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ABSTRACT 
Dynamical correlations in nuclei at the neutron drip line are studied with 

an extended pairing approach including bound and unbound levels. Recent 
data on ">li and l 3 Be are well described. RPA and QRPA' calculations for the 
dipole response function of "Li give large dipole strength at low excitation 
energy which, however, is not of collective giant resonance character. Cou
lomb dissociation data for low and high incident energy are well reproduced. 
Exploratory calculations for two-neutron transfer reactions with 1 (Li on a 
proton and a carbon target show the formation of a rainbow. 

1. Introduction 
The present understanding of nuclear structure has been obtained mainly 

from investigations of well bound nuclei down at the bottom of the valley of 
stability. There, it is found that mean field phenomena prevail and one is 
accustomed to regard dynamical NN-correlations as small and perturbative. 
With the new radioactive beam facilities becoming now operational new re
gions of the nuclear chart far off stability can be explored. The decision on 
particle stability in neutron or proton drip line nuclei like "Li and 1 0 t lSi, 
respectively, is due to a delicate dynamical balance. Small effects which 
usually are negligible are enhanced and even may be dominant. 

This very exciting new development in nuclear physics is likely to have 
important implications on other fields of physics as well. Investigations of 
neutron-rich nuclei might lead to new conclusions on the structure of neutron 
stars. Also, new insight on primordial nucleosynthesis can be expected. 

Of prime interest for nuclear physics is the interplay between single par
ticle and cluster degrees of freedom in neutron-rich light nuclei. A strong 
impact on this field was given by Hansen and Jonson / 1 / who pointed out 
that systems with a small two neutron separation energy as e.g. "Li 
(S2n=0-384 MeV / 2 / ) might be understood as a three body system consisting 
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of an inert core to which an interacting 2n-clusler is weakly coupled. This is 
a particular example of a more general situation found in three-body systems. 
Under suitable dynamical conditions such systems can be bound even if nei
ther sub-system is bound by itself / 3 / . In nuclei this should give rise to a 
'neutron halo' extending into space much beyond the core. In the sequel, this 
proposition initiated theoretical investigations ranging from HF and mean-
field calculations to three-body cluster model descriptions, especially for "Li 
/4-S/. The unusual properties of drip line nuclei should also show up in their 
response to external perturbations. Ikeda / 9 / was among the first to predict 
a new 'soft giant dipole' tuuile at low excitation energy in halo nuclei. These 
assumptions seem to be supported by measurements of the Coulomb dissocia
tion of "Li on lead at E/A=800 MeV /10/ and a number of different nuclei 
at E/A=29 MeV /11/ . However, such experiments provide only integral 
measurements of response functions from which conclusions on particular 
two-body correlations are hard to be drawn. A more severe test of the mo
dels will be provided by more exclusive measurements of two-neutron correla
tions /12 / and transfer reactions /13/ . 

An important question for nuclear structure physics is whether the other
wise successful mean field picture is able to describe adequately nuclei under 
the extreme conditions at the drip line. In this contribution established 
methods of nuclear theory are applied to drip line nuclei, thus extrapolating 
from safe grounds into a hitherto unknown domain. In doing so there is a 
good chance to obtain conclusive answers on the validity of the shell model 
assumption - i.e. the prevalence of independent particle motion — in drip line 
nuclei. 

Nuclei at the neutron drip line are investigated in a mean field approach, 
fair correlations are important as seen from the odd-even staggering of 
neutron separation energies in e.g. the Li-isotopes /14/. Obviously, the 
transition from bound to unbound states needs special attention at the drip 
line. As discussed below in more detail the usual DCS-approach to pairing is 
unsufficient under these conditions. A suitable re-formulation of the pairing 
problem accounting for pair interactions to all orders is presented in Sect.2. 
A new feature of the model is the treatment of proton-neutron correlations in 
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odd-odd nuclei by RPA-niethods /15/ . Applications of the model to recent 
spectroscopic data on 1 3 Be /10/ and l nLi /17/ are discussed. In both cases 
the spectra are well described without re-adjustment of parameters /16,17/. 

RPA and QRPA calculations for excited states and response functions are 
discussed in Sect.3. Л first attempt in this direction was made by Bertsch 
and Foxwell /18 / but failed due to numerical problems in the treatment of 
the continuum as was found out later. Here, the single particle continuum is 
discretized by enclosing the system into a spherical cavity of R=35fm. The 
radius was chosen such that energies and especially transition matrix elements 
are converged. The RPA-approach is most suitable to investigate response 
functions of external one—body operators as e.g. for electromagnetic excita
tions. The results are used in eikonal calculations for the Coulomb-dissocia
tion of «Li in the field of a target nucleus. 

In Sect.4 exploratory calculations on 2n-transfer reactions with a "Li-pro
jectile are presented. At present a phenomenological cluster model description 
is taken. Exact-finite-range DWBA calculations for a proton and a carbon 
target are discussed. The paper is closed with a summary and discussions in 
Sect.5. 

2. Pair Correlations i t the Neutron Drip Line 
The special properties of drip line nuclei lead typically to a weakly or 

even unbound Fermi-level. For pairing calculations this requires a more ex
tended treatment than the usual BCS approach. In the context of non-relati-
vistic many-body theory the most general formulation of the pairing problem 
is given by the Gorkov-equation /19 / . Particle and hole-type state operators 
are coupled by the pairing field A which is determined self-cansistently by 
the pairing density к and the two-body pair interaction. For the description 
of ground state properties we are interested in the stationary solutions of the 
Gorkov-equaiion. For fixed spin and parity a 2x2-system of coupled equa
tions is obtained 

( 1 1 - { + ) Ф + - ДФ_ = 0 ( la) 

- < h - 0 * _ ~ Л Ф + = 0 ( 1 Ь ) 
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Denoting the chemical potential by A one finds e, =A±E, where E is the 
quasi-particle energy. Therefore, Ф, is located above/below the Fermi-surface 
corresponding to the particle-/hole-like component of the quasi-particle state. 
The coupling is provided by the pairing field Д(г) and h=T+U is the mean-
field Hamiltonian with the kinetic energy operator T and the single particle 
field U(r). 

The usual BCS-approach consists to approximate ф,~up and ^_~vj) where 
(h-n)p=0 is a solution of the meanfield Hamiltonian h. If A=const. is as 
sumed, Eq.(l) leads to an eigenvalue problem from which the BCS energies E 
and the particle/hole-type amplitudes U and V, respectively, are obtained in 
the usual form as E = / p W and v 2 = ( H I J - A ) / E ) / 2 , u 2 + v 2 = l . In the 
language of Green functions the BCS-description corresponds to a renor-
malization of the residua of the single particle propagators by u 2 and v 2 for 
particle and hole states and by uv for the pairing part of the Green function 
/20/ but distortions of the wave functions from their meanfield shape are 
neglected. Such a treatment follows closely the description of paring in an 
infinite system. Thus, usual BCS-theory is most appropriate lor well-bound 
and large nuclei where A is almost constant over the main part of the nuc
lear volume. In small nuclei, however, the inhomogeneity of Д has to be 
accounted for by the theory. Because A will contain rather large momentum 
components the solutions of Eq.(l) can strongly deviate in shape from the 
pure mean field wave functions (for A=0) and the proportionality of ф and 
ф_ assumed in the BCS-method no longer holds. 

By solving the Eq.(l) numerically in coordinate space pairing correlations 
are included to all orders in energies and wave functions. The ground state 
occupation probabilities are obtained from the normalization of ф.. The 
equations are iterated for protons and neutrons until convergence is achieved 
for the particle numbers and for U and A. The method will be discussed in 
more detail elsewhere. 

In the present calculations only A(r) was calculated self-consistently. A 
density-dependent zero-range interaction 

VSE = t v W + ЩНР/ро)аМ7г72)Р5Е (2) 
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was used. P<.j. is the projector onto singlett-even states. The density depen
dence ie described by normalizing the nuclear density /<г) to the saturation 
density p =0.17N/fm 3 of infinite nuclear matter and choosing o = l / 3 . Inside 
the nucleus the strength is V, = -1S1 MeVfm3 which increases at large 
distance to V 0 =-928 MeVfm3. The value of V 0 describes the scattering 
length of free NN-ecattering and V, was obtained from fits to spectroscopic 
data in medium mass and heavy nuclei. The calculations include the rear
rangement potential due to the density dependence of Vn„. 

A Wood-Saxon potential with asymmetry and spin-orbit potential is 
chosen for U. The parameters were determined in heavier nuclei and follow 
closely systematics /17/. Recent comparisons to Skyrme-HF-calculations /20 / 
showed a rather good agreement. 

The approach has been applied to analyze spectroscopic data on "Be /16/ 
and l 0Li /17/ . In Fig.l theoretical and experimental spectra for , 0 Li are 
compared. In a first approach ">Li was described as 9Li+n and the residual 
proton-neutron interaction was neglected. Prom Fig.l it is seen that a rather 
sharp p-wave resonance is obtained which agrees well with the observed 
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Fig. 1. Theoretical s - and p-wave cross sections for ЧЛ+n-scatterings (left) 
and UPA-spectra for l 0Li (center) are compared to the experimental 
spectrum of •«Li (from /17/. For details see text. 
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position of the f 1 ;i Hnultiplet in 1 0Li. A broader structure is obtained in 
the 9Li+n s-wave channel having a maximum at the continuum threshold. 
Due to kinematical constraint the s-wave components are strongly suppressed 
in the experiment /17/ . However, in (j,2p)-measurements /21 / clear evidence 
was found for such a component with a shape compatible to the calculated 
one. 

Also displayed in Fig.l are calculations where the proton-neutron interac
tion was taken into account by describing l 0Li as a (proton-hole, 
neutron-part ide)-charge exchange RPA-excitation with respect to 1 0 Be (see 
/15/ for a similar description in the a 0Zr-region). The degeneracy of the 
multipletts is now lifted. The theory accounts for half of the observed 
splitting of the ground state multiplet . The d-wave structure at E~4.2 MeV 
is rather well described. 

With these measurements and their analysis an important progress in the 
understanding of ">Li has been achieved. The large strength and the small 

ivitiih of the l/2~-resonance indicates that this state is rather long-lived and 
quasi-bound. In going to ••Li it actually becomes bound mainly due to the 
pairing energy gained from the interaction with the additional neutron. 

ii-Li KS nam inn IEDIII "-•• кз п ш SUTE Kism 

Fig. 2. Proton (dashed) and neutron (full) ground state densities of "Li and 
"Be including pairing correlations 

The s-wave-structure is not a true resonance but rather results from the 
finite scattering length of the n+'Li-potential. Pair correlations are not very 
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effective in this 1/2 -channel and, therefore, the results are almost 
unchanged for "Li. 

The groundstate density distribution for "Li displayed in Fig.2 shows a 
very pronounced neutron skin which might be interpreted as a signature for a 
2n-'halo'. The proton density is rather narrow because the asymmetry poten
tial increases the depth of the effective proton potential. The neutron poten
tial becomes swallower and only due to pairing "Li is bound. Similar results 
were obtained by Esbensen and Bertsch /4 / who describe "Li by an interac
ting 2n-configuration coupled to an inert sLi core. In Fig.2 also the density 
distributions for the 'one neutron halo'-nucleus "Be are shown for 
comparison. 

3. Dipole Response and Coulomb-Break up of "Li 
The prediction of a 'soft giant dipole'-mode /9/ in drip line nuclei like. 

"Li has attracted much attention. The large cross sections for Coulomb-dis
sociation of "Li at E/A=800 MeV /10/ and also E/A=29 MeV /11/ have 
been taken as evidence for the existence of such a mode. 

Results of RPA- ad QRPA-calculations for the dipole response function in 
"Li are depicted in Fig.3. In both calculations a strongly excited state 
around E ~1.3 MeV is observed. A closer inspection of the strength contained 
in this group of states shows that it actually carries only about 7% of the 
EWSR- The wave function is almost completely given by the neutron 

( l /2~l/2 Configuration. The large transition strength is simply due to an 
unusually large single particle matrix element for the transition of the weakly 

bound lp, .̂ -neutron into the unbound 1/2 -configuration. A single particle 
matrix element exhausting about 7% of the BWSR can be considered as an 
'exotic' phenomenon but the results do not support the interpretation of the 
state as a 'giant resonance'. 

The group of states at E^IO MeV account for about 25% of the EWSR. 
Thus, they are better justified as 'soft giant dipole'-mode. The main part of 
the GDR with 55% BWSR is located at Ex~25 MeV which is typical for 
light nuclei. 
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Fig. 3. Electromagnetic- dipole response (unction in "Li in RPA (full) and 
QRPA (dashed). Center-of-mass corrections are included 

The dipole response functions were used in eikonal calculations (or the 
Coulomb dissociation of "Li. At E/A=800 MeV on Pb the cross sections are 
(y , D =594 mb and ff(-,D=873 mb in RPA and QRPA, respectively. These 
values range within the limit of the experimental result of <r~600-900 mb 
/10/. The data at E/A=29 MeV / 1 1 / are described similarly well as seen 
from Tab.l. Since break-up due to strong interactions is not included the 
deviations increase with decreasing target charge. 

Nucleus <r™(theor.) 
1Ы 

<TCD(exp.) 
1Ы 

l»Au 
58N, 

lOBe 

4.7 
0.7 
0.16 

5.0 ± 0.8 
1.3 ± 0.4 
0.47 ± 0.1 

Tab.l. Theoretical and experimental results (or Coulomb-dissociation of "Li at 
E/A = 29 MeV /11 / 
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4. Two-Neutron Transfer Reactions with "Li 
Coulomb-dissociation reactions provide only indirect evidence for two-

neutron correlation. Explicit measurements of the dynamics of the '2n-systein 
are possible in ( l lI/i,9Li)-transfer reactions. Such experiments are presently 
prepared at RIKBN /13 / . Results of exploratory EPR-DWBA-calculations for 
("Li^LiJ-reactions on a proton and a carbon target are shown in Fig.4. A 
cluster model wave function was assumed with a binding energy adjusted to 
the experimental value. 

Fig. 4. Angular distributions for the reactions p(»Li,'Li)t at E/A=150 MeV 
and «C("Li,»Li)"C at E/A=30 MeV using EFR-DWBA and cluster 
model form factors 

The cross sections are strongly foreward peaked. Interestingly, in both 
cases a rainbow-type structure is obtained at larger angles. From an impact 
parameter analysis it is found that in the (p,t)-case the foreward cross sec
tion is due to the 'halo' while the interior contributes mainly to the rainbow. 
The sharp minimum separating both parts is strongly influenced by the nodal 
structure of the form factor. 

In the •1C("Li,'Li) l 4C-reaction the stronger absorption suppresses the 
interior. Thus, stripping or break-up reactions on a heavier target is likely to 
be an appropriate tool for investigations of the exterior part of the neutron-
'halo'. 
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5. Summary and Conclusions 
An extended pairing approach for light drip line nuclei was discussed. 

Applications to spectroscopic data for l 3Be and l0Li gave good agreement 
with measurements /16,17/. These results and successful description of 
Coulomb dissociation with RPA-methods lead to the conclusion that the 
essential properties of light nuclei at the neutron drip line are correctly 
described by mean field and pairing calculations. More specific reactions 
studies which directly provide information on dynamical 2n-correlations are 
needed in order to distinguish more clearly meanfield and cluster 
contributions. 

^Supported in part by DFG, BMFT and GSI 
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