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Four-body distorted wave theory for halo excitations
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A microscopic approach to breakup reactions into the low-energy continuum of Borromean two-neutron halo
nuclei is developed, taking quantum-mechanically into account both Coulomb and nuclear dissociation, simul-
taneously. The crucial role of both elastic and inelastic fragmentation is demonstrated for6He breakup on C
and Pb targets at intermediate energies, for kinematically complete experiments. Recent GSI experimental data
are for the first time analyzed quantitatively and reveal a rich and complex interplay of reaction mechanisms
and low-lying halo excitations.

PACS number~s!: 21.45.1v, 24.10.Eq, 25.70.De, 25.70.Mn
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Recently@1# we demonstrated within a microscopic fou
body distorted wave theory that in diffractive~elastic!
breakup of Borromean halo nuclei on proton target, the c
related continuum excitations play a crucial role for fragm
momentum distributions. We have extended this approac
breakup reactions on heavier targets taking into account
presence of different reaction mechanisms leading to ela
and inelastic fragmentations, i.e., when the target remain
the ground or goes to excited states, respectively.

The most explored Borromean nucleus, both theoretic
and experimentally is6He, for which nevertheless, the que
tion of the nature of low-lying soft modes is still under di
cussion since controversy of theoretical analysis@2–5# and
recent experimental results@6# remains. Below we presen
the first study of continuum excitations for both elastic a
inelastic6He breakup on12C ~nuclear interaction dominates!
and 208Pb ~Coulomb dissociation is the main process! targets
and compare theory with recent experimental data from G
@6# at a collision energy of 240 MeV/nucleon. Other break
scenarios are discussed in@7#

The reaction amplitude of the breakup reactiona1A
→a1n11n21A8 involving the collision of projectilea
~two-neutron halo! and targetA includes in prior representa
tion the exact continuum wave functionsCA8

(2)(kx ,ky ,kf)
which describe the relative motion of halo fragments a
target in excited stateA8. Jacobi vectors (kx ,ky) characterize
the relative motion of the three projectile breakup fragmen
and kf the relative target-projectile center-of-mass moti
@2,8#. To get CA8

(2) some approximations are required. W
make approximations at the level of the reaction mechan
but treat the three-body structure of the halo projectile i
consistent way keeping the characteristics of the halo st
ture. These are contained directly in the halo ground s
wave function and in the low-lying excitation spectra whe
strength concentration of transitions with different multip
larities, so called ‘‘soft modes,’’ are formed. If there is n
direct knockout of a projectile fragment we cannot negl
any of the mutual interactions. All projectile fragments ta
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similar parts in the interaction process. This is realized
the soft part of a halo spectrum where relative fragment
locities are small and restricted kinematically by the low e
citation energyE* . At low E* there are no spectator pa
ticles. Also the reaction should be fast and the loss of ene
has to be small compared with the initial collision energ
Hence, we factorize the exact scattering wave function
plicitly extracting a wave function of the excited projectil
Thus the reaction amplitude can be written as

^xA8
(2)

~kf !FA8C
(2)~kx ,ky!uVaAuC0F0x0

(1)~ki !&,

whereC (2)(kx ,ky) is a continuum three-body wave functio
of the halo system,C0 is the halo ground state, while
xA8

(6)(ki , f) are distorted waves describing relative motion
projectile and target in stateFA8 . The transition potential
VaA5(p,tVp,t which governs the fragmentation process
the breakup reactions is composed of effectiveNN interac-
tions Vp,t between projectilep and targett nucleons. The
post and prior forms of the breakup amplitude are equa
our approximation since the decomposition of the Ham
tonian in perturbed and unperturbed parts is the same
initial and final channels. According to this approach t
nature of the breakup is inelastic excitations of the projec
directly to the continuum. Whether this continuum state w
be resonant or nonresonant depends on the final state i
actions between the fragments.

To calculate the reaction amplitude the boundC0 and
continuumC (2)(kx ,ky) wave functions have to be precom
puted. For the6He nucleus the essential halo structure h
been obtained in the framework of a three-bodya1N1N
model @2,9#. In this model, the total wave function is repre
sented by a product of wave functions describing the inter
structure of thea core and the relative motion of three in
teracting constituents. The method of hyperspherical h
monics ~HH! @2# has been used to treat the three-body d
namics for both bound and scattering states. This allowed
to provide@10,8,1# a comprehensive description of a varie
of data for A56 systems. For the present calculations t
HH method has been extended in an effective way to incl
both the core polarization@2# and two-neutron-exchang
with the core by using the core density dependentNN inter-
action, which includes repulsion inside the core in the Pa
,
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forbidden partial states. Details of the method will be pu
lished elsewhere. The Feshbach reduction to inac
subspace was used, and in all partial states we have red
the initial K;40 hyperharmonic space~enough for practical
convergence! to K;10, which gives the same results as
strict calculation in the large initial space. Exchange effe
cause a difference in dipole strength functions calculate
the simple@2,5# and improved cluster models, but affect th
ground state wave function very little. In present calculatio
we used the improved cluster wave functions which give
dipole strength distribution~solid line in Fig. 1! within the
GSI experimental data. The boundaries of theoretical un

TABLE I. Theoretical ~integrated over excitation energyE*
<10 MeV) cross sections~mb! for inelastic excitation of6He at
240 MeV/nucleon on208Pb and12C targets.N (C) labels the cal-
culations with purely nuclear~Coulomb! forces. Experimental data
@6# include cross sections up toE* <12.3 MeV.

Total Elastic Inelastic 01 12 21 2res
1

208Pb
N 218 73 145 20 112 87 41
C 299 267 32 0 293 1.3 0.4
N1C 480 333 147 20 378 82 40
exp @6# 6506110 1464

12C
Na 16.9 8.6 8.3 1.3 6.9 8.7 4.5
Ca 1.9 1.7 0.2 0 1.9 0.02 0.01
(N1C)a 16.8 9.3 7.5 1.3 7.2 8.4 4.4
(N1C)b 20.6 11.0 9.6 2.7 9.2 8.7 4.5
exp @6# 3065 460.8

aOptical potential used in calculations from Ref.@15#.
bOptical potential used in calculations from Ref.@16#.

FIG. 1. Dipole strength distributions for6He. Solid and dashed
dotted lines show the distribution and theoretical uncertainty in
present improved calculations. Dashed and dotted lines are for
oretical calculations from@2# and@5#, respectively. Dark squares ar
experimentally derived boundaries from@6#.
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tainties, within which our qualitative conclusions certain
hold, are shown by dash-dotted lines in Fig. 1

It is important to underline that in the calculations of th
continuum wave functionsC (2)(kx ,ky) the final state inter-
action ~the pair interactions between all projectile constit
ents! is fully taken into account.

For a consistent treatment of electromagnetic dissocia
Coulomb and nuclear interactions have to be treated on e
footing. The interactionVpt between projectile and targe
nucleons has a short-range part due to strong forces but
includes the Coulomb repulsion when both nucleons are p
tons. This allows quantum-mechanical calculations
nuclear and Coulomb excitations including their interferen
without artificial separation in different mechanisms.

Inclusive cross sections include both elastic and inela
breakup reactions. To single out these contributions we
the method of Refs.@11–13#. Thus, the inclusive cross sec
tion s5sel1s in is decomposed into elasticsel and inelastic
s in parts given by

sel5
~2p!4

\v i
E dkxdkydkfd~« i2« f2E* !

3u^x0
(2)~kf !F0C (2)~kx,ky!uVaAuC0F0x0

(1)~ki !&u2,

FIG. 2. Comparison of the theoretical6He excitation spectrum
~thick solid line! for 6He1208Pb breakup at 240 MeV/nucleon wit
experimental data@6#. ~a! The thin solid, dashed, and dotted line
show the dipole 12, quadrupole 21, and monopole 01 contribu-
tions.~b! Dashed~dotted! lines show calculations with only nuclea
~Coulomb! interactions.~c! Dashed~dotted! lines are contributions
from elastic~inelastic! fragmentation.
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s in5
~2p!4

\v i
E dkxdkyE dr

1

p
„2Im UaA~r !…

3u^Gopt~r,v!F0C (2)~kx,ky!uVaAuC0F0x0
(1)~ki !&u2,

where« i , f are the kinetic energies of relative center-of-ma
motion in the channels,v5« i2E* , and the optical-mode
Green’s functionGopt(r,r8,v) is the solution of the Schro¨-
dinger equation with optical potentialUaA .

The calculations in the impulse approximation used
effectiveNN interaction with the parametrization of@14# for
the nucleon-nucleont matrix. Optical potentials@15# for 12C
scattering on12C and 208Pb at 200 MeV/nucleon were use
with radius parameters scaled to the number of nucleon
6He.

Table I shows total theoretical cross sections integra
over excitation energy up to 10 MeV for inelastic excitatio
of 6He on 208Pb and12C targets. Figures 2 and 3 show th
corresponding spectra compared with experimental data@6#.
The calculations correctly describe absolute values and s
tral shape for both reactions, in spite of their different re
tion mechanisms. Still theory underestimates the total cr
sections somewhat, caused by insufficient contributions
higherE* . In this respect the calculations can be improv
by including excitations with higher multipolarities@8# cur-
rently not taken into account. We draw attention to the
crease in the nuclear breakup going from light to heavy
gets in our calculations by a factor of about 10 wh
calculations in@6,7# only gave a factor of 4. This differenc
has to be clarified.

FIG. 3. The same as in Fig. 2 but for6He112C reaction.
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The contributions@Fig. 2~a!# to inclusive spectra on a lea
target from different multipole excitations in6He display a
small monopole contribution, the dipole dominates and
well-known three-body 21 resonance at 1.8 MeV is strongl
excited ~total cross section;40 mb). Since the calculate
resonance width (;60 keV) is less than experimen
(;113 keV) and no energy averaging with experimen
resolution performed, the theoretical peak cross section
ceeds the experimental one. The steep cross section inc
at threshold is completely due to dipole excitations. Figu
2~b! shows the cross sections for calculations with only Co
lomb or nuclear interaction. Coulomb dissociation dom
nates, but cannot alone describe absolute values of ex
mental data. Applying the semiclassical method to our dip
strength function gives;420 mb for a cutoff minimum im-
pact parameter of 9.5 fm. Quantum calculations when o
the Coulomb part of optical potentials is present ga
;400 mb for the dipole elastic cross section. The cross s
tion contributions from elastic and inelastic fragmentati
are shown in Fig. 2~c!. Although the elastic fragmentatio
dominates the low-energy part of the spectrum, for a qua
tative description both contributions have to be taken i
account simultaneously. The elastic fragmentation cross
tion decreases rapidly with energy while the inelastic st
rather flat. In total,s in on 208Pb contributes about 30% o
total cross section forE* <10 MeV.

Figure 3 shows comparisons of theoretical calculatio
with experimental data@6# for 6He112C at 240 MeV/
nucleon. The peak, the most pronounced feature in the s
trum, is again due to excitation of the 21 resonance@Fig.
3~a!# with total cross section;4 mb. Above the resonance
in the flat part of the spectrum, approximately half of t
cross section is due to dipole, a third is quadrupole, and
rest are monopole excitations. On the carbon target the

FIG. 4. Quadrupole~a! and dipole~b! excitations on208Pb, and
quadrupole~c! and dipole~d! excitations on12C. Dashed~dotted!
lines show calculations with only Coulomb~nuclear! interactions.
1-3



ea
d

te
o

tw
o
o

pi
fe

th

ns
o-
’
n
e
in

on

of
at

ur
ns

to
u-
tent
he
tent
and
ro-
ex-
on
for-
ms.

of
eac-
ms
or-
b-
Ap-
in

er-
ct.
or
nt
.V.

RAPID COMMUNICATIONS

S. N. ERSHOV, B. V. DANILIN, AND J. S. VAAGEN PHYSICAL REVIEW C62 041001~R!
clusive excitation spectrum is completely defined by nucl
interaction@Fig 3~b!# and the contributions from elastic an
inelastic fragmentations are approximately equal@Fig. 3~b!#.

Figure 4 addresses in particular the quadrupole~a!,~c! and
dipole ~b!,~d! excitations of 6He for reactions on12C and
208Pb targets. For quadrupole transitions the Coulomb in
action is not important. The dipole nuclear fragmentation
12C is more than 2 times the Coulomb. Its cross section
roughly increased by one order of magnitude for208Pb, but
dipole Coulomb dissociation is increased by more then
orders of magnitude. This factor is similar to the square
the ratio of the target charges and is expected for pure C
lomb excitations. When both interactions are present the
ture becomes more complex: there is a destructive inter
ence in the internal region and Coulomb excitation in
outer.

To check sensitivity to optical potentials the calculatio
for fragmentation on12C have also been done with the p
tential from Ref.@16#. This optical potential has a ‘‘shallow’
imaginary part and may represent a reasonable variatio
the potential family. Calculations show only minor chang
for quadrupole transitions while dipole cross sections are
creased by 30%, and contribution from monopole excitati
is doubled. The total cross section forE* <10 MeV is in-
creased by 20%. It is clearly demonstrated that the use
transparent potential influences the excitations concentr
more deeply inside the nucleus more strongly.

In conclusion, we have extended our microscopic fo
body DWIA theory for two-neutron halo breakup reactio
or
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to account for both elastic and inelastic breakup leading
low-lying halo excitations. Within this approach the Co
lomb and nuclear dissociations are included in a consis
way which accounts for Coulomb-nuclear interference. T
method of hyperspherical harmonics is used for a consis
description of genuine features of the halo bound state
final state interactions between all halo fragments. The p
cedure can be applied to analyze kinematically complete
periments, which allow reconstruction of the halo excitati
spectrum, and single out the events carrying valuable in
mation on correlations specific to two-neutron halo syste
The model was used to analyze recent experimental data@6#
on 6He fragmentation at 240 MeV/nucleon on12C and208Pb
targets. In addition to a good simultaneous description
absolute cross sections and excitation spectra for both r
tions, new insight on the interplay of reaction mechanis
and correlated continuum structure was obtained. The imp
tant role found for inelastic fragmentation and Coulom
nuclear interference is consistent with experimental data.
plication of the approach to other Borromean nuclei is
progress.
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