range ofVcv . We will show that
for the reactions of interest this condition onKa is satisfied.
In the following Eq.~10! will be used assuming afixedvalue
of Ka for all R, but whose direction, when used in Eq.~7!,
can be allowed to depend onkc andkv . Equation~10! pro-
vides a separation of the six dimensional integral inbDW

which then reads

b lm
DW5^QW vuVcvuFa

lm&^x~2 !~kc!;akvux~1 !~ka!&. ~12!

Now, in the first term,QW v5kv2gKa , whereKa is the effec-
tive momentum which has yet to be specified.

The two factors in Eqs.~9! and ~12! also separate the
structure and dynamical parts of the calculations. The fi
terms carry all information about the structure of t
-
e
g.,
e

n

-

st

projectile—through its ground state wave function. These
the same vertex functions as arise in transfer reaction ca
lations and can be written

^quVcvuFa
lm&5Dl~q!Ylm~ q̂!5D~q!, ~13!

where

Dl~q!54pE
0

`

drr 2 j l~qr !Vcv~r !ul~r !. ~14!

The second factors, the overlaps^x (2)(kc);akvux (1)(ka)&,
are identical in Eqs.~9! and ~12!. These can also be evalu
ated in closed form using the bremsstrahlung integral@34#
and are associated solely with the reaction dynamics.

C. Comparison of model amplitudes

From the computational point of view, the reaction amp
tudesbDW andbAD differ only through the momenta which
appear in the first terms, the vertex functions. The amplitu
become identical in the limit that we chooseKa5Ka(RD

5`) k̂a[ka . The factors ^x (2)(kc);akvux (1)(ka)&, and
hence the treatment of the reaction dynamics, are tre
identically in the two cases.

While Eqs.~9! and~12! appear very similar, we stress th
they result from quite distinct approximations to the thre
body wave functionC (1). Whereas the adiabatic wave fun
tion CAD of Eq. ~4! is an exact solution of the three-bod
equation~with Hvc52e0) for all R andr, the approximation
to CDW used in Eq.~10! is introduced as an approximat
representation of the elastic distorted wave over only a sm
region of the configuration space. Clearly this approxim
form has nonvanishing overlaps with projectile excitati
channels if assumed for allr, in contradiction with the defi-
nition of CDW. The approximation used in Eq.~10! does not
specify an appropriate choice for the direction of the effe
tive momentumKa which remains a free parameter with
that approach. Sensitivity of calculations to its choice a
discussed in the following.

In previous work@25,26,35#, for s-state projectiles, simi-
lar factored expressions for the transition amplitude were
tained by the following steps. FirstR was replaced byRc in
Eq. ~7!, termed a ‘‘no-recoil approximation.’’ This is seen t
be equivalent to assumingg50 in our formulas, requiring
D0(q) to be evaluated at thelarge final state valence particle
momentumq5kv . Secondly, despite this requirement, a Z
approximation to the vertex function was made, replac
D0(kv) by D0(0)—its small momentum value. These tw
steps are seen to be inconsistent. The inconsistency a
because, for the heavy projectiles and the beam energies
sidered here, the distorted waves undergo significant va
tions over the range of the interactionVcv , and the applica-
tion of the ZR approximation is unjustified.

In our Coulomb breakup amplitudes the finite-range
fects, thatRcÞR, have been retained. The result is that t
Dl(q) appear evaluated at momentumqv or Qv . In the
three-body model used here, momentum transfers to the
tral valence particle can take place only through its inter
tion with the core particle. The vertex functions describe t
momentum transfer from the ground state byVcv . The pres-
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PRC 58 1045COULOMB BREAKUP OF 11Be AND 19C
ence of the terms involvingg in these transferred momen
is the direct result of treating the finite range effects in thr
variable. These momentum transfers take on small value
kinematical regions where the Coulomb breakup amplitu
are large, with the result that relatively low momentum co
ponents of the projectile verticesDl(q) are probed. These
are presented in the following section.

D. Expressions for differential cross sections

The triple differential cross section for the elastic break
reaction is

d3s

dEcdVcdVv
5

2p

\va
H 1

2sa11 (
scsvsa

uTscsv ;sa
u2J

3r~Ec ,Vc ,Vv!, ~15!

or, upon carrying out the spin projection summations,

d3s

dEcdVcdVv
5

2p

\va
H(

lm

1

~2l 11!
ub lmu2J r~Ec ,Vc ,Vv!.

~16!

Hereva is thea–t relative velocity in the entrance channe
The phase space factorr(Ec ,Vc ,Vv) appropriate to the
three-body final state is@36,37#

r~Ec ,Vc ,Vv!5
h26mtmcmvpcpv

mv1mt2mvpv•~P2pc!/pv
2

~17!

where, for the differential cross section in the laborato
frame,P, pc , andpv are the total, core, and valence partic
momenta in the laboratory system.

The total dissociation cross sections and neutron ang
distributions are obtained by integrating the above triple d
ferential cross sections with respect to solid angles an
energy of the appropriate fragment~s!. Starting from the
same triple differential cross section, the parallel and tra
verse momentum distributions of the heavy charged fr
ment c can be obtained by integration over the unobser
momentum components.

To calculate thec–v relative energy~or excitation! spec-
trum, we first compute the triple differential cross secti
d3s/dEcvdVcvdV (cv)t . This is related to the triple differen
tial cross section in Eq.~15! according to@36#

d3s

dEcvdVcvdV
~cv !t

5H mcvpcvm~cv !tp~cv !t

h6r~Ec ,Vc ,Vv!
J d3s

dEcdVcdVv
.

~18!

Here the subscriptscv and (cv)t denote relative quantitie
between the fragmentsc andv, and the target and center o
mass of the two fragments, respectively, andr is given by
Eq. ~17!. Integrating over the solid anglesVcv and V (cv)t ,
one calculates the relative energy spectrumds/dEcv which,
sinceEex5Ecv1e0, is equal to the excitation energy spe
trum ds/dEex .
in
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y
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-
d

III. STRUCTURE MODELS

There is both theoretical@38# and experimental@39# evi-
dence that the ground state of11Be is, dominantly, a 1s1/2
neutron configuration. Model calculations suggest a spec
scopic factorS50.78 @38# for this configuration. We calcu-
late the breakup of11Be assuming a 1s1/2 neutron orbital
with separation energy 0.504 MeV.

For 19C, a simplest shell model picture suggests that
last neutron should be in a 0d5/2 orbit. More detailed calcu-
lations however, based on the Warburton-Brown effect
interaction, predict ans-state 19C ground state, due to th
lowering of the 1s1/2 orbit @40#. There is also the possibility
considered in recent model calculations@41#, of a 3/21 or
5/21 ground state with a large amplitude o
18C(21;1.62MeV) ^ s1/2 configuration. Therefore, for19C,
three sets of calculations will be carried out, with the neutr
in either a 1s1/2 or 0d5/2 orbit bound by 0.240 MeV, or with
the 1s1/2 neutron bound by 1.86 MeV to a core excited sta
which is probably a 21 state@42#.

We assume a Woods-Saxon potential forVcv with radius
and diffuseness parameters 1.15 fm and 0.5 fm, and w
depth adjusted to reproduce the bound neutron energ
With this choice the rms radius for the relative motion b
tween the two fragments is 6.7 fm for11Be. This gives an
overall rms radius for11Be equal to 2.9 fm when the size o
the 10Be core is taken as 2.28 fm@43#. For 19C, the valence
neutron rms radii are 8.9 fm and 4 fm for the assumeds- and
d-states with separation energy 0.240 MeV. The correspo
ing rms sizes of19C are 3.45 fm and 2.96 fm. The radius
3.00 fm for the 19C core-exciteds-state configuration. The
rms size used for the18C core is 2.9 fm@44#.

Unless otherwise stated we have used these11Be and19C
wave functions in all calculations. The resulting vertex fun
tions Dl(q) are shown, as a function ofq, in Fig. 2.

IV. RESULTS AND DISCUSSIONS

The sensitivity of calculations to the choice of the mag
tude and direction of the effective local momentumKa is of
importance in assessing possible quantitative difference
the predictions of the DW and AD approaches.

A. Choice of effective momentum

We first examine the results for a first case, denoted~a!,

where K̂a(RD)5 k̂a . We look at the total Coulomb one
neutron removal cross sectionss2n for 11Be on 197Au and
19C on 208Pb at 41 and 77 MeV/nucleon, respectively, as
function ofRD—which controls the magnitudeKa . We find,
in all cases considered, that the calculated cross section
crease by order of 10% asRD increases from 5 to 10 fm
after which there is even less variation~1%!. The integrated
cross sections are therefore essentially independent of
parameterRD in the physically plausible region beyond 1
fm. We cannot therefore distinguish between the results

the two models for this choice ofK̂a .
The local momentum approximation has been us

mostly for nuclear transfer reactions@33,45–48# where there
is similar uncertainty regarding the direction to be taken. T
authors of Ref.@33# believed that the choice of direction doe
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1046 PRC 58P. BANERJEE, I. J. THOMPSON, AND J. A. TOSTEVIN
not affect the results, so they took it along the direction
the corresponding asymptotic momentum. The authors
Ref. @32# assumed that the choice of the direction ofKa does
not matter for breakup reactions.

Concerning the validity of a local momentum approxim
tion, in Eq.~11! Rcv is less than 10 fm while the right han
side is greater than 15 fm for all values ofRD used here,
when Ka is determined by the Coulomb potential onl
Therefore validity can be achieved for pure Coulom
breakup reactions. However, this does not prove the glo
constancy ofKa over the whole of the configuration spac
necessary for the calculation of the finite-range DWBA a
plitude. This discussion does not arise in the adiabatic
mulation.

To study sensitivity to the direction ofKa we have exam-
ined two further cases and setK̂a to the direction of~b! the
mean of the incoming and summed outgoing fragment m
menta, and~c! the summed outgoing fragment momenta. F
11Be and 19C we see decreases of less than 5% in the c
sections fors-state ground states~see Table I!. For ad-state
wave function of 19C, ~a! and ~b! are very similar, but the
choice~c! gives very significantly larger cross sections. W
also calculate the neutron angular distributions for brea

FIG. 2. Vertex functionsDl(q) for 19C and 11Be as a function
of momentum transferq.
f
of

-

al

-
r-

-
r
ss

p

of 11Be on Au at 41 MeV/nucleon for the case~c!, shown by
the dashed line in Fig. 3. This angular distribution is broa
than the previous one, the peak height somewhat sma
and there is no minimum at intermediate angles. We obse
no dependence of the calculated widths of the parallel m
mentum distributions of the heavy charged breakup fragm
(10Be from Coulomb breakup of11Be on U at 63 MeV/
nucleon! on the direction ofKa . The solid curve in Fig. 3
would be changed only at its peak, by of order 3%, ifRD510
fm were used.

We conclude that, in the presented approximation
DWBA, there is some dependence on the choice of the
fective momentumKa . This shows up as changes in th
cross sections, sinceD(Qv) can be very sensitive to sma
changes inQv . Within the adiabatic approach, there is n
such interpretation or reference to an effective local mom
tum. The observables that have so far been measured for
nucleus breakup are not of sufficient precision to distingu
the changes we see here. For the purpose of calculation
the Coulomb breakup of11Be and 19C, the two approaches
give similar results for the observables. We thus concent
below on what physics can be learned and, unless other
stated, we useKa5ka .

FIG. 3. Exclusive neutron angular distribution for Coulom
breakup of 11Be on Au at 41 MeV/nucleon, withS50.78. The
experimental data are from Ref.@11#. The solid line uses case~a!
and the dashed line case~c! for the direction of the effective mo-
mentumKa .
ic
f
ed
TABLE I. Calculated Coulomb part ofs2n for 11Be and 19C in barns, for the given g.s. spectroscop
factorsS and neutron bound state energiese. Columns~a!, ~b!, and ~c! correspond to different choices o
direction of the effective local momentum of the projectile~see text!. The cross sections have been obtain
with RD.10 fm ~see text!.

Projectile e Ebeam ~a! s2n ~b! s2n ~c! s2n

1 target ~MeV! S ~MeV/nucleon! s-state d-state s-state d-state s-state d-state

11Be1197Au 0.504 1 41 2.64 2.64 2.53
11Be1197Au 0.504 0.78 41 2.06 2.06 1.97
19C1208Pb 0.240 1 77 3.57 0.37 3.56 0.35 3.49 0.51
19C1181Ta 0.240 1 30 5.30 0.23 5.30 0.23 5.13 0.37
19C1181Ta 1.860 1 30 0.22 0.22 0.20
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B. Total Coulomb one-neutron removal cross sections

Since the majority of thes2n on targets of highZ is
accounted for by Coulomb breakup@25,26#, we have made
calculations for Pb, Au, and Ta targets. However, as we
not consider nuclear breakup as well as absorption effec
is not easy for us to calculate realistic total breakup cr
sections. For example, we have to perform angular inte
tions up to 30° for both the fragments in order to obta
convergence of the Coulomb cross sections. Our calcula
of the cumulative cross section of11Be on Au at 41 MeV/
nucleon beam energy shows that 10% of the Coulo
breakup is attributable to angles for the total momentum
the projectile fragments beyond 15° and 25% beyond
grazing angle of incidence (8°). Beyond these angles nuc
effects will be predominant but, to compare with publish
results, we shall present and discuss below the total brea
from the pure-Coulomb dissociation mechanism.

For 11Be on Au at 41 MeV/nucleon we obtain a pur
Coulombs2n of 2.06 barns, within the error bounds on th
experimental data@see Tables I~a! and II!#. The authors in
@11# used a semiclassical theory of Coulomb dissociation
ZR Yukawa form for the11Be ground state wave function
together with a finite size correction. They also calculate
cross section of almost 2 barns.

For 19C on Pb at 77 MeV/nucleon and on Ta at 30 Me
nucleon, our calculateds2n are 3.6 and 5.3 barns, respe
tively, when assuming ans-state wave function. These ar
close to the values of 3.9 and 5.9 barns predicted in a sim
core1neutron model by Ridikaset al. @41# using semiclassi-
cal Coulomb excitation theory withbmin510 fm. Thed-state
cross sections are an order of magnitude smaller than t
for an s-state. This is becauseq takes on small values
~around 0.2 fm21) at which the vertex function for the
d-state is smaller than that for thes-state~Fig. 2!. With in-
crease in beam energy, higher values ofq contribute to
D(q). This explains the increase of thed-state cross section
with beam energy and the corresponding decrease of
s-state cross sections~Table I!. Although experimental erro
bars are large~Table II!, comparison with Table I~a! shows
that experiment could allow at most 10–17 % of this pu
Coulombs-state contribution. This is in disagreement wi
Ref. @4# which concluded that the ground state of19C is a
well-developeds-state neutron halo.

C. Neutron angular distributions

The study of the momentum and angular distributions
fragments emitted in the dissociation of these neutron d
line nuclei is useful in probing the halo structure in the
ground state. Distributions of the momenta are related
their spatial distributions by Heisenberg’s uncertainty re
tion. In projectile fragmentation with stable isotopes, und

TABLE II. Experimental one-neutron removal cross sectio
s2n ~expt! of 11Be and19C in barns.

Projectile1 target Ebeam~MeV/nucleon! s2n ~expt! Ref.

11Be1197Au 41 2.560.5 @11#
19C1208Pb 77 1.160.4 @57#
19C1181Ta 30 0.860.3 @53#
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certain conditions the experimental momentum distributio
are shown to be proportional to the square of the momen
space wave function of the ground state@27,49#. However,
the fragment-target interactions lead to deviations from t
simple picture@35,50,51# and, since the Coulomb parts o
these interactions are included to all orders in our models,
can investigate the effect of such interactions on the sha
of the fragment momentum distributions.

In Fig. 3 we show the calculated exclusive neutron an
lar distributionds/dVn ~solid line! as a function ofun , from
the Coulomb breakup of11Be on a Au target at 41 MeV
nucleon. The experimental data of Ref.@11# are also shown.
Exclusive here means that both breakup fragments are
tected, but their energies are then summed over. The ca
lations shown are integrated over the core fragment ene
from 390 to 430 MeV, which includes the most significa
contributions to the cross section. The angular distribution
forward peaked, reflecting the neutron halo structu
@10,11,26,52#, and is in good agreement with the experime
tal data up to angles where nuclear contributions should
considered. There is a minimum in the calculated angu
distribution at around 25°, corresponding to the node in
vertex function in Fig. 2, but this is outside the region whe
the Coulomb mechanism is dominant.

The same distribution, calculated in Ref.@11# using semi-
classical theory and a Yukawa wave function, has a dip n
0°. There is also a dip in the experimental data, inset to F
3, but this is not as pronounced as calculated in@11#. We
only obtain a dip near 0° if we do not integrate over fra
ment energies. When we calculated2s/dEcdVn with the
10Be core moving with exactly the beam velocity, then the
is a 3% dip near 0° and a peak at 2°.

The neutron angular distribution also reflects the size
the neutron halo. In Fig. 4 we show neutron angular dis
butions for11Be on 197Au at 41 MeV/nucleon for wave func

FIG. 4. ~a! Neutron angular distributions for11Be on Au at 41
MeV/nucleon for11Be wave functions with the rms radii indicate
andS50.78. ~b! The vertex functions for these wave functions.
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tions with three different values of the11Be rms radius. All
calculations useS50.78. The solid line is the same as in Fi
3, with rms radius 2.9 fm. Varying the shape of the Wood
Saxon binding potential to obtain different sizes of the n
tron halo, we get the dotted and the dashed lines for11Be
rms radii of 2.8 fm and 3.0 fm, respectively. The differe
peak magnitudes at forward angles reflect the different
ues forD0(q) for q'0 ~Fig. 4, lower part! from the three
wave functions. Improved experimental data could be u
to determine the size of11Be. For a given neutron separatio
energy, in the analogous zero-range semiclassical or q
tum mechanical calculations@11,26# there is only sensitivity
to the size of the neutron halo if one renormalizes the gro
state wave function from unity, e.g.,@9#, so as to scale the
halo ~Yukawa! wave function tail to a realistic amplitude.

The possible amplitude of ad-state component in the
ground state of19C could also be observed in the exclusi
neutron angular distributions for19C breakup. These ar
shown in Fig. 5 for19C on Ta at 30 MeV/nucleon. The shap
and magnitude of thes-state angular distribution~upper part!
is quite different from that for thed-state, whose angula
distribution is distinctively broader. This can be understo
from the vertex functions shown in Fig. 2. Since increas
scattering angles probeDl(q) at largerq the cross section
increases for thed-state and decreases for thes-state.

Very recent measurements of19C one-neutron remova
cross sections and neutron angular distributions taken
GANIL @53# therefore give a direct indication of the groun
state structure. The magnitude of the cross section at forw
angles is expected to have a significant contribution from
Coulomb breakup mechanism calculated here. Recent da
@53#, reproduced in Fig. 5, show a broad neutron distribut
with a full width at half maximum~FWHM! of 120618

FIG. 5. Neutron angular distributions following Coulom
breakup of 19C on Ta at 30 MeV/nucleon. The solid and dash
lines are for thes- andd-state configurations with bound state e
ergy 0.24 MeV. The dot-dashed line results from the core-exc
s-state configuration. The data are from Ref.@53#.
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MeV/c. The cross section magnitude is seen to
'1.5 b/sr at forward angles. Of our Coulomb breakup cal
lations, only the model in which the ground state is describ
as ans-wave neutron coupled to a core excited state com
close, both in magnitude and shape, to the data. In this c
we calculate the cross section for detection of the18C core in
the excited (21) state. A coherent superposition o
18C(01) ^ d5/2 and 18C(21) ^ s1/2 configurations is also al-
lowed, for a 5/21 ground state, and would lead to an inc
herent superposition of the lower two curves in Fig. 5.

D. Core momentum distributions

In Fig. 6 we show the parallel momentum distributio
~PMD! ds/dpi as a function ofpi of the 10Be, for 11Be on
U and Ta targets at 63 MeV/nucleon. The calculated a
experimental@14# distributions have been shifted in energ
and normalized at the peaks so as to compare their wid
The peaks of our calculated PMDs fall at the momenta of
beam velocity and we do not predict post-acceleration of
10Be fragment in this inclusive observable. The calcula
Coulomb breakup distributions are seen to agree quite w
with the measured widths for both targets. For the Ta tar
however, where the data are more extensive, the calcul
distribution is seen to underpredict the data for largerpi , due
probably to nuclear breakup contributions at larger ang
which we have not included.

Our PMD widths for the U and Ta targets are 44 MeVc
and 43 MeV/c FWHM. Experimentally there is also ver
little change in these widths with target mass, and also w
the probable reaction mechanism. Our widths agree with
value 43.661.1 MeV/c @14# averaged from data on Be, Nb
Ta, and U targets. The width of the PMD for11Be breakup
estimated from a simple Serber model calculation@54# is
46 MeV/c which is also close to our calculated values. Sin

d

FIG. 6. Calculated parallel momentum distributions of10Be,
following Coulomb breakup of11Be on U and Ta at 63 MeV/
nucleon, in the projectile rest frame. The centroids of the exp
mental data, from@14#, have been shifted to compare the widths
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the Serber model does not take into account the effects o
final state fragment-target interactions, and moreover
PMD from this model has no reference to the react
mechanism, there are strong indications that the PMD p
vides a measure of the size of the extendeds-wave neutron
halo for 11Be. More generally, for non-s-wave and/or less
extended projectiles, and on light targets, nuclear effects
result in changes in the PMD widths from the intrinsic on
@55,56#.

Figure 7 shows the transverse momentum distributi
~TMD! ds/dp' as a function ofp' of the 10Be, for the same
reactions as above. In contrast to the PMD, the transv
widths are broad and are sensitive to the target charge.
FWHM widths change from 110 MeV/c on Ta to
145 MeV/c on U. A similarly broad TMD was observed fo
9Li in the reaction of 11Li on Pb @12#, which is also Cou-
lomb dominated. This TMD broadening with target char
was not observed in the ZR DWBA calculations of@35#.
Since this broadening is sensitive to the fragment-target fi
state interactions, measured TMD widths do not simply
flect the projectile structure.

E. Excitation energy spectra

The calculated excitation energy spectrum of the10Be
1n system, for11Be on Pb at 72 MeV/nucleon, is shown
Fig. 8. Also shown are the experimental data of Ref.@9#
whose authors estimated the nuclear contributions to be
than 10% at the peak position. They interpreted this a
direct breakup spectrum because they were able to fit
measured excitation spectrum using a dipole strength di
bution and a direct breakup model. This use of dir
breakup was in the sense of a prior-form DWBA mod
rather than the post-form amplitude used here. Their suc
indicates the low strength of the dipole transition from t
ground state. We cannot make a similar claim, since we
derive our post-form results within an adiabatic theory wh
includes all interactions to higher orders.

Our calculated energy spectrum agrees in shape with
measured, the peak coming around 800 keV. The experim
tal total dissociation cross section for11Be is 1.860.4 barns

FIG. 7. Transverse momentum distributions of10Be in the Cou-
lomb breakup of11Be on U and Ta at 63 MeV/nucleon beam e
ergy.
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@9#. We calculate 1.4 barns~assumingS50.78) from the
Coulomb breakup mechanism alone.

V. CONCLUSIONS

We have performed approximate finite-range quant
mechanical calculations of elastic Coulomb breakup of n
tron rich nuclei with a single valence neutron. We have f
mulated practical finite-range calculations using two theo
ical approaches which differ considerably in their physic
interpretation.

In the adiabatic approach we make the single approxim
tion that the strongly excited core-valence particle relat
energies in Coulomb breakup are small. The finite-ran
breakup amplitude which results is a product of factors
scribing separately the projectile structure and the dynam
of the reaction, and revealing the sensitivity of breakup
actions to the projectile structure. This factored form can a
be obtained by making an effective local momentum a
proximation in the post form of the DWBA breakup amp
tude. Unlike this DWBA formulation, which is first order in
the interaction between the core and the valence particles
adiabatic formulation is nonperturbative. A requirement
both methods is that the Coulomb interaction acts only o
single charged fragment in the two-body composite proj
tile.

The two theories give rise to different results, depend
on the direction assumed for the effective momentum in
DWBA approach, and which enters that formulation as a f
parameter. Unlike semiclassical and quantum mechan
theories which use the zero-range approximation, and wh
are unable to include possibled-state components of, e.g
19C, the present work is applicable to projectiles with a
relative orbital angular momentum structure between
fragments. We have investigated the one-neutron remo
reactions of11Be and 19C.

For 11Be, both of our theoretical approaches give gen
ally similar results, and thes2n and neutron angular distri
butions at forward angles are consistent with experime
data. The neutron angular distributions are sensitive to
size of the neutron halo and so reflect the ground state c
figuration of the projectile. The neutron halo structure is a

FIG. 8. Excitation energy spectrum for the Coulomb breakup
11Be on Pb at 72 MeV/nucleon. The data are from@9#.
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manifest in the very narrow widths of the parallel momentu
distributions of the10Be fragment calculated for Coulom
breakup of11Be on U and Ta targets, and which are ess
tially equal. For11Be, these parallel momentum distribution
are rather independent of the interactions governing
breakup process. The transverse momentum distribution
the other hand are much wider and are also affected by C
lomb final state interactions, even for the well develop
s-state halo in11Be. They are unsuitable for probing the ha
structure. No post-acceleration effect is calculated in the p
allel momentum spectra of10Be. The shape of the excitatio
energy spectrum of11Be, for breakup on a Pb target, and t
appearance of a strong peak at a low excitation energy a
with experimental measurements.

For 19C, a comparison ofs2n with available experimen-
tal results is consistent with the19C ground state being a
superposition ofd- ands-states, but at most 10–17 % of th
s-state is allowed by these data. Very recent measurem
taken at GANIL, of the neutron angular distribution fro
on
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19C breakup are shown to provide a more direct indication
this ground state structure. A model in which the grou
state is described as ans-wave neutron coupled to an excite
18C core gives Coulomb breakup cross sections closes
magnitude and shape to these new data.
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