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ABSTRACT

Radioactive beam experiments have made it possible to study the structure
of light neutron rich nuclei. A characteristic feature is a large dipole strength
near threshold. An excellent example is the loosely bound nucleus n L i for which
Coulomb dissociation plays a dominant role in breakup reactions on a high Z
target. I will describe a three-body model and apply it to calculate the dipole
response of n L i and the momentum distributions for the three-body breakup
reaction: u L i —* 9Li+n+n, and comparisons will be made to recent three-body
coincidence measurements.

9 t..

1. Introduction

In recent years it has become possible to study the structure of light neutron
rich nuclei which are at the edge of particle stability, and interesting new properties
have been revealed. They are related to the weak binding which allows the valence
neutrons to form an extended density tail, a so-called neutron halo. The weak binding
also permits a new low-lying mode of electric dipole excitations which is associated
with the relative motion of the valence neutrons and the core. These properties are
quite different from those of ordinary nuclei close to the /^-stability line, where mass
and charge radii do not differ much and the dominant dipole mode is the giant dipole
resonance which is located at a much higher excitation energy. Another characteristic
feature is that nuclei at the neutron drip line contain an even number of neutrons,
whereas neighboring isotopes are often particle unstable. This clearly indicates that
pair interactions between the valence neutrons play an crucial role for the binding.

The experimental evidence for the existence of nuclei with a neutron halo and a
large dipole strength at low excitations is the unusually large breakup cross sections
that have been observed in radioactive beam experiments. Breakup reactions on light
targets are induced by the nuclear interaction with a target nucleus and cross sections
become large if the projectile is surrounded by an extended valence neutron density.
Breakup reactions on heavy targets can also be induced by the Coulomb field from
the target nucleus and cross sections become large if the projectile has a large dipole
strength at very low excitation energies.

A nucleus at the neutron drip line which exhibits all of the unusual features
mentioned above is l lLi, and it is also the nucleus that has been studied in the
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greatest detail. It is weakly bound and has only one bound state, whereas 10Li is
unbound. The simplest theoretical approach, which focuses directly on a realistic
description of the valence neutrons, is to describe uLi as a three-body system with
an inert 9Li core and two interacting valence neutrons. Many authors have taken
this approach1"8, and I will describe a particular example5'6, which is based on the
two-particle Green's function.

One of the most critical issues in the past couple of years has been the low-lying
dipole response of u Li which is associated with excitations of the relative motion of
the 9Li core and the two valence neutrons. A probe that is very sensitive to this
response is the (nLi,9Li) breakup reaction on a high Z target where Coulomb dipole
dissociation is a dominant reaction mechanism at intermediate energies. Many dif-
ferent measurements of this reaction have been performed in recent years. They
include measurements of cross sections9, angular distributions of neutrons10, momen-
tum distributions of the 9Li fragment11, and finally, complete three-body coincidence
measurements of the 9Li fragment and the two emitted neutrons12'14. These measure-
ments provide a crucial test of a calculated dipole response. I will make comparisons
to the predictions of a particular three-body model5'6 and discuss what one may learn
from the comparisons.

2. Two-particle Green's function method

The two-particle Green's function1 technique has been applied to calculate the
ground state5 and the dipole response6 of n Li and similar nuclei that consist of two
interacting valence neutrons and a more tightly bound core. I shall here summarize
the main ingredients of the model. The starting point is a two-particle Hamiltonian
of the form

#2(r i , r2) = Hrin) + #i(r*) +t>(r1,ra), (1)

where Hi is the single-particle Hamiltonian for a valence neutron interacting with
an inert core, and u(ri,r2) is the interaction between the two valence neutrons. The
single-particle Hamiltonian is parameterized in the usual way, with a kinetic energy
operator, Wood-Saxon potential and spin-orbit interaction. It is adjusted to describe
known properties (bound states or scattering states) of the n-core system. In the case
of nLi, it has been adjusted to produce api/2 resonance in 10Li at 0.8 MeV. There is a
large uncertainty in our knowledge of of the structure of the unbound nucleus 10Li, c.
f. the discussions given by R. A. Kryger and I. J. Thompson in these proceedings. A
recent measurement15 indicates a resonance at about 0.65 MeV. It is also noted that it
is very difficult to treat the full effect of the core motion exactly in an approach which
is based on the two-particle Green's function, and it has therefore been neglected in
the Hamiltonian (1). This approximation can be tested by comparison to Faddeev
calculations where the three-body kinematics can be treated correctly.



The n-n interaction is parameterized as a density-dependent contact interaction,

u(r1( r2) = tf(Fl - r2)(v0 + vp(^f), (2)
Po

where pc is the nuclear density of the core and p0 = 0.16 fm~3. A contact interaction
is only meaningful in a truncated space of two-particle states, and we have chosen a
cutoff at Ec = 40 MeV. This implies that the n-n interaction effectively has a finite
range. The cut-off at 40 MeV has been chosen in order to simulate the scattering
wave function of two neutrons near zero energy (c. f. Fig. 1 of Ref. 5). The strength
of the density-independent part of the interaction, vo, has been adjusted i. jive an
infinite scattering length. This is slightly stronger than the empirical n-n interaction,
which gives a scattering length of about -17 fm.

One can now diagonalize the Hamiltonian (1) in the space of independent two-
particle states which includes all states up to the cut-off Ec but excludes the si/2
and P3/2 states occupied by the core neutrons. This approach is identical to solving
the Bethe-Goldstone equation for the valence neutrons in the presence of the core.
The parameters for the density-dependent part of the interaction, vp and P, have
been adjusted so that the calculated two-neutron separation energy for 12Be and 14C
reproduce the measured values. The resulting effective n-n interaction essentially
vanishes inside the core (see Ref. 5 for details).

The use of a contact interaction allows us to apply a different numerical technique
which is based on the two-particle Green's function. For a total angular momentum
(JM) of the two valence neutrons we first construct the non-interacting two-particle
Green's function

The sum is over all two-particle states, ^lJ
n^n2 where (nun2) = (eiAii; ^2.72)1 which

are below the cutoff, ei + e2 < Ec, and excludes states that are occupied by core
neutrons. The correlated Green's function can now be constructed from

GjM{E) = (^(1) + Hl(2) + v-E- iri)jl = (1 + C^iE^C^iE). (4)

This Green's function describes the dynamical propagation of two neutrons with the
total energy E, interacting with each other and with the core. It is a function of four
coordinate positions, (ri,r2) and (r'i,r2), but since we use a contact interaction it is
actually sufficient to construct the inverse of the operator (1 + GJM(E)V) for rx = r2

and r[ = r2.
The ground state of the two valence neutrons is a 0+ state (we ignore the total

angular momentum of the core) and the ground state energy is the lowest pole of
the correlated Green's function for J=0. The ground state wave function can also be
extracted from the correlated Green's function evaluated at the ground state energy.



This construction is discussed in detail in Ref. 5, and the result is identical to the
result of a direct diagonalization of the Hamiltonian in the limit where r\ goes to zero.

The two-neutron separation energy we obtain for n Li is 0.20 MeV. This is some-
what smaller than the recently measured value16 of 0.34 ± 0.05 MeV. The calculated
RMS distance between the two valence neutrons is 6.24 fm, and the RMS distance
between the core and the center of mass of the two neutrons is 4.93 fm. Similar results
have been obtained in other three-body models, see for example Refs. 3 and 8.

3. Dipole response of nLi

The great advantage of the Green's function technique clearly shows up in the
calculation of the dipole response6. The effective dipole operator, which acts on the
ground state Wgs of the two valence neutrons, is

A. = ~{riYUh) + r2VlM(r2)). (5)

It excites the motions of the two valence neutrons with respect to the core. The effect
of final state interactions between the two neutrons, and between each neutron and
the core, can be included to all orders by considering the scattering series consisting
of successive propagation and scattering of the two neutrons. The propagation of the
two neutrons is governed by the Green's function for J= l , Gi^{B), evaluated at the
energy E = ej+e2 of the two-particle final state, and the scattering is generated by the
n-n interaction. The resulting "correlated" dipole matrix element to a specific final
state characterized by the quantum numbers (nuri2) = (fci^ijijfo^j^) *s

(6)

m

where the scattering series has been expressed in a closed form.
The dipole response is now given by the sum

It obeys two sum rules. One relates the total strength to the mean square distance
between the core and the center of mass of the two neutrons in the ground state. It
is therefore sensitive to spatial correlations. The second is the energy weighted sum
rule which puts constraints on the average excitation energy. The sum rules provide
very useful tests of the calculated dipole response as discussed in Ref. 6.

The dipole response of n Li is shown by the fully drawn curve in Fig. 1 (left panel).
The dotted-dashed curve shows the response we obtain when we ignore the effect of
the n-n interaction in excited states. Clearly, the final state interaction has a very



dramatic effect on the response and shifts the strength to lower excitations. However,
the total strengths of the two distributions are identical. The dashed curve in Fig.
1 shows the dipole response obtained from an independent particle model which has
been adjusted to reproduce the ground state single-particle density we obtain from
the two-particle Green's function method. The shape of this response is similar to
the correlated response at low excitations but the total strength of the correlated
response is about 50% larger. This enhancement is due to the spatial correlation
between the two neutrons in the ground state (see Ref. 6 for details).

Fig. 1. Calculated dipole strength of the valence neutrons in uLi. The left
panel shows the correlated response (fully drawn curve), the response ob-
tained by ignoring the n-n interaction in the final state (dot-dashed curve),
and the independent-particle response (dashed curve), as functions of exci-
tation energy. The right panel is a contour plot of the correlated response
as a function of the energies of the two emitted neutrons.

The correlated dipole response is also illustrated as a contour plot in Fig. 1 (right
panel), namely as a differential in the kinetic energies of the two neutrons in the rest
frame of 1JLi. The maximum of this strength function is not shown in the figure;
it is located at tx = &i = 80 keV. An interesting feature of this plot is the ridges
that appear around 0.7 MeV. They reflect the physical process in which one of the
neutrons is emitted with a large kinetic energy whereas the other neutron remains as
a spectator near the pi/2 resonance of 10Li. It would be very useful to get information
about the structure of 10Li from measurements of this kind, i. e. from three-body
coincidence measurements of the breakup reaction: xlLi -+ 9Li+n+n.



4. Tests of the Calculated Dipole Response

We have previously applied our three-body model to calculate observables in
(nLi,9Li) reactions and made comparisons to measurements. Examples include the
cross sections which have been measured by Kobayashi et al.9 at 800 MeV/u for dif-
ferent targets. Our calculations17 included both the nuclear part of the reaction and
the Coulomb dissociation which is generated by the dipole response discussed in the
previous section. Our results are in surprisingly good agreement with the data. This
implies that the total dipole strength predicted by our model is quite reasonable,
whereas the sensitivity to the shape (f. ex. the average excitation energy) is much
weaker at this high beam energy. Almost 60% of the calculated cross section is due
to Coulomb dissociation for a lead target. At lower energies, an even larger fraction
of the cross section is due to this reaction mechanism.

The shape of the dipole response can be tested by comparing to the angular
distributions of single neutrons which have been measured by Anne et al.10 Our
calculated distributions18 are in reasonable agreement with the data at forward angles
for a high Z target, where Coulomb dissociation is a dominant reaction mechanism.

An alternative test is to compare to the longitudinal momentum distribution of
9Li fragments which has been measured by Orr et al.11 The prediction of our model is
in reasonable agreement with the data for a high Z target11. In our first prediction6,
we ignored the effect of angular correlations between the two emitted neutrons, and
we found that the width of the longitudinal momentum distribution increases with
increasing beam energy. We have recently included the effect of angular correlations
between the two emitted neutrons in the calculation the longitudinal momentum
distribution19. The new calculated distribution is in very good agreement with the
data. Moreover, we now predict that the width of this distribution will decrease with
increasing beam energy as a direct consequence of angular correlations.

5. Comparisons to Three-body Coincidence Measurements

Coincidence measurements of the two neutrons and the 9Li fragment, which are
emitted in (nLi,9Li) reactions, may provide a much more detailed probe of the low-
lying dipole response of n Li . Such measurements have recently been performed at
28 MeV/u on a Pb target12'13. The measured breakup cross section is 5.1±0.3 b,
and our model p edicts that Coulomb dissociation is responsible for about 88% of
that cross section. One would expect that Coulomb dissociation is responsible for
an even larger fraction of the two-neutron coincidences simply because the neutron
absorption is stronger for nuclear induced reactions. It is therefore reasonable to
analyze the coincidence data in terms of Coulomb dipole excitations. The following
presentation is based on the work presented in Ref. 19.

In order to make comparisons to the three-body coincidence measurements, let
us first express the dipole strength of n Li as a differential in the momenta of the
two emitted neutrons. To do this we use first order perturbation theory. The inelas-



tic scattering amplitude for the two emitted neutrons will contain an overall factor
which depends on the Coulomb dipole field from the target and the kinematics of the
reaction6. Apart from this factor, which we ignore for the time being, the scattering
amplitude for a specific final state will be proportional to the dipole matrix element,
and the angular dependence will be governed by the the two-particle D-functions
defined in Ref. 6. Thus we obtain the following amplitude

•&2(ki,k2)= 2 M^Elrie^+^Dl^ikM (8)

as a function of the momenta of the two emitted neutrons. This expression also
contains the sum of the phase shifts of the two neutrons, Sni + Sna, which originates
from the radial part of the final state, two-neutron wave function.

The fi — 0 amplitude defined in Eq. (8) is associated with longitudinal dipole
excitations which are generated by the Coulomb force from the target acting along
the beam direction. It is therefore natural to define the longitudinal dipole strength
distribution by

d?BL{El) _ 3

This distribution contains important information about the angular correlations be-
tween the two emitted neutrons. A detailed discussion can be found in Section 6
of Ref. 6. The distribution is invariant under rotations around the beam direction.
When integrated over all directions of the two emitted neutrons one obtains the usual
dipole strength distribution defined in Eq. (7).

One can define a similar dipole strength distribution, BT(E1), associated with the
transverse dipole excitations. The symmetry axis for this distribution is perpendicular
to the beam direction and falls in the scattering plane determined by the incident
projectile and the target nucleus. The longitudinal and transverse distributions are
related by a simple rotation of 90°. From these two distributions we now obtain the
following cross section, as a differential in the momenta of the two emitted neutrons,

The magnitude of the two components are determined by the two functions6'19

9L(0 = (*H^ fe(KUO - #o2(O)(l - Me?), (Ha)

where £ is the adiabaticity parameter, £ = RAE/(hjv), which depends on the ex-
citation energy AE, the beam velocity v, and the minimum distance R for which a



strong nuclear absorption sets in, c.f. Eq. 5.10 of Ref. 6. It is important to realize
that transverse dipole excitations dominate the (11Li,9Li) Coulomb dissociation cross
section at intermediate energies; our model predicts that they generate 78% of the
cross section at 28 MeV/u on a lead target, and 95% at 800 MeV/u.

Let us now consider the spherical part of the momentum distributions associated
with the 9Li recoil and with the relative motion of the two neutrons. Using the fact
that the transverse dipole strength distribution can be obtained from the longitudinal
one by a simple rotation of 90°, we can obtain the following expressions for the two
momentum distributions, expressed in terms of the longitudinal dipole strength alone,

= Jdk.dk, (gL P2I ~ (12)

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Pn (MeV/c), + P 2 | (MeV/c) ^ -P21 (MeV/c)

Fig. 2. Momentum distributions for (a) the 9Li recoil, (b) the relative
motion of the two neutrons, and (c) for single neutrons in the rest frame of
the lxLi -> 9Li+n+n breakup reaction on a lead target at 28 MeV/u. The
data are from Ref. 13. The calculated curves (normalized to 100) include
the detection efficiency.

The two distributions we obtain are shown in Fig. 2, (a) and (b), together with
the data13. Also shown is the single neutron momentum distribution (c). All three
calculated curves include the detection efficiency, which has been parameterized as a
simple function of the excitation energy (c. f. Fig. 11 in Ref. 13). The calculated
distributions have arbitrarily been normalized to 100, and the data points were nor-
malized to minimize the x2- The data for the relative motion of the two neutrons
and for single neutrons are in very good agreement with the calculations, whereas



the measured recoil momentum distribution is shifted to higher momenta and has a
significantly larger width.

The calculated decay energy spectrum (including detection efficiency) is shown in
Fig. 3 of Ref. 19 together with the data. The measured spectrum is shifted towards
higher excitation energies when compared to the model prediction. The shift is similar
to that observed for the recoil momentum distribution shown in Fig. 2a. In fact, the
discrepancies are probably related.

It was noted in Ref. 13 that the average velocity of the 9Li fragments is larger than
the average velocity of the two neutrons. This was ascribed to a post acceleration
effect on the 9Li fragment, when it is liberated in close vicinity of the target nucleus,
and it was interpreted in terms of a life-time, which is much shorter than what one
would expect from the width of the low-lying dipole response. Our calculations,
which are based on first order perturbation theory, do not include a post acceleration
effect. The measured momentum distribution shown in Fig. 2a has been corrected
for the average velocity shift. A post acceleration effect will also lead to fluctuations
in the velocity of the heavy fragment but it is not possible to correct for that. The
discrepancy between our predictions and the data may be due to these fluctuations.
A more detailed study of the post acceleration effect, which is beyond first order
perturbation theory, is clearly needed. In this connection, it is important to emphasize
that the data for the relative motion of the two neutrons are insensitive to a post
acceleration effect, and they are in good agreement with our prediction.

6. Conclusions

The unusual properties of neutron rich nuclei which are at the edge of particle
stability, namely the weak binding, an extended valence neutron density, a large
dipole strength at very low excitation energies and large breakup cross sections, are
all characteristic features possessed by the nucleus nLi. It appears that a three-body
model can explain most of these characteristic features, which are associated with the
weakly bound valence neutrons.

Correlations between the valence neutrons play a crucial role for the weak binding
and they have a large effect on the dipole response. The magnitude of the total dipole
strength calculated in the three-body model is consistent with measured cross sections
for the (uLi,9Li) breakup reaction. Details of the calculated dipole response, probed
by the momentum distributions for single neutrons and for the relative motion of
the two emitted neutrons, are also consistent with recent three-body coincidence
measurements. There are some discrepancies between the model predictions and the
measured decay energy spectrum and the momentum distribution for the recoiling 9Li
fragment. These discrepancies are ascribed to higher order dynamical effects, which
have been ignored in our calculations, and which arise when the excited nLi nucleus
decays in close vicinity of the target nucleus.

Finally, the predicted binding energy of nLi is somewhat smaller than the mea-



sured value. This may partly be due to a poor knowledge of the structure of the un-
bound nucleus 10Li, which plays a crucial role for the calibration of the single-particle
Hamiltonian that is used in the three-body model. Recent and future measurements
will hopefully improve this situation. It would also be useful to fine tune the effec-
tive interaction between the valence neutrons; the present strength at zero density
is slightly stronger than the empirical n-n interaction, since it has been adjusted to
produce an infinite scattering length.
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