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New modes of halo excitation in the?He nucleus
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Predictions are made for the structure of a secohdésonance, the soft dipole mode and unnatural parity
modes in the®He continuum. We use a structure model which describes the system as a three-body
a+N+N cluster structure, giving the experimentally known propertie§Hté and®Li, and use the distorted-
wave impulse approximatiofDWIA) 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 nucl&0856-28187)50302-5

PACS numbes): 21.45+v, 21.60.Gx, 24.30.Gd, 27.26n

The known spectrum ofHe contains only the 0 bound The nucleus®He has in past years been used as a refer-
state and the well known 2 (E*=1.8 MeV) three-body ence case, with the most reliable information on the binary
resonance, and then a desert in the three-oéip+n con-  coren interaction. Our previous investigations Af=6 nu-
tinuum up to the®H + °H threshold at about 13 MeYA].  clei[10,16—19 and *'Li [20] and also those of other authors
While for *'Li a response(E1 strength function has been [14,21-25 using a variety of methods, have shown that nu-
reconstructed from exclusive experimef#s3], such infor-  merous characteristics @=6 nuclei can be accounted for
ma_tion is still lacking forGHe. Except for momentum distri- iy a self-consistent way by using “fundamental” pairwise
butions from fragmentation experiments wiffHe beams interaction potentials which reproduce the binary scattering
%476], tue only data are from char%e—exchange react|on? W_'“E)hases up to disintegration thresholds. Thus, the data from
“Li to the *He continuum, but with poor statistics and lim- 1 4] o hinding energy, geometric and electromagnetic char-
ItedTr?ggrlgggr:tg]developments of radioactive nuclear bea acterisgics, forrrg-factor tgehaviorfor electron scatterjfgle-

. . ay of °He and®Li(n,p) °He charge-exchange cross sections
techniques and of dynamic approaches to three-body co to the ground state have all been reproduced rather well. The

tinuum theory[10] make it possible to investigate to what . S
extent our knowledge of the lightest Borromean halo nucleu§h@/P 2 resonance at 1.8 MeWidth 112 keVj excitation
energy is also reproduced, though not with the full width.

®He is complete. What are the specific features of the con - : :
tinuum of a system with a halo ground state? Below we giveMSO the puzzle with théLi quadrupole moment still needs
predictions of a second2three-body resonance that may be t© be solved. _ _

accessible in experiment, and algomuch less pronounced This paper extends our previous studies to nuclear as well
1* resonance. The so-called “soft dipole mode” suggestecds E1 responses, and we also apply the distorted wave im-
in [11,17 still needs clarificatiofi13]. According to existing  pulse approximatioilDWIA) to some specific nuclear reac-
three-body models it is not a simple binary core — pointtions with simple mechanisms. The task is simplified in these
dineutron resonance, neither ¥Li nor probably in®He, but ~ Borromean systems due to the lack of binary bound states.
although this seems now widely accepted, further tests For very dilute matter, the situation of halo nuclei, it
within these three-body models are desirable. It shows néeems justified to try to use the impulse approximation in the
three-body pole structure, as discussed, e.g[1#4], and reaction calculations over a wider energy range, using the
therefore it is still an open question whether the “soft dipolefree interactiont matrix [26]. The present calculations em-
mode” is just a dynamical enhancement arising from finalploy the standardt-matrix parametrization of Love and
state interactions in the direct excitation of the three-bodyFraney, with central, tensor, and spin-orbit compong2is.
continuum. It is now possible for experiments to tell whetherFor charge-exchange reactions to low excitation energies the
the three-body frameworks are adequate, since these modeiguation is particularly simple for tha=6 system, as only
are shown in the present paper to give rise to other softhe two halo nucleons take part in the exchange, TtheD
modes of other multipolarities. Such modes were suggested-core being unaffected. The reaction is, however, still a
in [15], but need both theoretical and experimental clarificafour-body problem: we will return to details of the reaction
tion. We believe that the predictions given below are reliabletheory in a larger communication.

as guide for future experiments, and that the observation of The transition amplitudes for the reaction arematrix

the dipole and other modes predicted here would support thiategrals of the transition couplings with the incoming and
validity of three-body models and their representation of theoutgoing distorted waves, integrating over the channel radius
“soft dipole mode” as not being a genuine three-body reso+ between the nucleorN and the A=6 system. The
nance. reaction form factors are folded structures
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FIG. 1. Charge-exchang@ and inelastic scatterin@) cross
section to®He continuum. The total amplitude and multipole de-
composition are giverE* is the excitation energy.
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FIG. 2. Diagonal(effective three-body potential and energy
positions for the 2 resonance peaks, corresponding to the configu-
ration|S=1, [I,=1,1,=1] L=1). The 2, eigenphase behavior is
also shown.

To show a simple measure of the transition strength, we
define a ‘nuclear response’ by integrating the transition den-
sity overr.

The hyperspherical harmonig#iH) expansion method
(see Refs[10,16,17) was used to calculate the continuum
states entering ed0.1) as well as the initial bound state. In
the center-of-mass system, the three-body states have the
form of products of an intrinsic cluster wave function and
functions of the relative motion with orbital momentum
and spinS coupled to total angular momentuivM ;. Trans-
lationally invariant normalized sets of Jacobi coordinates de-
fine the relative spatial degrees of freedom with correspond-
ing angular momentd, andl, coupled toL, where, e.g.,
IX:|NN andlyII(NN)a .

We use as binary potentials between the cluster constitu-

tion between colliding nucleons, where the transition densityents the modified SBB Gaussian typdN interaction[16]

matrix elements are given by

Pisit(1 EX) = (Iem Tel| pisj (1[I T) D

- o(r—rj - . .
Plsjmj ,t(f)=i§;2(rr,—rr)[Y|(fi)® Us(')]jmj (i),

s=0 ) 1, =0
()= i), t=1. 2

os(i)= o(i), s=1,

with purely repulsives-wave component and the “realistic”
GPT NN interaction[28]. These were also successfully em-
ployed in our original calculations for bound and lowest ex-
cited states of théd=6 nuclei[10,16, as well as for our
previous calculations of the dipole strength functj@g] and
electromagneti¢EM) dissociation cross sectiofi$9].

By expanding on the HH basis, the Sctlimger equation
for two radial variablesx,y is transformed into a one-
dimensional coupled channgl€C) problem in hyperradius
p, containing an additional quantum number called the hy-
permomentK=1,+1,+2n, (n=0,1,2,. . .) associated with
the extra hyperangle tar=x/y. We solve the three-body
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TABLE I. The main components of interior norngsut to 15 TABLE II. Weights of main components of dipole response
fm) of 2" resonances fofHe in LS and Jacobijj representation function of ®He in LS and Jacobjj representation.
(na) andn(na). Herex~(nn) andy~(nn)ca.

L S Ly ly Norm 1~ Config Norm I
L S I I, Norm2, Norm2; Config Norm2; Norm 2;
0 0 1 87.5 S12 Pap2 58
1111 32 58 P32 P 33 45 1 1 1 0 2 S1/2 P12 30
2 00 2 45 30 PPy 32 325 1 o 2 1 8.5 dsso Paro 45
2020 22 11 sypdgp 21 13 dasz P1ro 25

31/2 d3/2 14 85

(K+3/2)(K+5/2)/p?. This is possible in our model since all
Schralinger equation exactly up to 20 fm for bound statesthe potentials are local. The pocket structure in the effective
and up to 40 fm for continuum states where this solution washree-body potential depends weakly on the details of the
matched with the three-body asymptotjds]. Our previous NN (central or realistic and coreN (Gaussian or Woods-
investigationg 16—18 showed that the main characteristics Saxor) interactions; it has been found for all resonances dis-
of the A=6 nuclei can be ascribed to only a few HH of the cussed in the article. Earlier investigatioft0] showed a
full wave function. The same structures are obtained by gocket in theK =2 partial component id=6 nuclei for the
truncation of theK space tcK <6 which is compensated by well knownJ™=0" and 2'(T=1) resonances. Resonances
a renormalization of thexn interaction in the same manner may also arise in CC problems from large off-diagonal cou-
as described ip18], preserving the geometric characteristicsplings (see[29]), in which case the eigenphases of te
and asymptotic binding energy Rf,s=2.45 fm and matrix need to be examined. Sharp resonances will show
E=-0.78 MeV). As in most variational calculations, we phase shiftsS=#/2, while for the widest resonances we do
obtained an upper limit on the position of the resonance andot have a reliable criterion, just as when analyzing two-
a lower limit on its width. body phase shifts.

By a soft modewe mean a pronounced accumulation of According to the simplest shell model prescription,
excitation strength at low continuum energies. Here theps.)?, (p12)2 and (sp1,) Would be the ground and ex-
three-body model is justified: these are energies low comeited state positive parity configurations of tiféle con-
pared with normal shell separatiohi® or the nearest 2-body tinuum, and we could expect excitation structures like, 0
thresholds. The soft mode may be a resonance, but not neg#, and unnatural parity states”land 3" of quadrupole
essarily. From a dynamical point of view, a narrow three-type. To get negative parity states,10~, and 2~ (unnatural
body resonant state may be caused by a well-pronounceshrity) of dipole type, we need to involve andd orbits.
pocket in one of the diagonal partial wave potentials, which |n reality we deal with a strong mixing of configurations;
are sums of a nuclear mean field in the hyperradiushe g.s. configuration resulting from an HH calculation is
p and three-body centrifugal components of typemainly (ps,)? with a superposition offf;,,)? and (s,,,)? and

(ds;)?, and we should expect complex structures for the ex-
e L A cited states because of a strong interaction, competing
with the an interaction.

Figure 1 shows our predictions for inclusive cross sec-
tions of inelastic ®He(p,p’) ®He scattering and charge-
exchange®Li(n,p) ®He to the continuum structure of a halo
nucleus with a compact core. Configuration mixing is in-
cluded in the ground state, as well as final-state interactions
in the continuum.

2% quadrupole resonancdn addition to the sharp 2
resonance at 1.8 MeV, a second &sonance was calculated

(arb. units)

TABLE Ill. Comparison of resonance positions and widths
MeV) of ®He. Calculations in the Hyperspherical Harmonics
Method (HH), Complex Scaling MethodCSJ) from Ref. [14],
(CS2 from Ref.[23], and positions known from experimelrit].

Response

HH CSs1 CS2 Exp.
J7 E r E r E r E r

0; -—0.64 -0.6 —0.78 -0.97

27 075 004 074 006 08 0.26 0.822 0.113

25 33 1.2 - - 25 4.7 - -

1~ not found not found not found - -
FIG. 3. Electromagnetic and nuclear response functiafisn 1" 3.4 18 - - 3.0 6.4 - -

arb. unitg for continuum with both final state interactioffsi) and 05 5.0 6.0 - - 3.9 9.4 - -

plane wavesgpw).
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at an excitation energy of 4.3 MeV with a widh=1.2  partial wave. Without thean interaction, the height of the
MeV; see again Fig. 1. The resonance “on the top of a barpeak is reduced to less than half its value, with peak position
rier” behavior is evidenced both by a well defined diagonalshifted to higher energies.

potential pocket and eigenphag@sg. 2. Both LS and Ja- The shoulder in Fig. 3 at higher energies is due to other
cobi jj coupling show strong mixing of configurations componentgwhich may be interpreted as excitation of the
(Table ). next shell with peak positions at 5 MeV|86=1, [I,=1,

1* resonance.This mode [see Fig. @] with E* ly=21 L=1)) and 8 MeV (S=0, [Ix=2,1,=1] L=1) and
= 4.5 MeV is almost entirely based on the component|s:1'[lx:]-','yzo] L=1)). » , )
IS=1, [1,=1, l,=1] L=1), corresponding to reorientation We show in Table Il the positions and widths of possible

of the 14% O g.s. component with the same quantum num-'€Sonances obtained in different methods. All of them give
bers[17]. This prevailing component has an interior norm V?g/eﬂogf gﬁé‘:gg?jl but different widths which should be
[10] of 94%. (The “interior norm” is constructed as the P b Y

. . Our calculations also produced and 2 unnatural par-
square norm of the diagonal part of the scattering wave funcl—ty dipole modes, but the associated response functions are
tion, integrated up to a hyperradius of 15 fnn Jacobijj '

X ; . ) . two orders of magnitude less than that for dipole excitation.
coupling this transforms completely into the unique conflgu--l-he 3" quadrupole mode is four orders of magnitude less

ration (psPp412). The character appears to be that of a Widethan for the second quadrupole resonance.

reso+nan0(_a. . . In summary, we have presented predictions for thie

+O exqtanon.The' c.harge—egchange cross section for thethree-body continuum which are the consequence of using an
0* continuum exhibits a W'.de _dlstrlputlon peaking at |\ "N model with realistic interactions between the
E*=5 MeV. The 0" cross section |s't.he integrated result of constituents, interactions which reproduce all observables in
complex substructures. The competition betweenp wave o pinary subsystems. To carry out this analysis we have
and nn s wave attraction andvn s wave reP“',S'O” takes used a scattering method to investigate33scattering. This
place in the large space volume characteristic of the halfg the advantage that, even when a resonance is not present
system. This together with kinematic factépenetrability of 553 pole, the continuum structure can still be investigated

barriers for relative motion produces  structures In both \pile taking into account all final state interactions. Our cal-
charge-exchange and EM responses. Our calculatlons ShQWjations reproduce the*0ground state and also the experi-
enhancements at about 2.8 MeV and 3.8—-6 MeV. Diagongl,ontal excitation energyl.8 MeV) of the well-known 2

phases and eigenphases revealed o_nIy arapid growth at 3x4s5nance. Electromagnetic and nuclear responses have been
MeV, but no proper resonant behavior.

1- soft dinol deA | : h . shown, and charge-exchange and inelastic scattering from
. soft dipole modeA central question at the presenttime , ,+ja4ns have been calculated within the DWIA framework.
is the origin of accumulation of dipole strength at very low

) vari based h | Our model predicts a second soft 2Znode in the®He
continuum energy. various attempts,. ase on.t 1€ Same ClUgsntinuum which qualifies as a three-body resonance, and a
ter representation ofHe, have not given a definite answer soft dipole mode which does not.

[12,18,14,21 Our analysis of the effective three-body po- ~ rpe vequits are consistent with the gross features of exist-
tentials did not reveal any clear-cut pockets of the kind mening although sparse, experimental da%-9]. Since this
tioned earlier, and neither does the energy behavior of the - ! '

) - ) . €ontinuum structure is concentrated in the vicinity of the
eigenphases justify calling the soft dipole mode a resonanc%ry dominant first 2 resonance, high resolution experi-

A further test is to compare EM and short range nUCIearments with detailed angular distributions are needed.

dipole response. With three-body plane wave final states the 'y il return to the characterization of the halo con-

calculated EM and nuclear responses give concentrations Bhuum structures in a larger paper where a complete analysis

3.5 and ~10 MeV, respectively, but the concentrations with detailed descripti :

L . ption of the three-body continuum theory
nearly coincide(at 3 and 4.5 MeY if coupled three-body 4 the four-body DWIA reaction theory is given.
continuum wave functions fofHe are usedFig. 3).

Table Il gives the decomposition of the soft dipole peak in  We are grateful to Prof. F.A. Gareev, Prof. T. Engeland,
both LS and Jacobij couplings. The main 1 component Prof. R. Leonardi, and Prof. A. Richter for useful discus-
|S=0,[Ix=0,1,=1] L=1) gives about 90% of the intensity sions. This work was done with financial support from Ber-
at the peak and reflects the strong attraction in thel'S,  gen, Surrey, and ECT
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