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New modes of halo excitation in the6He nucleus
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Predictions are made for the structure of a second 21 resonance, the soft dipole mode and unnatural parity
modes in the6He continuum. We use a structure model which describes the system as a three-body
a1N1N cluster structure, giving the experimentally known properties of6He and6Li, and use the distorted-
wave impulse approximation~DWIA ! reaction theory appropriate for dilute matter. The presence of both
resonant and nonresonant structures in the halo excitation continuum is shown to be manifest in charge-
exchange reactions as well as inelastic scattering with single nucleons.@S0556-2813~97!50302-5#

PACS number~s!: 21.45.1v, 21.60.Gx, 24.30.Gd, 27.20.1n
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The known spectrum of6He contains only the 01 bound
state and the well known 21 (E*51.8 MeV! three-body
resonance, and then a desert in the three-bodya1n1n con-
tinuum up to the3H 1 3H threshold at about 13 MeV@1#.
While for 11Li a response~E1 strength! function has been
reconstructed from exclusive experiments@2,3#, such infor-
mation is still lacking for6He. Except for momentum distri
butions from fragmentation experiments with6He beams
@4–6#, the only data are from charge-exchange reactions w
6Li to the 6He continuum, but with poor statistics and lim
ited angles@7–9#.

The recent developments of radioactive nuclear be
techniques and of dynamic approaches to three-body
tinuum theory@10# make it possible to investigate to wh
extent our knowledge of the lightest Borromean halo nucl
6He is complete. What are the specific features of the c
tinuum of a system with a halo ground state? Below we g
predictions of a second 21 three-body resonance that may
accessible in experiment, and also~a much less pronounced!
11 resonance. The so-called ‘‘soft dipole mode’’ sugges
in @11,12# still needs clarification@13#. According to existing
three-body models it is not a simple binary core – po
dineutron resonance, neither in11Li nor probably in6He, but
although this seems now widely accepted, further te
within these three-body models are desirable. It shows
three-body pole structure, as discussed, e.g., in@14#, and
therefore it is still an open question whether the ‘‘soft dipo
mode’’ is just a dynamical enhancement arising from fin
state interactions in the direct excitation of the three-bo
continuum. It is now possible for experiments to tell wheth
the three-body frameworks are adequate, since these mo
are shown in the present paper to give rise to other
modes of other multipolarities. Such modes were sugge
in @15#, but need both theoretical and experimental clarifi
tion. We believe that the predictions given below are relia
as guide for future experiments, and that the observatio
the dipole and other modes predicted here would suppor
validity of three-body models and their representation of
‘‘soft dipole mode’’ as not being a genuine three-body re
nance.
550556-2813/97/55~2!/577~5!/$10.00
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The nucleus6He has in past years been used as a re
ence case, with the most reliable information on the bin
core-n interaction. Our previous investigations ofA56 nu-
clei @10,16–19# and 11Li @20# and also those of other autho
@14,21–25# using a variety of methods, have shown that n
merous characteristics ofA56 nuclei can be accounted fo
in a self-consistent way by using ‘‘fundamental’’ pairwis
interaction potentials which reproduce the binary scatter
phases up to disintegration thresholds. Thus, the data f
@1,4# on binding energy, geometric and electromagnetic ch
acteristics, form-factor behavior for electron scattering,b de-
cay of 6He and6Li ~n,p! 6He charge-exchange cross sectio
to the ground state have all been reproduced rather well.
sharp 21 resonance at 1.8 MeV~width 112 keV! excitation
energy is also reproduced, though not with the full wid
Also the puzzle with the6Li quadrupole moment still need
to be solved.

This paper extends our previous studies to nuclear as
as E1 responses, and we also apply the distorted wave
pulse approximation~DWIA ! to some specific nuclear reac
tions with simple mechanisms. The task is simplified in the
Borromean systems due to the lack of binary bound stat

For very dilute matter, the situation of halo nuclei,
seems justified to try to use the impulse approximation in
reaction calculations over a wider energy range, using
free interactiont matrix @26#. The present calculations em
ploy the standardt-matrix parametrization of Love and
Franey, with central, tensor, and spin-orbit components@27#.
For charge-exchange reactions to low excitation energies
situation is particularly simple for theA56 system, as only
the two halo nucleons take part in the exchange, theT50
a-core being unaffected. The reaction is, however, stil
four-body problem: we will return to details of the reactio
theory in a larger communication.

The transition amplitudes for the reaction areT matrix
integrals of the transition couplings with the incoming a
outgoing distorted waves, integrating over the channel rad
r between the nucleonN and the A56 system. The
reaction form factors are folded structures
R577 © 1997 The American Physical Society



sit

we
en-

m
n
the
d

de-
nd-

titu-

’
-
x-

-

hy-

e-

gu-
s

R578 55B. V. DANILIN et al.
*dr8r 82 r ls j ,t(r 8,E* ) tl 8s j,t(r ,r 8) of the two-body interac-
tion between colliding nucleons, where the transition den
matrix elements are given by

r ls j ,t~r ,E* !5^Jfp fTf i r̂ ls j ,t~r !iJip iTi& ~1!

r̂ ls jmj ,t
~r !5 (

i51,2

d~r2r i !

r i r
@Yl~ r̂ i ! ^ ss~ i !# jmj

t t~ i !,

ss~ i !5H 1, s50

s~ i !, s51,
t t~ i !5H 1, t50

t~ i !, t51.
~2!

FIG. 1. Charge-exchange~a! and inelastic scattering~b! cross
section to6He continuum. The total amplitude and multipole d
composition are given.E* is the excitation energy.
y

To show a simple measure of the transition strength,
define a ‘nuclear response’ by integrating the transition d
sity over r.

The hyperspherical harmonics~HH! expansion method
~see Refs.@10,16,17#! was used to calculate the continuu
states entering eq.~0.1! as well as the initial bound state. I
the center-of-mass system, the three-body states have
form of products of an intrinsic cluster wave function an
functions of the relative motion with orbital momentumL
and spinS coupled to total angular momentumJ,MJ . Trans-
lationally invariant normalized sets of Jacobi coordinates
fine the relative spatial degrees of freedom with correspo
ing angular momental x and l y coupled toL, where, e.g.,
l x5 l NN and l y5 l (NN)a .

We use as binary potentials between the cluster cons
ents the modified SBB Gaussian typeaN interaction @16#
with purely repulsives-wave component and the ‘‘realistic’
GPTNN interaction@28#. These were also successfully em
ployed in our original calculations for bound and lowest e
cited states of theA56 nuclei @10,16#, as well as for our
previous calculations of the dipole strength function@18# and
electromagnetic~EM! dissociation cross sections@19#.

By expanding on the HH basis, the Schro¨dinger equation
for two radial variablesx,y is transformed into a one
dimensional coupled channels~CC! problem in hyperradius
r, containing an additional quantum number called the
permoment,K5 l x1 l y12n, (n50,1,2,. . . ) associated with
the extra hyperangle tana5x/y. We solve the three-body

FIG. 2. Diagonal~effective three-body! potential and energy
positions for the 21 resonance peaks, corresponding to the confi
ration uS51, @ l x51, l y51] L51&. The 22

1 eigenphase behavior i
also shown.
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Schrödinger equation exactly up to 20 fm for bound sta
and up to 40 fm for continuum states where this solution w
matched with the three-body asymptotics@18#. Our previous
investigations@16–18# showed that the main characteristi
of theA56 nuclei can be ascribed to only a few HH of th
full wave function. The same structures are obtained b
truncation of theK space toK<6 which is compensated b
a renormalization of thean interaction in the same manne
as described in@18#, preserving the geometric characteristi
and asymptotic binding energy (Rrms52.45 fm and
E520.78 MeV!. As in most variational calculations, w
obtained an upper limit on the position of the resonance
a lower limit on its width.

By a soft modewe mean a pronounced accumulation
excitation strength at low continuum energies. Here
three-body model is justified: these are energies low co
pared with normal shell separations\v or the nearest 2-body
thresholds. The soft mode may be a resonance, but not
essarily. From a dynamical point of view, a narrow thre
body resonant state may be caused by a well-pronoun
pocket in one of the diagonal partial wave potentials, wh
are sums of a nuclear mean field in the hyperrad
r and three-body centrifugal components of ty

FIG. 3. Electromagnetic and nuclear response functions~all in
arb. units! for continuum with both final state interactions~fsi! and
plane waves~pw!.

TABLE I. The main components of interior norms~out to 15
fm! of 21 resonances for6He in LS and Jacobij j representation
(na) andn(na). Herex;(nn) andy;(nn)a.

L S lx l y Norm 21
1 Norm 22

1 Config Norm 21
1 Norm 22

1

1 1 1 1 32 58 p3/2 p3/2 33 45
2 0 0 2 45 30 p1/2 p3/2 32 32.5
2 0 2 0 22 11 s1/2 d5/2 21 13

s1/2 d3/2 14 8.5
s
s

a

d
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e
-
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-
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(K13/2)(K15/2)/r2. This is possible in our model since a
the potentials are local. The pocket structure in the effec
three-body potential depends weakly on the details of
NN ~central or realistic! and core-N ~Gaussian or Woods
Saxon! interactions; it has been found for all resonances d
cussed in the article. Earlier investigations@10# showed a
pocket in theK52 partial component inA56 nuclei for the
well known Jp501 and 21(T51) resonances. Resonanc
may also arise in CC problems from large off-diagonal co
plings ~see @29#!, in which case the eigenphases of theS
matrix need to be examined. Sharp resonances will sh
phase shiftsd5p/2, while for the widest resonances we d
not have a reliable criterion, just as when analyzing tw
body phase shifts.

According to the simplest shell model prescriptio
(p3/2)

2, (p1/2)
2, and (p3/2p1/2) would be the ground and ex

cited state positive parity configurations of the6He con-
tinuum, and we could expect excitation structures like 02

1 ,
21, and unnatural parity states 11 and 31 of quadrupole
type. To get negative parity states 12, 02, and 22 ~unnatural
parity! of dipole type, we need to involves andd orbits.

In reality we deal with a strong mixing of configuration
the g.s. configuration resulting from an HH calculation
mainly (p3/2)

2 with a superposition of (p1/2)
2 and (s1/2)

2 and
(d5/2)

2, and we should expect complex structures for the
cited states because of a strongnn interaction, competing
with thean interaction.

Figure 1 shows our predictions for inclusive cross s
tions of inelastic 6He(p,p8) 6He scattering and charge
exchange6Li( n,p) 6He to the continuum structure of a ha
nucleus with a compact core. Configuration mixing is i
cluded in the ground state, as well as final-state interacti
in the continuum.

21 quadrupole resonance.In addition to the sharp 21
1

resonance at 1.8 MeV, a second 22
1 resonance was calculate

TABLE II. Weights of main components of dipole respon
function of 6He in LS and Jacobij j representation.

L S lx l y Norm 12 Config Norm 12

1 0 0 1 87.5 s1/2 p3/2 58
1 1 1 0 2 s1/2 p1/2 30
1 0 2 1 8.5 d5/2 p3/2 4.5

d3/2 p1/2 2.5

TABLE III. Comparison of resonance positions and widths~in
MeV! of 6He. Calculations in the Hyperspherical Harmoni
Method ~HH!, Complex Scaling Method~CS1! from Ref. @14#,
~CS2! from Ref. @23#, and positions known from experiment@1#.

HH CS1 CS2 Exp.
Jp E G E G E G E G

01
1 20.64 20.6 20.78 20.97
21

1 0.75 0.04 0.74 0.06 0.8 0.26 0.822 0.11
22

1 3.3 1.2 - - 2.5 4.7 - -
12 not found not found not found - -
11 3.4 1.8 - - 3.0 6.4 - -
02

1 5.0 6.0 - - 3.9 9.4 - -
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R580 55B. V. DANILIN et al.
at an excitation energy of 4.3 MeV with a widthG51.2
MeV; see again Fig. 1. The resonance ‘‘on the top of a b
rier’’ behavior is evidenced both by a well defined diagon
potential pocket and eigenphases~Fig. 2!. Both LS and Ja-
cobi j j coupling show strong mixing of configuration
~Table I!.

11 resonance.This mode @see Fig. 1~a!# with E*
5 4.5 MeV is almost entirely based on the compone
uS51, @ l x51, l y51] L51&, corresponding to reorientatio
of the 14% 01 g.s. component with the same quantum nu
bers @17#. This prevailing component has an interior nor
@10# of 94%. ~The ‘‘interior norm’’ is constructed as the
square norm of the diagonal part of the scattering wave fu
tion, integrated up to a hyperradius of 15 fm.! In Jacobi j j
coupling this transforms completely into the unique config
ration (p3/2p1/2). The character appears to be that of a w
resonance.

01 excitation.The charge-exchange cross section for
01 continuum exhibits a wide distribution peaking
E*55 MeV. The 01 cross section is the integrated result
complex substructures. The competition betweenan p wave
and nn s wave attraction andan s wave repulsion takes
place in the large space volume characteristic of the h
system. This together with kinematic factors~penetrability of
barriers for relative motion! produces structures in bot
charge-exchange and EM responses. Our calculations s
enhancements at about 2.8 MeV and 3.8–6 MeV. Diago
phases and eigenphases revealed only a rapid growth at
MeV, but no proper resonant behavior.

12 soft dipole mode.A central question at the present tim
is the origin of accumulation of dipole strength at very lo
continuum energy. Various attempts, based on the same
ter representation of6He, have not given a definite answ
@12,18,14,21#. Our analysis of the effective three-body p
tentials did not reveal any clear-cut pockets of the kind m
tioned earlier, and neither does the energy behavior of
eigenphases justify calling the soft dipole mode a resona

A further test is to compare EM and short range nucl
dipole response. With three-body plane wave final states
calculated EM and nuclear responses give concentration
3.5 and ;10 MeV, respectively, but the concentratio
nearly coincide~at 3 and 4.5 MeV! if coupled three-body
continuum wave functions for6He are used~Fig. 3!.

Table II gives the decomposition of the soft dipole peak
both LS and Jacobij j couplings. The main 12 component
uS50, @ l x50, l y51] L51& gives about 90% of the intensit
at the peak and reflects the strongnn attraction in the1S0
K
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partial wave. Without thenn interaction, the height of the
peak is reduced to less than half its value, with peak posi
shifted to higher energies.

The shoulder in Fig. 3 at higher energies is due to ot
components~which may be interpreted as excitation of th
next shell! with peak positions at 5 MeV (uS51, @ l x51,
l y52] L51&) and 8 MeV (uS50, @ l x52, l y51] L51& and
uS51, @ l x51, l y50] L51&).

We show in Table III the positions and widths of possib
resonances obtained in different methods. All of them g
very close positions but different widths which should
proved experimentally.

Our calculations also produced 02 and 22 unnatural par-
ity dipole modes, but the associated response functions
two orders of magnitude less than that for dipole excitati
The 31 quadrupole mode is four orders of magnitude le
than for the second quadrupole resonance.

In summary, we have presented predictions for the6He
three-body continuum which are the consequence of usin
a 1 N 1 N model with realistic interactions between th
constituents, interactions which reproduce all observable
the binary subsystems. To carry out this analysis we h
used a scattering method to investigate 313 scattering. This
has the advantage that, even when a resonance is not pr
as a pole, the continuum structure can still be investiga
while taking into account all final state interactions. Our c
culations reproduce the 01 ground state and also the expe
mental excitation energy~1.8 MeV! of the well-known 21

resonance. Electromagnetic and nuclear responses have
shown, and charge-exchange and inelastic scattering f
nucleons have been calculated within the DWIA framewo

Our model predicts a second soft 21 mode in the6He
continuum which qualifies as a three-body resonance, an
soft dipole mode which does not.

The results are consistent with the gross features of ex
ing, although sparse, experimental data@7–9#. Since this
continuum structure is concentrated in the vicinity of t
very dominant first 21 resonance, high resolution exper
ments with detailed angular distributions are needed.

We will return to the characterization of the halo co
tinuum structures in a larger paper where a complete ana
with detailed description of the three-body continuum theo
and the four-body DWIA reaction theory is given.
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