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Coulomb breakup mechanism of neutron-halo nuclei in a time-dependent method
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The mechanism of the Coulomb breakup reactions of the nuclei with neutron-halo structure is investigate
in detail. A time-dependent Schro¨dinger equation for the halo neutron is numerically solved by treating the
Coulomb field of a target as an external field. The momentum distribution and the post-acceleration effect
the final fragments are discussed in a fully quantum mechanical way to clarify the limitation of the intuitive
picture based on the classical mechanics. The theory is applied to the Coulomb breakup reaction of11Be1
208Pb. The breakup mechanism is found to be different between the channels ofj p51/22 and 3/22, reflecting
the underlying structure of11Be. The calculated result reproduces the energy spectrum of the breakup frag
ments reasonably well, but explains only about a half of the observed longitudinal momentum differenc
@S0556-2813~96!01905-X#

PACS number~s!: 25.60.Gc, 25.70.De, 25.70.Mn
p
o
a

t

n

c
t
h
u
t

a

e
t

h
t

p-
lera-
p

tes
es-
g

i-
he
a
e
he
b-
a
n
e-
in
-
e

b
he
m-
al
ar-
b

of
of
e

nt
nt
e
.

I. INTRODUCTION

The neutron-halo structure has been observed system
cally @1# in light neutron-rich nuclei near the neutron dri
line. A large Coulomb breakup cross section has been
served for the neutron-halo nucleus in reactions on a he
target nucleus@2#, which indicates that a significant amoun
of E1 strength exists at low excitation energy region of th
neutron-halo nucleus@3#. Since stable nuclei do not have
such a strongE1 distribution at low excitation energy, this
unusual feature of the neutron-halo nucleus has attrac
much attention. The origin of the strongE1 distribution is
still controversial: It may be a resonant character due to
vibration of the halo neutron against a core nucleus@4#. Or it
may be understood from an analogy of the strongE1 transi-
tions known in9Be, 11Be, and13C where a single nucleon is
weakly coupled to a core nucleus@5#. A recent argument
suggests that the low-lyingE1 strength of the light halo nu-
clei is not considered the vibrational state@6#.

Recent experiments of the Coulomb breakup reactio
11Li1 208Pb @7# and 11Be1 208Pb @8#, have observed a sig-
nificant longitudinal momentum difference between the ha
neutron~s! and the core nucleus. The momentum differen
has been explained in terms of the Coulomb postaccelera
effect by assuming a direct breakup mechanism. In t
mechanism the breakup is assumed to occur instantaneo
at the closest approach point between the projectile and
get nuclei. After the breakup of the projectile nucleus, th
target Coulomb field accelerates only the core nucleus, a
causes the momentum difference between the neutron
the core nucleus. If the breakup proceeds through a reson
state of the projectile nucleus, the core nucleus and the h
neutron move together during its lifetime and the postacc
eration effect should become small. The observation of
longitudinal velocity difference is thus recognized as a dire
evidence for the nonresonant character of theE1 strength at
low excitation energy.

The postacceleration effect is not explained in the lowe
order perturbation treatment of the Coulomb excitation. T
evaluation of higher order effects is not easy because
5313/96/53~5!/2296~8!/$10.00
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final states involve continuum states. Several theoretical a
proaches have been proposed to understand the postacce
tion effect, including a classical treatment of the breaku
reaction@9#, a distorted-wave Born approach@10#, a simpli-
fied treatment of the higher order perturbations@11#, and a
coupled-channel approach with discretized continuum sta
@12#. Contrary to these approaches, some groups have inv
tigated the time evolution of the projectile nucleus by solvin
a time-dependent Schro¨dinger equation on mesh points of
space and time variables@13,14#.

In our previous paper@14# we studied the Coulomb
breakup of11Be and found large transverse and small long
tudinal momentum differences between the neutron and t
10Be nucleus. The result was understood in the picture of
free-particle breakup mechanism which is in contrast to th
direct breakup mechanism. However, the reproduction of t
experimental momentum difference remained an open pro
lem. In this paper we extend the previous calculation to
more realistic case by including the spin-orbit interactio
between the neutron and the core nucleus. A full thre
dimensional dynamical calculation has also been done
@13~b!# assuming a simple internal Hamiltonian. No investi
gation has, however, so far been performed to clarify th
roles of thels potential and the level structure of excited
states. We first analyze the mechanism of the Coulom
breakup quantum mechanically for various cases of t
neutron-core Hamiltonian. The results are discussed in co
parison with the intuitive arguments based on the classic
mechanics. The usefulness and limitation of the classical
guments is made clear. We then analyze the Coulom
breakup reaction of11Be1 208Pb@8# with a realistic choice of
the potential between the halo neutron and10Be. We show
that the breakup mechanism is sensitive to the structure
the excited states of the projectile and that the inclusion
the spin-orbit interaction is very important to reproduce th
observed features quantitatively.

In Sec. II we formulate the quantum-mechanical treatme
of the Coulomb breakup reaction using the time-depende
Schrödinger equation. The method of calculating the tim
evolution of the wave function is briefly explained. In Sec
2296 © 1996 The American Physical Society
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III the theory is applied to various cases of the halo nucle
to discuss the limitation of the classical arguments for
Coulomb breakup reaction and to reveal the characteris
of the quantum aspect. The Coulomb breakup of11Be on a
208Pb target is analyzed in Sec. IV. A brief summary is giv
in Sec. V.

II. FORMULATION

We consider the Coulomb breakup reaction of the nucl
with neutron-halo structure. The projectile of the ha
nucleus is assumed to consist of a single neutron and a
nucleus. The core nucleus is treated as a structureless pa
and binds the neutron weakly by an appropriate poten
We describe the reaction in the projectile rest frame wh
the center of mass of the projectile is put at the origin of t
coordinate. The time development of the wave functio
C(r ,t), of the relative motion between the neutron and t
core nucleus is described by the following time-depend
Schrödinger equation:

i\
]

]t
C~r ,t !5$H~r !1Vext~r ,t !%C~r ,t !, ~1!

where H(r )52(\2/2m)¹21V(r ) is the internal Hamil-
tonian describing the relative motion between the halo n
tron and the core nucleus. We assume that the projec
moves along a straight line trajectory with a constant vel
ity. The target nucleus exerts a Coulomb potentialVext(r ,t)
on the projectile. The potential is treated as a time-depend
external field in the projectile rest frame,
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Vext~r ,t !5
ZCZTe

2

u@mn /~mn1MC!#r1b1vtu
2
ZCZTe

2

ub1vtu
. ~2!

Hereb is the impact parameter which specifies the straig
line trajectory,v is the incident velocity of the projectile, and
ZT and ZC are the charge numbers of the target and co
nucleus, respectively. The masses of the neutron and the c
nucleus are denoted bymn andMC , respectively.

The wave function is expanded in partial waves as

C~r ,t !5(
lm

ulm~r ,t !

r
Ylm~ r̂ !. ~3!

When the internal HamiltonianH(r ) includes the spin-orbit
interaction, it is convenient to couple the spin of the neutr
with the relative orbital angular momentuml to the total
angular momentumj . Since the generalization to such a cas
is straightforward, we develop the formulation by assumin
the wave function of Eq.~3!.

We descretize the time variable in a stepDt, and repre-
sent the wave function of thenth time step asC (n)(r ). The
wave function of (n11)th time step is calculated by the
following formula:

C~n11!~r !.e2 iH ~r !Dt/\e2 iVext~r ,t !Dt/\C~n!~r !. ~4!

The radial part of the wave function of thenth step is de-
noted asulm

(n)(r ). The time development is then achieved b
two successive procedures. First, the development due to
external fieldVext(r ,t) is approximated by
ulm
~n11/2!~r !5ulm

~n!~r !2 iDt/\ (
l 8m8

^ lmuVext~r ,t !u l 8m8&ul 8m8
~n!

~r !. ~5!
v
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The evaluation of the matrix element in Eq.~5! is done by
expanding the external field into multipoles. Next the tim
development by the internal Hamiltonian is performed sep
rately for each angular momentum channel,lm, by using the
following approximation:

ulm
~n11!~r !5

12 i ~Dt/2\!hl~r !

11 i ~Dt/2\!hl~r !
ulm

~n11/2!~r !, ~6!

with

hl~r !52
\2

2m

d2

dr2
1

\2l ~ l11!

2mr 2
1Vl~r !. ~7!

To obtainulm
(n11)(r ) from ulm

(n11/2)(r ), we discretize the ra-
dius variabler on mesh points of an equal spacing and em
ploy the Crank-Nicolson formula@15# using a three-point
formula for the second-order differential operator.

The time evolution is calculated according to the abo
prescription from an initial wave function,C(r ,t52`)
5f0(r ), which is the ground-state wave function of the in
e
a-

-

e

-

ternal Hamiltonian. The breakup component of the wav
function is obtained by eliminating all the bound state com
ponents of the Hamiltonian

uCb
BU~r ,t !&5S 12 (

iPbound
uf i&^f i u D uC~r ,t !&. ~8!

Here the subscriptb is kept to stress that the time evolution
of the wave function is calculated for each impact paramet
of the external field.

The momentum distribution of the relative motion be
tween the neutron and the core nucleus after the breakup
obtained by

dPBU~b,k!

dk
5 lim

t→`

u^kuCb
BU~r ,t !&u2, ~9!

whereuk& represents the plane wave state. The integration
Eq. ~9! over k yields the Coulomb breakup probability,
PBU(b)5 limt→`^Cb

BU(r ,t)uCb
BU(r ,t)&, for a givenb. Inte-

gratingPBU(b) over the impact parameter vector yields th
total Coulomb breakup cross section.
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The breakup cross section can be expressed as a fun
of the relative motion energyE between the neutron and th
core nucleus as follows:

dsBU

dE
52pE

bmin

`

dbbE dkd~Ek2E!
dPBU~b,k!

dk
, ~10!

whereEk5\2k2/2m. The convergence of the integral in E
~10! is very slow with respect to the impact parameter. F
thermore the calculation of the relative momentum distrib
tion requires a long time step for large impact parameters
circumvent this difficulty, we divide the integration interv
of b to two parts,@bmin ,bs# and @bs ,`#, and in the latter
interval employ the first-order perturbation theory to calc
late the energy distribution. The value ofbs is chosen in such
a way that the first-order perturbation theory~PT! and the
time-dependent~TD! calculation give approximately th
same energy distribution atb5bs . Equation ~10! is then
recast to

dsBU

dE
5
dsBU

~TD!

dE
1
dsBU

~PT!

dE
. ~11!

The second term of Eq.~11! is expressed in a closed form b
using the perturbation theory. For this aim we use
breakup probability distribution which is obtained in th
first-order perturbation theory,

dPBU
~PT!~b!

dE
5
16p

9

ZT
2e2

~\v !2 S j

bD
2

@K0
2~j!1K1

2~j!#
dB~E1!

dE
,

~12!

where K0 and K1 are the modified Bessel functions an
j5bE/\v. By integrating Eq.~12! over the impact param
eter in the interval@bs ,`#, we obtain

dsBU
~PT!

dE
5
16p

9

ZT
2e2

~\v !2
2pjsK0~js!K1~js!

dB~E1!

dE
, ~13!

wherejs5bsE/\v.
TheB(E1) strength function in Eqs.~12! and ~13! is de-

fined by

dB~E1!

dE
[(

Mi
u^f i uD1Muf0&u2d~Ei2E!

1(
M

E dku^fkuD1Muf0&u2d~Ek2E!

5(
M

^f0uD1M
† d~Ĥ2E!D1Muf0&

52
1

p(
M

ImK f0UD1M
† 1

E2H1 i«
D1MUf0L

~14!

with the dipole operatorD1M defined by

D1M52
ZC

AC11
erY1M~ r̂ !, ~15!
tion
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whereAC is the mass number of the core nucleus. The wa
functionsf i andfk of Eq. ~14! are the bound excited states
and continuum states of the HamiltonianH(r ) andEi and
Ek are the corresponding eigenvalues, respectively. To c
culate theB(E1) strength function we rewrite Eq.~14! in a
time-dependent form,

dB~E1!

dE

5
3

p\
ReK f0UD10

† E
0

`

dte~ i /\!~E1 i«!te2~ i /\!HtD10Uf0L
5

3

p\
ReE

0

`

dte~ i /\!~E1 i e!t^f0uD10
† uc~ t !&, ~16!

where the ground state is assumed to havel50. The wave
function c(t)5e2( i /\)HtD10f0 satisfies the time-dependen
Schrödinger equation with the HamiltonianH(r ) and its ini-
tial wave functionc(0) is equal toD10f0 . By solving the
time-dependent Schro¨dinger equation without an external
field, it is possible to obtain the wave functionc(t) and then
calculate theB(E1) strength function according to Eq.~16!.
It is straightforward to generalize Eq.~16! to the case where
the spin-orbit potential is included.

III. QUANTUM-MECHANICAL ANALYSIS
OF COULOMB BREAKUP PROCESS

To elucidate the breakup mechanism of a neutron-ha
nucleus, we investigate the breakup process for vario
choices of the internal HamiltonianH(r ). Before showing
calculated results, we first discuss typical intuitive picture
for the breakup mechanism based on the classical mechan
They include~1! a direct breakup mechanism,~2! a resonant
breakup mechanism,~3! a free-particle breakup mechanism
In the direct breakup mechanism, the neutron is assumed
be removed suddenly from the core nucleus when the p
jectile nucleus approaches the point closest to the targ
nucleus. After the breakup occurs, only the core nucleus
accelerated by the target Coulomb field. The relative m
mentum between the neutron and the core nucleus is fin
both for the longitudinal and transverse directions. When th
projectile nucleus has such a resonance state that can be
cited from the ground state by the target Coulomb field, th
resonant breakup process may become important and
breakup may proceed dominantly by way of the resonance
the lifetime of the resonance is long enough, the neutron a
the core nucleus would move together for a long time befo
the breakup occurs. In such an extreme case there is no
ference in the relative momentum between the neutron a
the core nucleus. In the last case of free-particle break
mechanism we consider the limiting case where the bindi
energy of the neutron is extremely small. Then the neutro
and the core nucleus behave independently during the re
tion. The core nucleus moves along the Rutherford traje
tory, while the halo neutron, receiving no Coulomb forc
from the target, moves on the straight line. In the end th
core nucleus receives the momentum only in the transve
direction. The momentum difference between the neutro
and the core nucleus arises only in the transverse directi
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Table I summarizes the momentum differences for the th
cases discussed above.

It is not clear how well the above classical arguments
quantitatively correct, though they are easily accepted in
itively. In what follows we show results of the quantum
mechanical calculations for various cases of the neutron-c
interactions for which the above-mentioned reaction mec
nisms are expected to be manifest.

We choose various parameters for the study of
breakup reaction of11Be on a208Pb nucleus performed at th
incident energy of 72 MeV/nucleon@8#. Hence the projectile
nucleus of11Be has the incident velocity ofv/c50.37. By
choosing the reaction plane to be anx-z plane, the target
nucleus moves on the straight lineRT(t)5(b,0,2vt) in the
projectile rest frame. The impact parameterb is fixed to
b512 fm in the present section. The radius variabler is
taken up to 800 fm and it is descretized with the mesh size
Dr50.4 fm. The time stepDt/\50.01 MeV21 is used for
calculating the time development of the wave function. T
Schrödinger equation is solved for the time interval o
210<t/\<10 MeV21. At the initial and final stages of the
calculation, the target nucleus is apart from the projectil
center-of-mass coordinate by about 750 fm in the longitu
nal direction.

We assume that the 1/21 ground state of the11Be nucleus
is described with a single neutron-halo structure in thes
orbit around the inert10Be core. The potential between th
neutron and the core nucleus is taken to be a spher
Woods-Saxon potential. The spin-orbit interaction is turn
off in the calculation presented in this section. The rad
and diffuseness parameters of the potential are fixed
R52.67 fm anda50.6 fm, whereas the depth of the pote
tial is treated as a variable parameter to investigate
breakup mechanism. The partial waves up tol54 are in-
cluded in the expansion of Eq.~3!. The contribution of
higher partial waves is found to be negligible. The targ
Coulomb field of Eq.~2! is expanded in multipoles aroun
the projectile’s center of mass, and the dipole and quad
pole multipoles are included in the calculation. The dipo
field plays a dominant role in the present system. The c
tribution of the quadrupole field is found to be small.

The average value of the relative momentum between
neutron and the core nucleus is calculated by the follow
formula:

TABLE I. The classical estimates of the average longitudin
and transverse momenta,^ki& and^k'&, of the relative motion after
the projectile nucleus fragments into the neutron and the c
nucleus by the target Coulomb field. Three reaction mechanisms
classified and characterized by the classical momen
kc5@mn /(mn1MC)#ZTZCe

2/\bv, whereZCe (ZTe) is the charge
of the core~target! nucleus,mn and MC are the masses of the
neutron and the core nucleus, respectively,v is the incident velocity
of the projectile nucleus, andb is the impact parameter. The zer
momentum for the resonant breakup is the limiting case of a lo
lifetime.

Resonant Direct Free particle

^ki& 0 kc 0
^k'& 0 kc 2kc
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^k&5 lim
t→`

^Cb
BU~r ,t !u2 i¹uCb

BU~r ,t !&

^Cb
BU~r ,t !uCb

BU~r ,t !&
. ~17!

Similarly the average values of the longitudinal and tran
verse momentum differences,^ki& and ^k'&, are defined by
the breakup componentCb

BU(r ,t). We use the convention
that the longitudinal and transverse directions indicate thez
andx directions, respectively.

A. Dependence on the neutron binding energy

To discuss the validity of the classical arguments summ
rized in Table I, we first show the result of calculation ob
tained by changing the neutron-core potential depthV0 of
l50 channel. The value ofV0 is varied to understand the
dependence of the breakup reaction mechanism on the bi
ing energy of the halo neutron of the 1s orbit. The potential
depth of other channels, denotedVp , is set the same as
V0 . The 0p orbit is always bound below the 1s orbit, and
there is no resonant nor bound excited state which can
excited from the ground state by the dipole field. The ha
nucleus considered in this subsection is thus a very simp
system, and excited to the continuum directly by the Co
lomb field.

Figure 1 displays the magnitude of^ki& and ^k'& values
as a function ofV0 . The lower part of Fig. 1 shows the
binding energy of the 1s orbit. As the binding becomes
weaker, the longitudinal momentum difference decreases a
approaches zero in the vanishing binding energy, while t
transverse momentum difference increases slightly. This
sult is consistent with the free-particle breakup picture. How
ever, the transverse relative momentum is always smal
than the value, 2kc50.092 fm21, which is expected from
the classical argument. On the other hand, in the strong bin
ing case, both of the longitudinal and transverse momentu
differences are finite and close to the value ofkc50.046
fm21, which is just expected from the direct breakup pic
ture. These calculations including both weak and stron

al

ore
are
um

ng

FIG. 1. The average values of the longitudinal~solid curve! and
the transverse~dashed curve! momentum difference between the
neutron and the core nucleus as a function of the neutron-core
tential depthV0 . The impact parameterb is set 12 fm. The energies
of the bound orbits from the neutron threshold are shown in th
lower part.
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binding cases indicate that the breakup mechanism of
neutron-halo nucleus, whose binding energy is typically l
than 1 MeV, proceeds between the two mechanisms of
direct and free-particle breakup. The free-particle picture
comes more suitable with the decreasing binding energy
the halo neutron.

We show in Fig. 2 theB(E1) strength as a function of the
neutron-core relative energy. The value of« of Eq. ~16! is set
0.01 MeV. TheB(E1) strength function is closely related t
the energy spectrum of the breakup cross section@see Eq.
~13!#. The nonperturbative effect gives only a small effect
the energy spectrum of the cross section@14,13~b!#. The
B(E1) strength is shown for two cases of the ground-st
energy: E522.00 MeV (V05265.2 MeV!, and
E520.503 MeV (V05258.3 MeV!. The latter value is
chosen to fit the empirical neutron separation energy
11Be. No resonance exists inp wave for both cases. There
fore the peak in theB(E1) strength which appears at low
excitation energy in case ofE520.503 MeV has nothing to
do with any resonant character. We see that the energy s
trum of theB(E1) strength is very sensitive to the neutro
binding energy. Since the breakup probability is sensitive
theE1 strength at low excitation energy, the breakup cro
section is also sensitive to the neutron binding energy.

B. Dependence on the level structure of excited states

Here we investigate how the breakup mechanism depe
on the structure of the excited states of the halo nucleus.
this purpose we employ the angular momentum (l -! depen-
dent neutron-core potential. The potential depth ofl50
channel is fixed toV05258.3 MeV in order to fit the energy
of the 1s orbit toE0520.503 MeV, the ground-state energ
of 11Be from then110Be threshold. The value ofVp is now
treated as a variable parameter. As shown in the lower pa
Fig. 3, there is a bound 0p state whenVp<231.3 MeV. In
the case of233.2 MeV,Vp,231.3 MeV, the bound 0p
state appears between the 1s ground state and the neutro
threshold. This 0p state is excited by the dipole field in th
breakup reaction. In case of231.3 MeV<Vp<230 MeV a
p-wave resonance with a long lifetime appears in the c
tinuum.

FIG. 2. TheB(E1) strength as a function of the energyE of the
relative motion between the neutron and the core nucleus. T
choices of the neutron-core potential depthV0 are made to locate
the 1s ground state at20.503 MeV (V05258.3 MeV! and
22.00 MeV (265.2 MeV!.
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Figure 3 plots the average relative momentum as a fu
tion of Vp . As expected, when the resonance state ex
both of the average relative momenta in the longitudinal a
transverse directions are very small. It is important to no
however, that the transverse momentum remains finite e
when the resonance energy is very close to zero and thu
lifetime becomes very long. This indicates that the reson
breakup mechanism is too much oversimplified. When
potential depth is deep enough to have a bound excited s
the average relative momentum shows quite different beh
ior between the longitudinal and transverse directions. T
longitudinal momentum difference is still very small an
changes continuously from the case where the excited sta
the resonance. In contrast with this the transverse momen
difference increases discontinuously from the resona
case. These results of small longitudinal and large transv
relative momenta might suggest that the breakup proce
through the free-particle breakup mechanism in this ca
There is, however, no physical reason that the free-part
breakup mechanism is correct. This is because two brea
processes occur when there is a bound excited state: O
the direct breakup to the continuum. The other is the brea
via the bound excited state. The latter process appare
does not fit in with the free-particle breakup mechanism.
present we do not have a simple explanation for the disc
tinuous change in the transverse momentum difference
the continuous behavior in the longitudinal momentum d
ference which show up when the excited 0p orbit crosses the
threshold. When the 0p orbit is bound more deeply
(Vp,235 MeV!, or is in the nonresonant continuum
(Vp.225 MeV!, the momentum differences become simil
to those of the previous subsection (Vp5V05258.3 MeV,
see Fig. 1!, that is, ^ki&50.026 fm21 and ^k'&50.059
fm21, and are rather insensitive to the potential depth.

The B(E1) strength function is compared in Fig. 4 fo
two choices ofVp : One isVp5230.0 MeV where the 0p
resonance appears at about 0.2 MeV. The other

wo
FIG. 3. The average values of the longitudinal~solid curve! and

the transverse~dashed curve! momentum difference between th
neutron and the core nucleus as a function of the neutron-core
tential depthVp of lÞ0 channel. The impact parameterb is set 12
fm. The solid curve in the lower part shows the energy of the bou
0p orbit from the neutron threshold. The energy of the 1s orbit is
fixed to20.503 MeV as indicated by dashed line in the lower pa
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Vp5232.0 MeV which locates the 0p excited state atE5
20.183 MeV. The latter case corresponds to the previo
calculation in@14#. This was chosen because the 1/22 ex-
cited state of11Be is known to have the strongE1 transition
strength. The B(E1) strength calculated with the
l -independent potential is already presented in Fig. 2. Wh
the resonance exists, the sharp peak appears at the reson
energy. Except for the energy region of the sharp peak,
B(E1) strength is rather similar between the two cases of
resonance and the bound excited state. TheB(E1) strength
function with the l -independent potential has also simila
shape, although its magnitude is larger by a constant fac
This difference is understood by noting that, for the case
the l -independent potential, there is no resonant nor bou
excited state in thep wave so that all theE1 strength appears
in the continuum. The similarity in the shape of theB(E1)
strength for three cases indicates that the energy depend
of the nonresonant part of theB(E1) strength is mainly de-
termined by the wave function of the ground state, and
rather insensitive to the level structure of the excited stat

IV. ANALYSIS OF 11BE COULOMB
BREAKUP REACTION

In this section we analyze the Coulomb breakup react
of 11Be1 208Pb at the incident energy of 72 MeV/nucleo
done at RIKEN@8#. To reproduce the known properties o
the 11Be structure, we choose the potential between the n
tron and the10Be core nucleus in the following way: The
depthV0 is determined to reproduce the neutron separat
energy of the11Be ~0.503 MeV! by assuming the 1s orbit of
the halo neutron. ForlÞ0 channels the central andls poten-
tials are included. The strength of thels potential is set the
standard value for thep-shell nucleus,Vls532.8 MeV
fm2. The strength of the central potential is then determin
to reproduce the observed 1/22 excited state located at
20.183 MeV from the neutron threshold. The state is a
sumed to be described simply with the 0p1/2 orbit. No defor-
mation or clustering effect of the10Be core nucleus is taken

FIG. 4. TheB(E1) strength as a function of the energyE of the
relative motion between the neutron and the core nucleus. T
choices of the neutron-core potential depthVp of lÞ0 channel are
made to locate the 0p orbit at20.183 MeV (Vp5232.0 MeV! and
0.2 MeV (230.0 MeV!. The dotted curve indicates the strengt
reduced to one-tenth of the result shown by dashed curve.
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into account. The values employed areV05258.3 MeV and
Vp5240.4 MeV, respectively.

The time evolution of the wave function is calculated b
using the same parameter sets as the previous section.
Coulomb breakup cross section is obtained by the integrati
over the impact parameter larger thanbmin512 fm @see Eq.
~10!#. The reaction of the impact parameters smaller tha
bmin proceeds by the nuclear force as well as the Coulom
force, and is assumed to lead to more violent nuclear react
processes.

The Coulomb breakup process is dominated by the dipo
component of the target Coulomb field, and proceed
through the excitation to two angular momentum channe
j p51/22 and 3/22. The B(E1) transition strength to the
bound level of 1/22 is calculated to be 0.251e2 fm2 in the
present model, which is considerably larger than the me
sured value, 0.11560.011e2 fm2 @5#. The transitions to the
other bound levels below the ground state, which should n
occur in principle, are not excluded in the process of the tim
evolution of the wave function, but the mixing-in of those
states is found to be negligible in the present calculation.

A recent experiment at GANIL@16# observed the Cou-
lomb excitation to the 1/22 state. The extractedB(E1) tran-
sition strength is noticeably less than that determined fro
the lifetime measurement@5#. In order to see if higher order
effects have some hint for this puzzling result, we compare
the excitation probability to the state between the prese
model and the perturbation theory. The difference betwe
the two calculations is not significant; about 20% larger
b512 fm in the present model. This suggests that the high
order effect cannot explain the GANIL data. Another Cou
lomb excitation experiment has very recently been done
RIKEN to extract theE1 transition rate@17#. According to it
the rate is consistent with that determined from the lifetim
measurement.

We show in Fig. 5 the impact parameter dependence
the breakup cross sectiondsBU /db52pbPBU(b). The cal-
culated distribution is compared with the data@8# which are
extracted from the measured breakup cross sections by us
the classical argument for the trajectory. Figure 6 compar
the energy spectrum of the breakup cross sectio
dsBU /dE, with the measurement@8#. The calculation rea-

wo

h

FIG. 5. The Coulomb breakup cross section as a function of t
impact parameterb. The solid curve is the result of the presen
model, while the dashed curve is the result with thels potential
turned off @14#. Experimental data are from@8#.
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sonably reproduces the measured distribution. Dashed cu
in Figs. 5 and 6 show the previous results of@14# obtained
without use of thels potential, where the 0p orbit was fitted
to the energy of the bound excited 1/22 level. Since the
E1 transition to this excited state, though fairly strong, do
not lead to the breakup reaction, the breakup probability w
underestimated in the previous calculation. By the introdu
tion of the ls potential the 0p orbit now splits into two
levels, 0p1/2 and 0p3/2, in the present calculation. Since th
bound 0p3/2 orbit is located below the ground state and th
transition to this state is small, most of theE1 strength in the
p3/2 channel is distributed in the continuum. This is the re
son why the breakup cross section increased in the pres
model which includes thels potential. The calculated
B(E1) strength function shown in Fig. 7 also confirms th
the inclusion of thels potential leads to the increase in th
strength for the same reason mentioned above. TheB(E1)
strength is compared to the experimental data which are
tracted from the breakup cross sections by using the met
of virtual photon spectra@18#. The agreement between theor
and experiment is rather good, which is expected because
energy spectrum of the breakup cross section has alre
shown reasonable agreement as shown in Fig. 6. We n

FIG. 6. The Coulomb breakup cross section as a function of
energyE of the relative motion between the neutron and the10Be
nucleus. The solid curve is the result of the present model, while
dashed curve is the result with thels potential turned off@14#.
Experimental data are from@8#.

FIG. 7. TheB(E1) strength as a function of the energyE of the
relative motion between the neutron and the core nucleus. Exp
mental data are from@8#.
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however, that the present model overestimates theB(E1)
strength to the 1/22 excited state, and do not know what
effects the overestimation causes on the breakup mechani

We display in Fig. 8 the longitudinal and the transvers
momentum distributions of the neutron-core relative motion
The impact parameter is set the smallest value,b512 fm.
The longitudinal momentum distribution is obtained by inte
grating the distribution of Eq.~9! with respect tokx and
ky , while the transverse distribution is obtained by the inte
gration overky andkz . The longitudinal momentum distri-
bution slightly shifts to the negative direction, whereas th
transverse momentum distribution shifts to the positive d
rection. The average value of the momentum of the relativ
motion is ^ki&520.019 fm21, and ^k'&50.053 fm21, re-
spectively. The measured difference of the longitudinal mo
mentum is about 0.04 fm21, which is close to the value of
kc50.046 fm21 expected from the classical picture. Though
the calculation reproduces a right order of magnitude, it e
plains only a half of the measured value.

Finally we consider the breakup mechanism referring t
the result of the previous section. The mechanism is differe
in two channels,j p51/22 and 3/22, because they have dif-
ferent level structure of the excited states. In thej p51/22

channel there is a bound excited state which is very close
the threshold. This situation is similar to the case o
Vp5232.0 MeV which we already investigated in Fig. 3
with the ls potential turned off. As expected, the momentum
difference in this channel, especially in the longitudinal di
rection, is very small. On the other hand, there is no boun
excited state in thej p53/22 channel. The situation is thus
similar to the case ofVp5245 MeV in Fig. 3. The average
longitudinal momentum difference increases and turns out

he

the

eri-

FIG. 8. The longitudinal~a! and transverse~b! momentum dis-
tributions of the relative motion between the neutron and the10Be
nucleus. The impact parameterb is set 12 fm. The solid curve is the
result of the present model, while the dashed curve is the result w
the ls potential turned off@14#.



hold.
fer-

the

of
wo

so-
two

the
ture
ef-

h ne-
he
gree-
e in
ted

or

53 2303COULOMB BREAKUP MECHANISM OF NEUTRON-HALO NUCLEI . . .
be20.022 fm21, about a half of the classical value ofkc .
The breakup reaction of11Be is thus considered to occur in
these two different mechanisms. Our previous treatment@14#
which did not include thels potential is equivalent physi-
cally to including only the former process. It is therefor
understandable that we obtained the very small longitudin
momentum difference in that case. A realistic choice of th
internal Hamiltonian, particularly the inclusion of the spin
orbit interaction, is very important for a quantitative analys
of the breakup reaction of the11Be nucleus.

V. SUMMARY

We investigated the Coulomb breakup mechanism of t
nuclei with single neutron-halo structure, focusing on th
mechanism which causes the momentum difference of
neutron-core relative motion after the breakup. The break
process was described in the framework of the tim
dependent Schro¨dinger equation by treating the target Cou
lomb field as a time-dependent external potential.

We first discussed the validity and the limitation of th
classical arguments made for the postacceleration effect fr
the quantum-mechanical viewpoint by investigating the d
pendence of the reaction mechanism on the neutron bind
energy and the level structure of the halo nucleus. We fou
that the classical arguments do not have quantitative ac
racy though it is useful to understand the qualitative aspe
of the quantum calculation. A behavior which cannot be u
derstood in the classical picture occurred particularly wh
e
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e
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the bound excited state locates close to the neutron thres
Small longitudinal and large transverse momentum dif
ences were found in this case.

We analyzed the Coulomb breakup reaction of11Be1
208Pb by employing a realistic potential that describes
relative motion between the neutron and the10Be nucleus. A
spin-orbit potential was included to describe the splitting
the structure ofp states. The reaction proceeds through t
channels,j p51/22 and 3/22. Since the 1/22 channel has a
bound excited state near the threshold but the 3/22 channel
does not have any bound excited states or low-lying re
nances, the breakup mechanism is rather different in the
channels. By including the neutron-10Be ls potential we took
into account, in the present analysis, the difference in
breakup mechanism which is sensitive to the level struc
of the nucleus. By this improvement the postacceleration
fect was enhanced compared to the previous case whic
glected thels potential and moreover the magnitude of t
energy spectrum of the fragments was in reasonable a
ment with the measured values. The momentum differenc
the longitudinal direction was, however, still underestima
by a factor of 2 compared with experiment.
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