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Nuclear induced breakup of halo nuclei

H. Esbensen
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

G. F. Bertsch
Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195
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We investigate the validity of approximations that are sometimes made in calculating the nuclear induced
breakup of halo nuclei. We find that a truncated coupled-channels calculations, in which the nuclear couplings
between continuum states are ignored, gives almost the same result as a first-order calculation. However, the
couplings are much too strong to justify these approximations. This is demonstrated in the frozen limit of a
semiclassical description, where one can compare to exact results. We find in this limit that the one-neutron
removal cross section of11Be obtained in the approximate treatment is much larger than the exact result. This
trend is also indicated at low energy by comparing a perturbative calculation of the breakup of8B to the result
of a more realistic treatment, which evolves the wave function of the valence proton essentially to all orders in
the target fields.@S0556-2813~99!01406-5#

PACS number~s!: 24.10.2i, 25.60.2t
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I. INTRODUCTION

In analyzing nuclear reaction cross sections of halo
clei, the approximations that are commonly employed
tightly bound nuclei may become unreliable. For examp
Al-Khalili et al. @1# have recently pointed out that the tot
reaction probability cannot be calculated to the needed a
racy by the commonly employed folded optical potential.
this paper we discuss the limitations of some of these
proximations and point out why they fail.

The analysis is by far simplest at high beam energ
where the eikonal approximation can be used. Then all c
sections can be expressed in terms of probabilities calcul
at fixed impact parameter, with the probabilities express
as simple integrals over the trajectories. We shall study v
ous approximations and compare their predictions in the
zen limit, where one ignores the effect of finite excitati
energies.

The description of breakup reactions at low beam ener
is much more difficult because one cannot ignore the fin
excitation energies. Some authors have adopted a coup
channels approach, which is the conventional method use
describe low-energy, heavy-ion reactions of ordinary nuc
For halo nuclei, this requires a discretization of continuu
states@2–4#. One approach is the method of coupled d
cretized continuum channels~CDCC!, which was developed
in the 1970s in light-ion studies; see Ref.@2# for a review. It
was realized that the couplings among continuum states
for example, in deuteron breakup reactions, have a str
influence on the calculated results. However, su
continuum-continuum couplings were completely neglec
in recent studies@4# of the breakup of halo nuclei.

We will demonstrate that it is unrealistic to igno
continuum-continuum couplings when dealing with halo n
clei. This is most easily done at higher beam energies wh
the eikonal approximation is reliable. To test the approxim
tion at low energies, we have also performed dynamical
culations, where we follow the time evolution of the ha
PRC 590556-2813/99/59~6!/3240~6!/$15.00
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wave function essentially to all orders in the fields from t
target.

II. EIKONAL THEORY

We consider a halo nucleus interacting with the nucl
potential of a target nucleus. We adopt a semiclassical
scription, assuming that the projectile-target center of m
motion is given by a classical trajectoryr (t). We can then
focus on the quantal description of the relative motion o
halo nucleon and the core in the field from the target. Let
assume for simplicity that the halo-core Hamiltonian h
only one bound state, the ground stateu0&, so that all excited
statesuk& belong to the continuum. In this section we al
assume that the collision timet is so short that the effect o
finite excitation energies of the halo,DEx , can be ignored
during the collision, i.e.,tDEx→0. We refer to this approxi-
mation as the frozen limit. The effect of interactions with t
target on the halo state can then be calculated in the eik
approximation, which provides the exact solution in th
limit.

In the eikonal theory cross sections are expressed as
grals over impact parameterb of reaction probabilitiesP(b),
s52p*bdbP(b). The probabilities are extracted from th
eikonal wave function, given by exp(ix)u0&, wherex is the
eikonal phase. It depends on all the coordinates, but we
only treat the halo nucleon and the core explicitly,x5xn
1xc . The eikonal phase will be calculated from the targ
optical potentialsUnt and Uct ~acting on the halo nucleon
and the core, respectively! as

x~b,rnc!5
21

\ E
2`

`

dt $Unt@r ~ t !2rn#1Uct@r ~ t !2r c#%.

~1!

It depends on the relative position of the halo nucleon a
the core, rnc5rn2r c , i.e., rn5rnc(121/A) and r c5
3240 ©1999 The American Physical Society
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PRC 59 3241NUCLEAR INDUCED BREAKUP OF HALO NUCLEI
2rnc /A, whereA is the mass number of the halo nucleu
The dependence on the trajectory is indicated by the imp
parameterb.

A number of cross sections are measured in halo nuc
reactions. Very important is the total reaction cross sec
sR , associated with the probability

PR512ua0u2, ~2!

wherea0 is the final amplitude of the ground state,

a05^0ueixu0&. ~3!

For halo nuclei with a single bound state, two other cro
sections can be measured. The diffraction dissociation c
section is the cross section that the nucleus breaks up, l
ing the halo nucleon in a continuum state and the core int
Here we need the amplitudesak for populating a continuum
stateuk&. The full expression in the frozen limit is@5#

ak5^kueix21u0&, ~4!

from which one obtains the diffraction dissociation probab
ity

Pdiff5(
k

uaku25^0u ueix21u2 u0&2u^0ueix21u0&u2.

~5!

Another cross section is the so-called stripping cross s
tion which is calculated from the halo stripping probabilit

Pstr~b!5^0u ueixcu2~12ueixnu2! u0&. ~6!

It is determined by the imaginary parts of the eikonal pha
and represents the probability that the halo nucleon is
sorbed whereas the core fragment remains intact. Finally
total one-nucleon removal cross section, which requires o
that the core be left intact, is the sum of the stripping and
diffraction cross sections. The probability for this is

P2n~b!5Pstr~b!1Pdiff~b!

5^0u ueixcu2 u0&2u^0uei (xc1xn)u0&u2. ~7!

III. FURTHER APPROXIMATIONS

The basic problem is to find a reliable way to treatx. It is
an ordinary function in the coordinate space representa
but a nontrivial matrix in any other representation. The m
drastic approximation is to keep only the ground-state
ground-state matrix element inx,

x0~b!5^0ux~b,rnc!u0&, ~8!

which is exponentiated to get the ground-state amplitude

a05eix0. ~9!

We shall refer to this approximation as the folding mod
because the eikonal phase is here determined by the
interaction being folded with the ground state density of
halo. This would be a reasonable approximation ifx5xn
1xc were small or a slowly varying function ofrnc . The
.
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part that is determined by the core-target interaction,xc ,
may fulfill the latter condition becauser c52rnc /A; so the
dependence onrnc is reduced by the total mass numberA of
the halo nucleus. The part that is determined by the ha
target interaction,xn , is more critical.

The eikonal phasexn is large inside the target nucleus an
it is small only in the tail of the target field. The approxim
tion ~9! may therefore be reasonable for distant collisions
tightly bound nuclei in which the density overlap is sma
When one of the colliding nuclei is a halo nucleus, on t
other hand, some part of the extended halo will be traver
by the target nucleus and it will feel the much stronger p
of the target field. This situation is best described by Eq.~3!
whereas Eq.~9! is a poor approximation. An extreme view
the black disk approximation which is sometimes used
illustrate characteristic features of reactions with halo nuc
@6#. Thus, if the imaginary part of the nucleon-target intera
tion goes to infinity inside the target, the amplitude~9! would
go to zero but the amplitude~3! would approacha0'12n,
wheren is the fraction of the halo density that is traversed
the target.

Al-Khalili et al. @1# found it necessary to use the full e
konal expression~3! rather than the folding model expres
sion~9! to calculate the reaction probabilityPR . Their analy-
sis of high-energy experiments showed that total reac
cross sections of halo nuclei are typical 5–10 % larger in
folding model than those obtained from the full eikonal e
pression. This difference translates into an even larger dif
ence between the rms radii that can be extracted from
data. Similar discrepancies between the reaction cross
tions of 11Li, calculated from the eikonal expression~3! and
the folding model~9!, have actually been noted earlier@7,8#.
The nuclear part of these cross sections are compared in
3 of Ref. @7# and Table 3 of Ref.@8#.

If x is small, one can expand the exponentials in Eq.~5!
and obtain the result of first-order perturbation theory. If t
absorption is significant, it may be better to make an exp
sion in (x2x0), wherex0 is defined in Eq.~8!. This leads to
the improved first-order expression

Pdiff
(1)5^0u ux2x0u2 u0&e22 Im(x0), ~10!

which is proportional to the mean-square fluctuation ofx in
the halo ground state. It represents the semiclassical an
of the distorted wave Born approximation~DWBA! in the
frozen limit.

IV. COUPLED-CHANNELS APPROACH

In the coupled-channels approach, one solves the se
coupled equations

i\
da0

dt
5^0uUu0&a01(

k
^0uUuk&ake

2 ivk0t,

i\
dak

dt
5^kuUu0&a0eivk0t1(

k8
^kuUuk8&ak8e

ivkk8t,

~11!

whereU5Unt1Uct is the total interaction, and\vkk8 is the
energy difference between the states considered. Note
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the complete solution to these equations reduces to
simple amplitudes~3! and ~4! in the frozen limit, where the
\v ’s are set to zero.

If we ignore all continuum-continuum couplings, and al
the diagonal ground-state interaction, the coupled equat
~11! reduce to the following form in the frozen limit:

i\
da0

dt
5 (

k
^0uUuk&ak , i\

dak

dt
5^kuUu0&a0 .

~12!

The exact solutions to these equations can be derived f
the expressions~3! and~4! simply by expandingeix in pow-
ers ofx. All one has to realize is that the phase shift opera
x, according to Eq.~12!, is only allowed to connect the
ground state to continuum states and vice versa. The gro
state amplitude one thus obtains is

a05 (
n50

`
~2dx2!n

~2n!!
5cos~dx!, ~13!

where

dx25(
k

^0uxuk&^kuxu0&5^0ux2u0&2^0uxu0r &2.

~14!

Note thatdx2 anddx can both be complex quantities.
One might want to keep some effect of the diagonal c

plings. This can be done for example by assuming t
^kuUuk&5^0uUu0& for all channels. The effect would then b
an overall factoreix0 on all amplitudes. Including this facto
one obtains, for the total reaction probability,

PR
(tcc)512ucos~dx!u2 exp@22 Im~x0!#. ~15!

The amplitudes for populating continuum states will
determined by odd powers ofx, and one obtains, similarly,

ak5 i ^kuxu0& (
n50

`
~2dx2!n

~2n11!!
5 i ^kuxu0&

sin~dx!

dx
. ~16!

Including again a common diagonal matrix elementx0 one
obtains the following expression for the elastic break
probability:

Pdiff
(tcc)5~^0u uxu2 u0&2u^0uxu0&u2!Usin~dx!

dx U2

3exp@22 Im~x0!#. ~17!

This is the result one obtains in the frozen limit from t
truncated coupled-channels~tcc! treatment used in Ref.@4#.
It reduces to the first-order expression~10! whendx is small.

V. COMPARISONS IN THE FROZEN LIMIT

Let us now compare the numerical results that one obt
in the frozen limit from the different approaches and choo
the 11Be→10Be1n nuclear induced breakup on a light targ
as an example. The valence neutron is bound by 0.5 M
and the ground-state wave function can be determined fro
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Woods-Saxon well with depth 51.5 MeV, a radius of 3 fm
and a diffuseness of 0.52 fm.

The neutron interaction with the target is also simula
by a Woods-Saxon potential, with radiusRnt53 fm, diffuse-
nessant50.69 fm, and optical potential depthU01 iW0 with
numerical values discussed below. Assuming a straight-
trajectory for the relative motion,r (t)5b1vt, the eikonal
phase is

xn~b2rn'!5xn
(0)E

2`

` dz

Rnt
$11exp@~r 2Rnt!/ant#%

21,

~18!

where r 5A(b2rn')21z2 is the distance between the va
lence neutron and the target, and the strength parameterxn

(0)

is defined as

xn
(0)52

U01 iW0

\v
Rnt . ~18a!

We have defined the strength parameter in this way to m
clearer the magnitude of the controlling parameter in the
proximations. It corresponds to the phase associated wi
deeply penetrating neutron trajectory since the integral in
~18! has a value between zero and roughly two.

We will consider three examples, two at lower energ
with a real and a complex neutron-target interaction, resp
tively, and one relevant to high-energy experiments, with
purely imaginary interaction. For the two lower-energy cas
we take the velocityv in Eq. ~18a! corresponding to a beam
energy of 60 MeV/nucleon and a typical potential depth
U0540 MeV. This yieldsxn

(0)51.8, showing immediately
that a perturbative treatment is invalid when penetrating n
tron trajectories are significant. We also consider the eff
of the absorptive part of the neutron-target interaction.
beam energies of 40–60 MeV/nucleon, the imaginary par
the potential is typically 1/3 of the real part, and we therefo
consider the complex strengthxn

(0)51.810.6i . At high en-
ergies, the real part of the interaction is small and the ima
nary eikonal phase is related to the nucleon-nucleon c
section snn and the target density r t by x
5( i /2)snn*r t(r )dz. For beam energies in the range of 25
MeV/nucleon, this gives the resultxn

(0)'0.6i for our small
target, which we take as our last case.

The phase shift associated with the core-target interac
is calculated, for simplicity as it was done in Ref.@1#, in the
folding model approximation~8!:

x0c5^0uxc~b2r c'!u0&, ~19!

where

xc~b2r c'!5E dr 8 rc~r 8! xn~b2r c'2r'8 !. ~19a!

The core density is here parametrized asrc(r )5r0@1
1a(r /a)2#exp@2(R/a)2#, with a50.61 anda51.79 fm, and
it is normalized to reproduce the mass number of the10Be
core. The phase shiftx0c is implicitly contained in the ex-
pressions given in the previous sections, where it is par
the diagonal phase shiftx05x0c1x0n . Note thatx0c is pro-
portional to the strength parameterxn

(0) , according to the
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PRC 59 3243NUCLEAR INDUCED BREAKUP OF HALO NUCLEI
construction~19!, ~19a!. Note also that the cross section
discussed in the previous sections are sensitive only to
imaginary part ofx0c . We shall therefore always adopt th
strengthxn

(0)50.6i when calculatingx0c .
The diffraction dissociation probabilities we obtain for th

purely real eikonal phase,xn
(0)51.8, are illustrated in Fig. 1

as functions of impact parameter. It is seen that the per
bative result@open circles, Eq.~10!# is essentially identical to
the truncated coupled-channels result@dashed curve, Eq
~17!#, except for some deviation at smaller impact para
eters. This is not surprising because the fractionn(b) of the
halo neutron that is penetrated by the target is quite sma
the larger impact parameters. The quantitydx2 defined in
Eq. ~14! is therefore dominated by the first term, which e
fectively is proportional ton(b). From the explicit expres-
sion for the phase shift, Eq.~18!, one can make the estima

dx2; n~b! ~xn
(0)!2. ~20!

Thus, whenn(b) is sufficiently small,dx will also be small
and Eq.~17! reduces to the perturbative result~10!. More-
over, the same argument shows that the impact param
dependence of these probabilities is also governed byn(b) at
largerb.

The solid curve in Fig. 1 is the exact result in the froz
limit, given by Eq.~5!. It is also effectively proportional to
the fractionn(b) of the halo that is penetrated by the targ
when n(b) is small and the second term in Eq.~5! can be
ignored. This explains why the exponential falloff in Fig. 1
the same in all three cases. The dependence on the stre
xn

(0) is, however, much more complicated for the exact res
and the resulting dissociation probability is reduced to ab
60% of the perturbative result.

It is interesting at this point to make contact to the sc
tering of free neutrons@9#. This can be done if we assum

FIG. 1. Calculated diffraction dissociation probabilities f
11Be→10Be1n, as functions of the impact parameter, and obtain
from a purely real neutron-target interaction as explained in
text. The solid curve is the result of the full eikonal expression,
~5!, the dashed curve is the result of the truncated coupled-chan
approach, Eq.~17!, and the open circles are the improved first-ord
results, Eq.~10!.
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that the transverse density of the halo,rh'(b), is low and
essentially constant over the target. We can then neglec
second term in Eq.~5! and estimate the first term by

Pdiff~b!'rh'~b!E dr' ueixn(r')21u2. ~21!

Here we have also ignored the core-target interaction.
expression shows that the diffraction dissociation probabi
at large impact parameters is qualitatively governed by
transverse density of the halo and the diffractive scatter
cross section of free neutrons. The assumption that the tr
verse density is constant is not realistic in practice. Thus
eikonal result shown in Fig. 1 is enhanced by 20% compa
to the estimate~21!.

Since the impact parameter dependence is mainly g
erned byn(b) at largerb and core absorption at smallerb, it
is sufficient just to compare the cross sections that one
tains in the different approaches. Results for differe
choices of the phase shift strengthxn

(0) are shown in Table I.
The choicexn

(0)51.810.6i is probably the most realistic a
40–60 MeV/nucleon. In fact, the results we obtain in th
case in the eikonal approach are in good agreement with
results shown in Fig. 2A of Ref.@5#, at 40 MeV/nucleon on
a light target. The truncated coupled-channels approach
the other hand, gives a much larger one-neutron remo
cross section, almost by a factor of 2.

The comparison may not seem so bad for a purely ima
nary interaction, withxn

(0)50.6i ; the one-neutron remova
cross sections shown in Table I are almost identical in t
case. However, the diffraction dissociation cross sections
fer by almost a factor of 2. It is also noted that the perturb

d
e
.
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TABLE I. Nuclear induced breakup cross sections for11Be,
obtained in the frozen limit from the different reaction models d
cussed in the text, namely, the eikonal approximation, the trunc
coupled-channels calculation~Tr. CCC!, and the improved first-
order calculation~Im. Pert. Th.!. Results are shown for differen
phase shift strengthsxnt

(0) associated with the neutron-target intera
tion. The contributions from stripping (sstr) and diffraction disso-
ciation (sdiff) to the total one-neutron removal cross section (s2n)
are shown, together with the total reaction cross section (sR),
which includes a 1341 mb cross section from core absorption.
last line gives the results obtained from the folding model, Eqs.~8!
and ~9!.

Model xnt
(0)

sstr

~mb!
sdiff

~mb!
s2n

~mb!
sR

~mb!

Eikonal 1.8 0 269 269 1610
Tr. CCC 1.8 0 432 432 1773
Im. Pert. Th. 1.8 - 462 - -
Eikonal 1.810.6i 121 159 280 1621
Tr. CCC 1.810.6i 88 445 533 1875
Im. Pert. Th. 1.810.6i - 471 - -
Eikonal 0.6i 121 25 145 1487
Tr. CCC 0.6i 88 48 136 1477
Im. Pert. Th. 0.6i - 47 - -
Folding model 0.6i - - 183 1524
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3244 PRC 59H. ESBENSEN AND G. F. BERTSCH
tive result is almost identical to the diffraction dissociati
probability obtained in the truncated coupled-channels
proach, for all three choices ofxn

(0) shown in Table I. The
above comparisons clearly show that neither the perturba
nor the truncated coupled-channels approach is reliabl
describing the breakup of halo nuclei, at least when the
zen limit applies.

A purely imaginary neutron-target interaction is releva
to breakup reactions at very high energies, as employe
the work of Al-Khalili et al. @1#. In Table I we also quote in
this case the one-neutron removal cross section and the
reaction cross section that we obtain from the folding mod
Eqs.~8! and~9!. They are about 40 mb larger than the resu
we obtain in the eikonal approximation. This difference
consistent with the results shown in Fig. 8 of Ref.@1#, which
confirms the interpretation given there, namely, that the fo
ing model is unreliable when used to extract rms radii of h
nuclei from reaction data. Our reaction cross sections
larger than those given in Ref.@1#. That is caused by the fac
that we have not fine-tuned the target interactions to be c
sistent with a high-energy experiment on a12C target. We
refer to our earlier work@5#, where we applied more realisti
interactions and achieved good agreement with meas
ments using the eikonal approximation.

VI. DYNAMICAL CALCULATIONS

The description of breakup reactions of halo nuclei
much more difficult at low beam energies, and few expe
ments have been performed. One example is the8B breakup
on a 58Ni target at 26 MeV, which was measured at No
Dame@10#. The breakup probability was found to be mu
smaller than expected from a calculation of the first-orderE1
andE2 Coulomb dissociation.

Attempts to explain the small breakup probability ha
recently been made, based on the first-order DWBA@11# and
on the truncated coupled-channels approach@4#. Both calcu-
lations showed that nuclear induced breakup plays a sig
cant role in the vicinity of the kinematic region of the me
surement. Moreover, they also showed that the commo
used multipole expansion of the Coulomb field from the t
get, which assumes that the distance from the8B projectile
to the target is larger than the distance to the valence pr
in 8B, is not valid in this case. Both features are very unf
tunate because they destroy the simple connection betw
electric multipole strength functions and breakup probab
ties that is commonly used in first-order calculations; t
makes the interpretation of the measurement much more
ficult.

In order to test these theoretical results, we have p
formed a dynamical calculation, where we followed the tim
evolution of the valence proton wave function, essentially
all orders in the Coulomb and nuclear fields from the targ
Our calculation is similar to those we performed at 46
MeV/nucleon on a Pb target@12#. There we used a straigh
line trajectory and included theE0, E1, andE2 fields from
the target. Here we use a Coulomb trajectory, and includ
addition the associated nuclear multipole fields (l50, 1, and
2! from the proton-target interaction, whereas the nucl
core-target interaction is ignored. Our calculation may
-
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considered an extension to higher orders of the first-or
DWBA calculation reported by Nunes and Thompson@11#,
since we adopt the same proton-target interaction and
clude all angular momentum states up tol 56.

The results of our calculations are shown in Fig. 2,
functions of the classical8B center of mass scattering angl
We also indicate our interpretation of the measurement@10#
in terms of a differential cross section. It is seen that
first-order Coulomb dissociation~top thin curve!, which is
based on calculatedE1 andE2 strength distributions@12#,
exceeds the measurement by almost a factor of 5. In
dynamical calculation, which includes theE0, E1, andE2
fields to all orders~the next thicker curve!, the discrepancy
with the measurement is reduced to a factor of 2.4. T
reduction is partly caused by higher-order Coulomb p
cesses but also by the fact that we here have used the co
multipole expansion of the Coulomb fields from the targ
which act both on the proton and on the7Be core.

The thickest solid curve in Fig. 2, which has a minimu
near 48° and peak at large scattering angles, is the resu
obtain when we also include the nuclear multipole fieldsl
5022) from the target on the valence proton. The result
to some extent, similar to the DWBA result~Fig. 3 of Ref.
@11#! in the angular range below 50°. This confirms that t
nuclear induced breakup does play an important role in
vicinity of the measurement. Our result has two contrib
tions, from stripping and diffraction dissociation, and t
dashed curve shows the separate contribution from diffr
tion dissociation.

While there is still some discrepancy with the measu
ment, maybe a factor of 2, we shall here focus on discrep

FIG. 2. Differential cross sections for the8B→7Be1p breakup
at 26 MeV on a58Ni target, as functions of the8B center of mass
scattering angle. The top thin curve is the result of the first-or
Coulomb dissociation, obtained from theE1 andE2 strength dis-
tributions calculated in Ref.@12#. The next thicker curve is the
result of a dynamical calculation, which includes theE0, E1, and
E2 Coulomb fields to all orders. The thickest solid curve includ
in addition the effect of the nuclear multipole fields (l50, 1, and
2! on the valence proton, and the dashed curve is the separate
tribution from diffraction dissociation. The result of a measurem
@10# is also shown.
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PRC 59 3245NUCLEAR INDUCED BREAKUP OF HALO NUCLEI
cies with the DWBA calculation. The main difference a
pears to be the magnitude of the peak at large scatte
angles, which is a factor of 2 larger in the DWBA calcul
tion. It is tempting to attribute this difference to the failure
first-order perturbation theory. This interpretation is in acc
dance with the comparisons made in the frozen limit in
previous section, where the discrepancy with the exact e
nal result was of similar magnitude. Thus it appears th
although the breakup probability is small, the nuclear field
way too strong to allow a perturbative treatment of t
breakup of weakly bound nuclei, such as8B and 11Be.

It is more difficult to compare to the truncated couple
channels approach because the results that were publ
~see Fig. 10 of Ref.@4#! are limited to final states waves.
Anyway, even with this limitation on the final states, th
calculated peak at large scattering angles has the same
nitude as our peak. In fact, from the comparison of result
the frozen limit presented in the previous section, we exp
that a truncated coupled-channels calculation, in which
ignores the couplings between continuum states, should
differ much from a perturbative treatment.
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VII. CONCLUSIONS

The picture that emerges from our investigation is th
perturbation theory and also the coupled-channel appro
that ignores continuum-continuum couplings are unrelia
when it comes to a quantitative description of the nucl
induced breakup of halo nuclei. The two methods give sim
lar results for diffraction dissociation; so not much is gain
by solving the truncated set of coupled equations. Moreo
the breakup probabilities are often much larger~up to a fac-
tor of 2! than those obtained from other methods which
expected to be more reliable, namely, the eikonal appro
mation at high energies and the dynamical calculations
low energies.

The nuclear induced breakup may take place at large
tances because of the extended nature of a halo, but
nuclear interaction of the halo nucleon with the target
much too strong to justify the perturbative or the trunca
coupled-channels treatment.
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