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ABSTRACT "' ' «

Radioactive beam experiments have made it possible to study the structure
of nuclei at the neutron drip line. Pair correlations play a crucial role in such
nuclei and characteristic features include an extended neutron halo density
and a large dipole strength near threshold. The most detailed studies have
been performed for nLi. I will present a 3-body model that explains the
main features of the data obtained for this nucleus.

1. Introduction

In recent years it has become possible to study the structure of nuclei far from
the /3-stability line. In my lectures I will focus on the structure of light neutron
rich nuclei which have been studied in quite some detail, both experimentally and
theoretically. Interesting new structure properties have been revealed, in particular for
nuclei which are at the edge of particle stability. The new properties are related to the
weak binding which allows the valence neutrons to form a density tail which reaches
far outside the core. This is often referred to as a neutron halo or a neutron skin.
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 found in ordinary nuclei close to the
/3-stability line, where the 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 and is an excitation of the relative motion of protons against all neutrons.

Another characteristic feature of light nuclei at the neutron drip line is that
they contain an even number of neutrons, whereas the neighboring isotopes which
contain one neutron less are often particle unstable. Examples are 8He, nLi, :4Be,
19B and 22C, which are all particle stable with an even number of neutrons, whereas
7He, 10Li, 13Be, 18B and 21C are all unbound (see the contributions from M. Ishihara
and A. C. Mueller in Ref. 1). This clearly indicates that pairing between the valence
neutrons plays an important role for the binding.

The experimental information about the structure of nuclei close to the neutron
drip line has mainly been extracted from breakup reactions on different targets. The
experiments have been performed with secondary beams of radioactive nuclei. A
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typical example of the production of such a beam is to use a primary beam of stable
l 8 0 nuclei, at an energy of 60 to 100 MeV/u (u means per nucleon), and bombard it
on a 9Be production target. The radioactive projectile-like fragments are selected in
a fragment separator and they will have a velocity close to that of the primary beam.
The energy of the secondary beam can be reduced in a so-called energy degrader to
the value of interest, for example 30 MeV/u. Examples on nuclei produced in this
way are 8He, nLi and 14Be. Heavier drip-line nuclei, as f. ex. 19B and 22C, have
been produced from a primary beam of 48Ca. A great advantage of this production
mechanism is that the /3-deca.y life-time (typically greater than 1 ms) is much larger
than the time it takes the radioactive beam to travel from the production target to
the location of the final measurement. A more detailed description of the four major
facilities where this kind of experiments are performed can be found in Ref. 1 in the
contributions from M. Ishihara (RIKEN in Japan), A. C. Mueller (GANIL in France),
D. J. Morrissey (MSU in USA) and W. Henning (GSI in Germany).

The experimental evidence for the existence of nuclei with a neutron halo and
with a large dipole strength at low excitations is the unusually large breakup reaction
cross sections that have been observed for the most neutron rich nuclei2. Breakup
reactions on a light target are primarily induced by the nuclear interaction with the
target, and the breakup cross section becomes large if the projectile is surrounded by
a halo of valence neutrons. The cross section for the breakup on a heavy target can
be much larger than the contribution generated by the nuclear interaction. Coulomb
excitations into the continuum can also lead to breakup and the most important
mechanism at intermediate energies is dipole excitations. The contribution from
exciting the well-known giant dipole resonance, however, is not enough to explain the
data. This lead to the suspicion that nuclei at the neutron drip line may have an
unusually large dipole strength at low excitations. It has been a major theoretical
challenge to try to account for the dipole strength needed to explain the data.

A nucleus at the neutron drip line which exhibits all of the unusual new features
discussed above is nLi, and it is also the nucleus that has been studied in the greatest
detail, both experimentally and theoretically. It has only one bound state and is
loosely bound with a two-neutron separation energy3 of 0.34 ± 0.05 MeV. In a naive
shell-n^odel picture, the two valence neutrons would occupy the two px/2 single-particle
states, whereas the core neutrons occupy the six s ^ and /»3/2 states. This description
is not realistic, however, since 10Li is unbound, with a neutron resonance4 close to
0.65 MeV. The simplest theoretical approach, which focuses directly on a realistic
description of the valence neutrons, is to describe nLi as a 3-body system, consisting
of an inert 9Li core and two interacting valence neutrons. I will describe such a 3-
body model and show how well it reproduces most of the reaction data that have
been obtained up till now.

One of the most sensitive probes of the structure associated with the weakly
bound valence neutrons in llLi is the (llLi,9Li) breakup reaction. The cross section
is very large for a heavy target like lead (several barns at intermediate energies),



and it is dominated by Coulomb excitations of the low-lying dipole response. This
is very fortunate since Coulomb excitation is a well understood reaction mechanism,
which provides a close connection between reaction data and the dipole response
of uLi. Many different measurements of (uLi,9Li) reactions have been performed
in recent years. They include measurements of cross sections for various targets5,
momentum distributions of the 9Li fragment6'7, and of the single-neutrons emitted in
the reaction8-9, and finally also the first complete 3-body coincidence measurements
of the 9Li fragment and the two neutrons that are emitted in breakup reactions
on a lead target10"12. The latter measurements are particularly interesting since
Coulomb dissociation dominates the measured cross section. This makes it is possible
to extract the low-lying dipole response for nLi directly from the measured decay
energy spectrum. I will show some of these results and make comparisons to the
predictions of the 3-body model.

2. Three-Body Models

The Hamiltonian for a 3-body system consisting of an inert core and two
interacting valence neutrons has the form,

H3B = TC + //„.(!) + #nc(2) + t>(l,2), (2.1)

where Tc is the kinetic energy operator for the core, Hnc is the single-particle Hamilto-
nian for a neutron interacting with the core, and v is the interaction between the two
valence neutrons. The description of nLi as a 3-body system needs some justification.
Let us here note a few experimental facts that support this approximation. First of
all, the quadrupole moment, the spin and also the magnetic moment of n Li and 9Li
are identical within experimental uncertainty13. This implies that the valence neu-
trons do not affect the protons in the core. Secondly, if we subtract the two-neutron
removal cross section from the interaction cross section of uLi, both measured at 800
MeV/u on a carbon target5, we obtain an estimate of the interaction cross section for
the core,

(Ti(core) = ai{nLi)-a2n - S40 ± 14 mb.

This is almost identical to the measured interaction cross section14 for 9Li, which is
796 ± 6 mb. Thus the core appears to be almost identical to a free 9Li nucleus.

It is not possible to include effect of the kinetic energy operator for the core
in the numerical technique described in Section 3. We shall therefore ignore it and
instead consider the effective two-particle Hamiltonian,

Hw = Hne{\) + Hw{2) + u(\,2). (2.2)

This would be a good approximation if the core was very heavy. In order to test it for
a light system like nLi it is useful to make comparisons to Faddeev calculations15'16

which treat this aspect of the 3-body kinematics exactly.



We shall now specify the n-n interaction and the single-particle Hamiltonian.
We shall also give the expressions for the independent two-particle wave functions
that can be constructed from two single-particle states. They form the basis for de-
tailed calculations of the correlated ground state, the dipole response and the angular
correlation between the two neutrons emitted in (llLi,9Li) breakup reactions. The
following presentation is based on the work published in Refs. 17 and IS.

2.a. n-n interaction
We shall use a two-particle Green's function technique to determine the eigen

functions to the Hamiltonian (2.2). This technique is only feasible if we make use of
an effective n-n interaction of the form,

(2.3)
Po '

as we shall see in Section 3. It is a density dependent interaction, where pc is the
nuclear density of the core and p0 = 0.16 fm~3. The strength of density-independent
part of the interaction, I>Q, is adjusted to simulate free n-n scattering at low energies.
This interaction must be quite strong since two free neutrons with opposite spins can
almost (but not quite) form a bound system. We shall use an interaction strength
which produces a bound state at zero energy, i. e. an infinite scattering length.

A ^-function interaction is only meaningful as an effective interaction in a
truncated space of states. We therefore impose a cutoff, Ec, in the two-neutron
energy spectrum. One can then determine the interaction strength that produces an
infinite scattering length. The derivation is given in Section 2. of Ref. 17. The result
depends on the energy cutoff as follows,

This strength is slightly stronger than the empirical interaction, which gives a scat-
tering length of about -17 fm. All calculations that have been performed up till now
are based on the energy cutoff Ec = 40 MeV. This choice gives a reasonable scale
for the two-neutron wave function at zero energy, see Fig. 1 in Ref. 17. We shall
discuss the calibration of the density dependent part of the effective n-n interaction
in Section 3.a. The basic result is that it essentially vanishes in the interior of the
core.

2.b. Single-particle states
The single-particle Hamiltonian, Hnc, is parameterized in the usual way and

includes a Wood-Saxon potential and a spin-orbit interaction of the form19,

^ ^ 1 , (2.5)



where a=0.67 fm, R = ro( .4-2) l / 2 , and r0 = 1.27 fm. The strength of the interaction,
V, is adjusted to reproduce the one-neutron separation energy of the neutron-core
system if it has a bound state. In the case of l0Li, it is adjusted to produce a p ^
resonance at 0.8 MeV, which was the adopted value a few years ago20.

The eigen functions of the single-particle Hamiltonian have the following form:
4>n(r)\£jm), where the subscript n is an abbreviation for the quantum numbers (ktj),
which characterizes the momentum k (or the energy e), the angular momentum (. and
the total spin j of the single-particle state. Single-particle states in the continuum
are normalized to the asymptotic form,

[2sin{kr
V 7r r
[2sin{kr + 6n)

<t>n(r) = \ , for r-nx>, (2.6a)
V 7r r

where 6n is the phase-shift. A very useful form for the spin and angular dependence
is the so-called helicity representation (see App. 3A-1 of Ref. 19),

\tjm) = ^ E o ( ' J k ) Dj
mh(r) X*, (2.66)

where a(tjh) = ( — 1)( '1+1 /2KJ- /-1 /2) j s a simple phase factor, \h is the spin function
and h is the helicity, which is the projection of the spin along the radial direction r.

2.c. Independent two-particle states

From the single-particle states we can now construct independent two-particle
states with total spin (JM),

*n;Vn2(ri,r2) = KWKfo) £ <ji™iJ2m2|JM) l ^ n n ) \e2j2m2), (2.7)

which are eigenfunctions to the Hamiltonian Hnc(l) + Hnc(2). In the helicity repre-
sentation (2.6b), they can be written as follows,

< O i . r 2 ) = K(ri)K(ra) £ D{%2(rur2) X$ x£\ (2-8)

where

f 1) a^ijihi) a(E2j2h2)

x £ Uxmij3m3\JM)Dtlhl{ri)D^2ht(f3). (2.9)

In the next section we shall in particular use these wave functions for identical
positions of the two neutrons, i. e. ri = r2 = r. This condition simplifies the
expression, since we can use the following sum rule for the D-functions (c.f. Eq.
(1A-43) of Ref. 19),

£ 01m1;2m,|J.U)Dillhi(r)D^/l2(r) = Yt
(J^iMJH)DJ

MH{r). (2.10)



The two-particle wave functions must be anti-symmetric when we interchange the
two particles since we are dealing with two identical fermions. If the positions of the
two particles are identical, the anti-symmetry can only be achieved by requiring that
the spin part is anti-symmetric. This implies that the total helicity, H = hi + /i2,
ijiust be zero. From Eqs. (2.8-10) one can now work out the final result, which is

The spin part is clearly the anti-symmetric S=0 singlet state. In the derivation it was
assumed that ( — l )'«+'*-J = 1, which is the case for the natural parity states we are
going to study, namely the 0+ ground state and the 1~ dipole states.

3. Two-particle Green's Function Method

We shall now discuss how one can determine the ground state for the effective
Hamiltonian (2.2) and the dipole response associated with dipole excitations of the
relative motion of the two valence neutrons and the core. One can of course diagonal-
ize the Hamiltonian in a truncated space of independent two-particle states, i. e. one
can solve the Bethe-Goldstone equation for the two valence neutrons in the presence
of a core. The truncated space must include all two-particle states below the cutoff,
ei + e-2 5- Ec, which is associated with the effective n-n interaction, and exclude all
single-particle states that are occupied by core neutrons. We shall use an equivalent
method which is based on the two-particle Green's function and which is faster for
a large configuration space. This method also appears to be simpler than Faddeev
calculations.

From the independent two-particle states defined in Section 2.c we first con-
struct the two-particle Green's function for a given total spin (JM),

nc(l) + Hnc(2)-t, -IT}) - 2_, , _ / ? _ , ' ^ '
11112 11 ~ "2 '

The sum is over all two-particle states which belong to the truncated space defined
above. Let us call it the uncorrelated Green's function since it does not depend on
the n-n interaction.

The correlated two-particle Green's function which include the effect of the
n-n interaction is defined similarly,

GJU(E) = (Hae{l) + Hnc(2) + v - E - i r , ) ^ = £ ^ ^ X (3-2)

where the sum is over the unknown exact solutions, ^ixl, to the Hamiltonian (2.2).



The correlated Green's function can be obtained from the uncorrelated one
and the n-n interaction by noting the following operator relation,

1 + Gi0)(E)v = Gw(E)(Hnc(l) + Hne(2) + v-E), (3.3)

From this relation we immediately obtain,

G(E) = (l + G^iE^y1 G(o>(£). (3.4)

The interaction we have chosen is diagonal in the total spin of the two neutrons so
the expression (3.4) is also valid for each particular (JM). Making use of this operator
relation we are now able to determine the bound state eigen values and eigen functions
of the Hamiltonian (2.2), as we shall see in the following section.

3.a. Bound states

From the formal expression (3.2) we see that we can determine the bound
state eigenvalues of the Hamiltonian as the discrete poles of the correlated Green's
function. Let us therefore consider the following matrix element between any two
independent two-particle states,

/m(*^ b | i .GjA/(^) |*^ a > * (*iXlH*»W>(*» jWl*^a>T«(JS - ea). (3.5)

This approximation holds when the Green's function is evaluated at an energy close
to the pole of an isolated bound state, E ~ ea.

In order to determine the bound state poles let us now insert the expression
(3.4) for the correlated Green's function and use the representation (3.1) for the
uncorrelated one. Thus we obtain,

Im(HiJ^\vGME)\9i^) = Im> """"^ .'/"J '_/.'~'l"a>, (3-6)

It is noted that we only need to construct the uncorrelated Green's function, which
appears in this expression, for r t = r2 = r and r̂  = r'2 = r' since the n-n 6-function
interaction appears on both sides of it. This part of the uncorrelated Green's function
can be obtained from Eqs. (3.1) and (2.11),

r,E)= £ ^ ^

xYMnYM?)- (3-7)
We have here suppressed the spin-dependence which according to (2.11) is the spin-
singlet state, S=0. The only problem left is to invert the operator 1 + G{jl,(E)v. This
inversion is feasible since we use a i5-function interaction and it can be performed in
coordinate space on a finite two-dimensional radial grid17.



We can now calculate the right hand side of Eq. (3.6) as a function of the
energy variable E. In order to locate a bound state pole numerically it is important
to use a finite, non-zero value for i] so that the energy pole is not a sharp ^-function
as indicated in (3.5) but a broader function with a width proportional to JJ. We can
also determine the bound state wave function since we can extract the amplitudes on
independent two-particle states simply by equating the right hand side of Eqs. (3.5)
and (3.6) for E — ea. Thus we obtain

where ^i'^ is any fixed independent two-particle state and N is a constant that can
be eliminated by normalizing the bound state wave function. This procedure gives
the same result as a direct diagonalization of the Hamiltonian in the limit 77 —+0.

We have used this method17 to calculate the ground state for different p-shell
nuclei which contain N=S neutrons. The ground state of the valence neutrons is a
J=0+ state (we ignore the possible spin of the core). The sum over single-particle
states in Eq. (3.7) will therefore be diagonal in the angular momentum and the spin,
i. e. Ex = i2 and ji = j 2 , whereas the two momenta can be different.

The density dependent part of the n-n interaction (2.3) was adjusted so that
we obtain the correct binding for 12Be and UC. This leads to the values: P=1.2 and
up=930 MeV fm3. Using this interaction, we find that 10He is unbound, whereas
11 Li is bound with the two-neutron separation energy S2n = 0.20 MeV. This value
is somewhat smaller than the measured value3 of 0.34 ± 0.05 MeV. The ground
state density of the two valence neutrons is illustrated in Ref. 17, Figs. 5-8. The
calculated RMS distance between the two neutrons is Rnin = 6.24 fm and the RMS
distance between the core and the center of mass of the two neutrons is fiC|2n = 4.93
fm. These results are similar to those obtained from Faddeev calculations15'16, which
give S2n = 0.21 MeV, Rn<n - 6.32 fm and Rc<2n = 4.48 fm. The smaller neutron core
distance is consistent with a stronger neutron-core interaction, which produces a pi/2

resonance at about 0.5 MeV, whereas our interaction has been adjusted to produce
a resonance at 0.8 MeV.

3.b. Dipole Response

Having determined the correlated ground state of the nucleus (Z,A) we can
now discuss the dipole response associated with excitations of the relative motion
of the two valence neutrons and the core. The Coulomb field from a target nucleus
acts on the core, and the dipole operator is D - ZerCiA, where rc,/, is the distance
between the core and the center of mass the entire nucleus. We can express this
operator in terms of the variables we have used in the previous sections, namely the
positions of the two valence neutrons with respect to the core. Thus we obtain D =



—Ze(ri + r-2)/A, or in spherical coordinates

V'i^(ri) + ralUra)) , (3.9)

The dipole matrix element between the correlated ground state, |^ 3 3) , and a partic-
ular (anti-symmetrized) independent two-particle state, |$^ n 2 ) , is

MgliElri^WXJDJV,.). (3.10)

The angular momenta of the two single-particle final states must differ by one, i. e.
h — lx ± 1, whereas j 2 = j \ - 1, ji, ji + 1.

We have here ignored the interaction between the two neutrons in their final
state. It is actually possible, within our model, to include this interaction to all orders.
To do this we first note that the free propagation of the two neutrons, after they have
been excited by the dipole field, is governed by the non-interacting Green's function
for J=l , given in Eq. (3.1) and evaluated at the two-particle energy, E = ej + e%.
The effect of the final state n-n interaction can now be treated in terms of a series of
successive propagation and scattering of the two neutrons. The resulting "correlated"
dipole matrix element is,

A/Bina(£l/x) = <*&

where we have expressed the scattering series in a closed form, which has a structure
similar to Eq. (3.6) and can be calculated the same way. The dipole response is now
given by the sum,

^ ^ (3.12)

as a differential in the absolute value of the momenta of the two neutrons. From this
one can easily obtain the dipole strength as a function of the excitation energy. A
compact expression was derived in Ref. 18,

^ | = I Im 52(*gs\D;Gu(E)D^gs), (3.13)

which contains the correlated Green's function for J=l.
For nLi we obtain a total dipole strength of 1.57 e2 fm2. This is slightly

smaller than the sum rule value,

*> = ̂ ( T ) 2 ( ^ | r ' + rl + 2ri



which is obtained by summing the dipole strength over a complete set of final states.
The sum rule strength is 1.73 e2 fm2, and it is related to the mean square distance
between the core and the center of mass of the two neutrons in the ground state. It
includes contributions from the forbidden transitions to occupied core states, which
must be excluded explicitly in the actual response. The total strength obtained from
Faddeev calculations16 ranges from 1 to 1.4 e2 fm2, which is slightly smaller than our
prediction, in accord with the smaller Faddeev RMS radius (c. f. Section 3.a).
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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 shows the correlated response as a function
of the energies of the two neutrons emitted in the rest frame of "Li.

The dipole response of uLi 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 two distributions have the same the total strength. 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 (see Fig. 7 of Ref. 17). 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 can easily be
explained by the sum rule (3.14). The RMS radii of the valence neutrons are identical



in the two models (by construction) but the last term in (3.14), 2(r-! • r2), which
vanishes in the independent particle model, gives an additional 50% contribution to
the total strength of the correlated response.

It is also interesting to note that the last term in Eq. (3.14) would be identical
to the first two terms if we assume that the two neutrons form a point particle. This is
the case for the di-neutron model21 which is commonly used and which gives a simple
analytic expression for the dipole response22. If we adopt a two-neutron separation
energy of 0.2 MeV, this model predicts22 a total dipole strength of 2.25 e2 fm2, which
is 43% higher than the value obtained from our correlated dipole response.

From Eq. (3.12) one can easily obtain the dipole strength as a differential in
the kinetic energies of the two neutrons emitted in the nLi rest frame. This quantity
is illustrated in Fig. 1 (right panel) as a contour plot. The maximum of the strength
function is not shown in the figure; it is located at e{ = e2 = 80 keV. An interesting
feature of this plot is the ridges that appear around 0.7 MeV. They disappear when
the final states are replaced by plane waves (see Fig. 3 in Ref. 18). The ridges 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 the unbound nucleus
10Li from measurements of this kind, i. e. from coincidence measurements of the
3-body breakup reaction, nLi—>9Li+n+n, induced by the Coulomb field from a high
Z target. This reaction mechanism is simpler and better understood than the multi-
nucleon exchange reactions that have been used up till now4'20 to get information
about 10Li.

4. Coulomb Dissociation

One of the characteristic features of nuclei close to the neutron drip line is the
unusually large dipole strength at low excitation energies. This implies that Coulomb
dissociation becomes a very important reaction mechanism for breakup reactions at
intermediate energies. We shall illustrate this for (nLi,9Li) reactions, where Coulomb
dissociation actually dominates the cross section on a heavy target like Pb. This is
very fortunate since Coulomb excitation is a well understood process. Moreover, it
provides a close connection between measured cross sections and the low-lying dipole
response of nLi.

4.a. Cross Sections
We assume for simplicity that the radioactive projectile follows a straight line

trajectory when passing a target nucleus with charge Zj- Treating the Coulomb field
from the target nucleus as a first order perturbation, we can then determine the cross
section for exciting the dipole response of the projectile. This cross section can be
obtained from Eqs. (3.1-4) of Ref. 23, and we can write it as a differential in the



excitation energy,
da dB(El)
7E= dE

The notation used here is different from that used in Ref. 23 but the result is the same.
The cross section has two components, a longitudinal (L) and a transverse (T), which
are generated by the Coulomb force from the target nucleus, acting along the beam
direction and perpendicular to the beam direction, respectively. The magnitudes of
the two components are determined by the functions,

9T(0 =

- /vo
2(O)(l - (

-I<UO + -cKo

(4.2a)

(4.26)

where £ is the adiabaticity parameter, which depends on the excitation energy,
= e] + e2 + S2n, and the minimum impact parameter, 6min, for which a strong nuclear
absorption sets in, see Eq. (2.24) of Ref. 23. In the limit of high velocities one obtains
the simple expression, f = AEbmin/(h^v), and the sum 01 the two functions defined
in Eqs. (4.2a-2b) approaches the value,

v 3fiv ' v ^ AEbmin ' '
in the limit where £ is muc . smaller than one. The straight line approximation for the
trajectory used above may become unreliable at low beam energies. A more accurate
description in terms of Coulomb trajectories can be found in Ref. 24.
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Fig. 2. Calculated cross section for (uLi,9Li) reactions at 800 MeV/u as
a function of the target mass (fully drawn curve). The contributions from
the nuclear breakup (Nucl.) and Coulomb dissociation (Coul.) are shown
separately. The data for C, Cu and Pb targets are from Ref. 5.



The calculated Coulomb dissociation cross section for (uLi,9Li) reactions at
a beam energy of S00 MeV/u is shown in Fig. 2 as a function of the target mass.
Also shown is the cross section for the nuclear induced breakup, which was calculated
in Ref. 25. The sum of the two contributions (fully drawn curve) is in surprisingly
good agreement with the data for C, Cu and Pb targets5. From the approximation
(4.3), which is valid at 800 MeV/u, we obtain the following simple expression for the
Coulomb dissociation cross section,

where IQ is determined by the average logarithmic excitation energy,

The correlated dipole response shown in Fig. 1 gives the values B(E1) = 1.57 e2fm2

and ID = 1-56 MeV. The argument of the logarithm in Eq. (4.4a) is large at 800
MeV/u. The cross section is therefore primarily sensitive to the total dipole strength,
whereas the sensitivity to ID is much weaker. The good agreement for the Pb target,
where almost 60% of the cross section is due to Coulomb dissociation, suggests that
the total dipole strength predicted by the 3-body for nLi is quite realistic.

4-b. Momentum Distributions
Coincidence measurements of the two neutrons and the 9Li fragment, which

are emitted in (11Li,9Li) reactions, may provide a much more detailed probe of the
low-lying dipole response of nLi. Such measurements have recently been performed
at 28 MeV/u on a Pb target12. The measured breakup cross section is 5.1±0.3 b,
and Eq. (4.1) predicts 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. 26.

Let us first express the dipole strength of "Li as a differential in the momenta
of the two emitted neutrons. To do this we use again first order perturbation theory.
The inelastic 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 reaction18. 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 ma-
trix element, and the angular dependence will be governed by the two-particle wave
functions discussed in Section 2.c. If we use the helicity representation (2.8) we obtain
the following amplitude,

/^2(k,,k.2)= 53 MnMlEWe'W^DlMkM (4-5)
(\j\tih



as a function of the momenta of the two emitted neutrons. This expression also con-
tains the sum of the phase shifts of the two neutrons, Sni +6n j , which originates from
the radial part of the wavefunction (2.S). The amplitudes (4.5) fulfill the normaliza-
tion condition

(4.6)

when integrating over the orientations of the two momenta. This follows from the
orthogonality properties of the D-functions discussed in App. C of Ref. IS.

The p. = 0 amplitude denned in Eq. (4.5) is associated with the longitudi-
nal dipole excitations discussed in Section 4.a. It is therefore natural to define the
longitudinal dipole strength distribution by,

T l f 1 0 (k k \\2 U7\

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. 18. The distribution is invariant under rotations around the beam direction.

One can define a similar dipole strength distribution, BT(El), associated with
the transverse dipole excitations. The symmetry axis for this distribution is perpen-
dicular to the beam direction and falls in the scattering plane determined by the
incident projectile and the target nucleus. The longitudinal and transverse distribu-
tions 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,

,, ,, = gi(O „ ,. 1- 9T{0 J, „—• (4.8)
uK]aK2 aKjaK2 aKxuK2

A more rigorous derivation of this expression can be found in Ref. 18. The magnitude
of the two components are determined by the two functions defined in Eqs. (4.2a-2b).
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 lead, and 95% at 800 MeV/u.

Let us now consider the spherical part of the momentum distributions asso-
ciated 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(O + gT(fl) ^ ^ J*(|p1±p2 | - |k, ± k2|). (4.9)



The two distributions we obtain are shown in Fig. 3 together with the data12.
They include the detection efficiency, which has been parameterized as a simple func-
tion of the excitation energy (c. f. Fig. 11 in Ref. 12). The calculated distributions
have arbitrarily been normalized to 100, and the data points were normalized to min-
imize the x2. The data for the relative motion of the two neutrons are in very good
agreement with the calculation, whereas the measured recoil momentum distribution
is shifted to higher momenta and has a significantly larger width.

ANL-P-20,950

Fig. 3. Momentum distributions for the relative motion of the two neutrons
(A) and the 9Li recoil (B) in the rest frame of the uLi —* 9Li+n+n breakup
reaction on lead at 28 MeV/u. The data are from Ref. 12. The calculated
curves (normalized to 100) include the detection efficiency.

The calculated decay energy spectrum (including detection efficiency) is shown
in Fig. 3 of Ref. 26 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. 3B. In fact, the
discrepancies are probably related.

It was noted in Ref. 12 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 (see Ref. 12 for details).
Our calculations, which are based on first order perturbation theory, do not include
a post acceleration effect. The measured momentum distribution shown in Fig. 3B
has been corrected for the average velocity shift. The post acceleration effect will
also lead to fluctuations in the velocity of the heavy fragment but it is not possible to
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