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ABSTRACT
Neutron rich nuclei are expected/predicted to have a strong dipole response
at low excitations. This will enhance the fragmentation cross section in
reactions on a high Z target. An example is l aLi which I will discuss in
detail. I will describe how one can calculate the correlated ground state and
the dipole response of the valence neutrons by solving the Bethe-Goldstone
equation, using an effective pairing interaction. I will also discuss how one
can test the calculated low-lying dipole response.

1. Introduction

It has now become possible to study the properties of exotic neutron rich nuclei in
secondary beam experiments. One has observed unexpected large fragmentation cross
sections1"2. The most interesting and challenging example is probably the (nLi,9Li)
reaction on a high Z target, which I will discuss in detail. The valence neutrons in
nLi are barely bound (52n = 0.25 ± 0.1 MeV), and 10Li is unbound, with a neutron
resonance at 0.8 ± 0.25 MeV.

The weak binding of 11Li implies that the density of the valence neutrons extends
to very large distances from the 9Li core. One should therefore expect a large nuclear
fragmentation cross section3. The weak binding also implies that there is a substantial
dipole strength, as we shall see, near threshold. One should therefore expect a large
Coulomb dissociation cross section on a high Z target, which can be an order of
magnitude larger than that due to excitations of the well-know giant dipole resonance.
Coulomb dissociation on a low Z target is less important. A large dipole strength at
low excitations has indeed been obtained in large-scale shell model calculations4"6.

The interaction between the valence neutrons must obviously play an important
role for the binding of n Li . Without that interaction the nucleus would be unbound.
The simplest model is to assume that the nucleus consists of two valence neutrons and
an inert core. Such a three-body system is most reliably described using the Fadeev
method7. An alternative approach, which we have made use of8'9, is to solve the
Bethe-Goldstone equation for the valence neutrons. Numerical calculations are made
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feasible by using a two-particle Green's function technique and adopting a density
dependent contact interaction for the pairing field.

An important question is how one experimentally can test the calculated dipole
strength. The overall strength is probed in (nLi,9Li) reactions on a high Z target. A
comparison to the data requires an additional model calculation of the nuclear part of
the reaction in order to isolate the part that is induced by the Coulomb field. A more
detailed test of the low-lying dipole strength distribution is provided by the angular
distribution of neutrons emitted in the reaction2'10. This also requires knowledge
about the nuclear part of the reaction. Fortunately, the experimental facts indicate
that the shape of the angular distribution is rather insensitive to the target mass2.
This implies that the shapes generated by Coulomb and nuclear induced reactions
are not dramatically different, and it is therefore reasonable to analyze the shape in
terms of Coulomb excitations.

In the following section I present a simple model Hamiltonian for the two valence
neutrons. In Sect. 3 I describe the construction of the correlated ground state and
the correlated dipole response, using a two-particle Green's function technique. A
more detailed description can be found in Ref. 8. In Sects. 4 and 5 I discuss how this
can be applied to calculate the Coulomb dissociation cross section and the angular
distribution of the emitted neutrons. Sect. 6 contains my conclusions.

2. Two-particle Model Hamiltonian

We consider a nucleus (Z,A) consisting of two loosely bound valence neutrons
and a more tightly bound core. We shall focus on the effect of correlations between
the valence neutrons, and use the following schematic two-particle Hamiltonian,

tf2(ri,r2) -£-1(r1) + fi'1(r2)-re//(r1,r,), (1)

Here H1 is the single-particle Hamiltonian for a neutron interacting with the core,
and veff is an effective pairing interaction between the two valence neutrons. Such
a model Hamiltonian is most realistic for loosely bound valence neutrons. For more
tightly bound nuclei, as for example 16O, correlations with the core nucleons will be
important. The single-particle Hamiltonian is parameterized in the usual way, with
a kinetic energy operator, a Wood-Saxon potential and a spin orbit interaction. The
depth is adjusted so that the one-neutron separation energy of the (Z.A-1) system is
reproduced. In the case of 10Li it is adjusted to produce a j>\ resonance at 4-0.8 MeV.

The pairing field is parameterized as a density dependent contact interaction.

««„(*, r2) = *(ri - ra)(*o + r ,(P c ( ( r i + r 2 ) / 2 ) ) p ) , (2)
Po

where pc is the matter density of the core and p0 = 0.16 fm~3. A zero-range interac-
tion can only be meaningful in a truncated space. We have used the energy cutoff, Ec



= 40 MeV, in the spectrum of two-particle states when we determine the eigenvalues
of the Hamiltonian, Eq. 1. In order to make the interaction realistic outside the core
we adjust the strength vo to produce a large (actually infinite) scattering length. An
infinite scattering length implies that the isolated two-neutron system has a bound
state at zero energy. Using an energy cutoff of 40 MeV this is achieved for

v0 = -2TT 2 (— ) \EC* = -831 MeV /m3 , (3)

m
The parameters vp and P for the density dependent part of the interaction are ad-
justed so that the calculated two-neutron separation energies for 12Be and 14C re-
produce the measured values. The calculational technique is described in the next
section. The extracted values (vp = 930 MeV fm3, P=1.2) imply that the effective
interaction essentially vanishes inside the core.

3. Two-particle Green's Function Technique

The eigenstates of the system can be determined by diagonalizing the Hamil-
tonian, Eq. 1, in the truncated space of two-particle states with energies less than
the cutoff Ec, excluding explicitly states fhat are occupied by the core neutrons. An
equivalent method, which we have mad -. of, is to determine the poles of matrix
elements of the correlated two-particle V. s function,

G(2J,ri,ra,ri,ri) = (H2 - E - «,)-* = £ J ^ ^ ^

The last equation expresses formally the Green's function in terms of the eigenvalues
E2P and eigenvectors |2p) that we want to determine. This method is feasible, as we
shall see, since we use a contact interaction for the pairing field.

First we need to construct the independent two-particle states (i.e. without
the pairing field). They are obtained by coupling two single-particle states to an
antisymmetric state of total spin J, which we shall denote |(piP2)j). Those used to
calculate the correlated ground state have J=0, and those used to calculate the dipole
response have J=l . The associated uncorrelated two-particle Green's function (for a
given J) is then given by the sum

J ' h
The sum is over all states which belong to the truncated space of two-particle states
described above. The correlated Green's function can now be constructed from the
uncorrelated one and the effective pairing interaction,

Gj(E) = (l + G9\E)vm/f)-
1G$\E). (6)



The inverserse operator contained in this expression can be calculated in coordinate
space on a finite radial grid as it is usually done in RPA theory11. The continuum
single-particle spectrum is discretized by requiring that the radial wave functions
vanish at a certain large radial distance, i ^ ^ (up to 40 fin).

5a. Two-particle Bound States for J=0
Let us consider the following matrix element between any two states

2 ^ : 5 = 1
2 p £2p — £J — IT]

Here we have used the two different expression for Gj-0, Eqs. 4 and 6, respectively.
From Eq. 7a it is seen that this matrix element will diverge when E coincides with
one of the eigenvalues, e2p that we want to determine. Thus we can use Eqs. 7a-7b
to numerically determine for example the ground state energy, egi. We can also use
these equations to determine the ground state wave function, \gs). The amplitude on
any uncorrelated two-particle state is seen to be given by (with E = egt),

()
tgs — IT)

For practical purposes it is important to use a small but non-zero value of TJ\ otherwise
Eq. 8 would diverge. The state (pip2)o is kept fixed in the construction of these
amplitudes. The constant N can be eliminated by normalization. This method gives
the same result as a diagonalization procedure when 77 becomes infinitesimal.

The contact interaction t'e// appears in Eq. 8 in such a way that we only need the
two-particle Green's function for identical positions of the two neutrons, i.e. ri = r2

aid v'j = r'2. This is a great advantage and makes numerical calculations feasible.
We first applied this method to 12Be and 14C in order to calibrate the parameters vp

and P in Eq. 2. This allowed us then to make predictions for other nuclei. Thus
we find that 10He is unbound, and uLi has a two-neutron separation energy of 0.20
MeV. Both results are consistent with the experimental knowledge.

Using the amplitudes given in Eq. 8 we can also construct the ground state
density. Some results for the one- and two-neutron densities in nLi are showrn in
Ref. 8. It is also interesting to try to reproduce the one-neutron density using an
independent particle description. This can be achieved by assuming that the valence
neutrons occupy a pi state with a binding energy of 0.3 MeV. The fit is shown in Fig.
1 of Ref. 8 and it was obtained by increasing the core radius by 20% and adjusting
the depth of the single-particle potential accordingly.

3b. Dipole Response



We have previously studied the dipole response of the two valence neutrons in
the correlated ground state of 11Li. The effect of the pairing interaction in the final
state was ignored for simplicity and the dipole strength was obtained from8

= £ \((PiP2h=i\DM\9s)\28(ePl + eP2-E), (9)

where the effective dipole operator acting on the two valence neutrons is,

DM = —^{rxYxMirx) + r3Y1M(r2))- (10)

The sum over final states includes all two-particle states with and J= l and excitation
energy AE — E — tga. It was noted in Ref. 8 that this response violates the energy
weighted sum rule by more than 50%. This clearly shows that correlations in the
final states must play an important role.

The effect of the pairing interaction in the final state can be considered as a
rescattering of the two neutrons after they have been excited by the dipole field.
Making use of the two-particle Green's function for J= l one can perform the sum-
mation of the scattering series (see Ref. 9). The final expression is

^ f ^ (11)

This result is recognized as the Tamm-Dancoff approximation (TDA). It is noted that
it is consistent with Eq. 10 for r=//=0. This dipole response would contain unphysical
structures if the Green's function for J = l were calculated directly from a discretized
set of continuum states. We have overcome this problem by first calculating the imag-
inary part of the Green's function and then used a dispersion relation to determine
the real part (see Ref. 9 for details).

The total strength obtained from the two responses, Eqs. 9 and 11, are identical
(TDA preserves the total strength). It can be estimated by the sum rule8

This is an upper limit since the sum includes the forbidden transitions to occupied core
states. The last term, which vanishes in the independent particle model, enhances
the correlated response of n Li by 43%, c.f. Ref. 8.

Different dipole responses for nLi are compared in Fig. 1. The dashed-dotted
curve is the result without correlations in the final state, Eq. 9. The fully drawn curve
is the correlated response, Eq. 11. It is seen that the pairing interaction in the final
state has a dramatic effect and concentrates much more strength at low excitations.
The dashed curve is the independent particle response obtained from the p | state



discussed earlier. It is seen that the shape of the correlated response is similar to that
of the independent particle model at low excitations but the overall strength is much
larger. The enhancement can be understood torn the sum rule (12).
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Fig. 1. Dipole strengths of the valence neutrons in n Li as functions of excitation
energy, and the associated Coulomb cross sections far reactions on gold. The fully
drawn curves are from the correlated response and the dashed curves are from
the independent particle response. The dashed-dotted curve is from Eq. 9.

4. Coulomb Dissociation

Dipole excitations are expected to be the main source of the electromagnetic
dissociation in (xlLi,9Li) reactions, due to the large dipole strength al low excitations.
At large velocities one can use the following simple expression for the dipole cross
section, which can be obtained from Ref. 12,

~ V-J )• (13j

It contains two characteristics of the dipole response of the valence neutrons. One is
the total strength B(El). The other is the parameter ID which is determined by

It as defined the same way as the I-value used in Bethe's stopping formula. Finally.

AAT ' (15)
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where R is the minimum impact parameter. I have used R = 1.2(A5 + A}).
The dipole cross sections obtained from the correlated (fully drawn) and the

independent particle responses (dashed curve) are also shown in Fig. 1 for (nLi,9Li)
reactions on a gold target. They were obtained by integrating the more general
expression, Eq. 16 in the following section, over all excitation energies up to 10 MeV.
The dotted curves are the results one obtains from the simple formula, Eq. 13, which
is seen to be quite accurate at energies larger than 25 MeV/A. The parameters for
the independent particle model are: B(El) = 1.07 e2fm2 and ID = 1.555 MeV. From
the correlated response one obtains: B(El) = 1.57 e2fm2 and ID = 1.33 MeV. The
'data point' at 29 MeV/A was extracted by Sustich13 from the measurement of Anne
et al.2. The value at 800 MeV/A was extracted in Ref. 3 from the measurement of
Kobayashi et al.1 (it has here been scaled to a gold target). The extracted values
are seen to be in reasonable agreement with both calculations. However, it should be
emphasized that the extracted values are uncertain and model dependent.

5. Angular Distributions of Neutrons

A more detailed probe of the low-lying dipole response of lxLi is provided by the
angular distribution of neutrons emitted in (11Li,9Li) reactions on a high Z target.
There is. of course, a significant contribution from nuclear induced reactions but the
experimental evidence2 seems to indicate that the shape of the one-neutron angular
distribution is not very sensitive to the reaction mechanism. It is therefore useful to
analyze the data2 in terms of Coulomb excitations.

It is fairly straightforward to calculate the angular distribution of neutrons in the
independent particle model, where one neglects correlations both in the initial and
final state. The amplitude for a given final state and impact parameter is then given
by the product of the Coulomb excitation amplitude and the angular dependence of
the final state wave function. The formalism is described in detail in Ref. 10. The
initial state was assumed to be the p | state used earlier, so the final states are s |
and d\ continuum states. The angular distribution in the rest frame of nLi uaE two

2

contributions, a sperical part and quadrupole term. The spherical part is

daDIP _ 1 dB(El) Ar

where the argument of the modified Bessel functions is

n-fv

This expression leads to the approximation, Eq. 13, for the total cross section in
the limit of large velocities. The quadrupole term is more complicated and it is given



in Ref. 10. One can now transform the distribution to the laboratory frame. The
resulting angular distribution of neutrons emitted in 29 MeV/A (11Li,9Li) reactions
on a gold target is the fully drawn curve shown in Fig. 2. The dashed curve was
obtained by scaling this result by a factor of 3.5. The shape is seen to be in remarkably
good agreement with the data2. The calculated angular distribution includes the
quadrupole term mentioned above. It amounts to a 10% correction at OL = 1° and
becomes less significant at larger angles.

The angular distribution generated by the correlated response falls off somewhat
faster than the curves shown in Fig. 2, in particular at larger angles. One can,
however, obtain a reasonable fit to the data at angles less than 10°.
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Fig. 2. Angular distribution of neutrons emitted in 29 MeV/A (1:lLi,9Li) reactions
on Au. The fully drawn curve is the result obtained in the independent particle
model. A scaling by a factor of 3.5 (dashed curve) is required to fit the data2.

6. Conclusions

Secondary beam experiments offer the opportunity to study the effect of pair
correlations in weakly bound nuclei which otherwise would be unbound. An excellent
example is "Li. The two-particle Green's function technique is a useful tool to per-
form numerical calculations of observables associated with the binding and excitation
of two loosely bound valence nucleons when the pairing field is parameterized as a
(density dependent) contact interation. The interaction can be adjusted to reproduce



the binding of several neutron rich p-shell nuclei, including n Li .
A characteristic feature of the dipole response of nLi is a strong concentration

of strength near threshold. This is already seen in the independent particle model
but correlations between the valence neutrons enhances the total strength by almost
50%. The effect of correlations on the total strength is clearly seen in the sum rule.

The large dipole strength at low excitations leads to a large Coulomb dissociation
cross section on a high Z target. Calculations appear to be in reasonable agreement
with (nLi,9Li) data. At large velocities the Coulomb cross section depends on two
characteristics of the dipole response. They are the total strength and the I-value,
which is determined by the average logarithmic excitation energy.

Another probe of the low-lying dipole response is provided by the shape of the
angular distribution of neutrons emitted in (11Li,9Li) reactions on a high Z target.
An independent particle description is (accidentally) in excellent agreement with the
data. The correlated response can account for the observed shape at forward angles
but underpredicts the data at the largest angles. A consistent calculation which
includes the nuclear part of the reaction is needed in order to assess this discrepancy.

A more direct probe of the correlations between the valence neutrons is to observe
two neutrons in coincidence with (11Li,9Li) reactions. Such experiments are presently
under way and they will provide a more stringent test of theoretical models.
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