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radius for the projectile core and the target nucleus. In Ref, [22] it is given as
R, =ro[(Ap - 1)} +A§~] with rg = 1.4fm.

In Eq.(1) the breakup neutron is treated quantum mechanically. Effects
related to the momentum distribution of the neutron in the projectile and its
final state interaction with the target are included in the wave functions ®, and
®2. The final state interaction of the neutron with the projectile is neglected.

There are different ways of treating the breakup wave function ®, depending
on the physics involved. Resonance scattering and absorption of the breakup
neutron by the target has been studied by taking Vz to be an appropriate
neutron-nucleus optical potential and the state ®; as a neutron optical model
wave function satisfying the appropriate boundary conditions (1,3,25]. When
the outgoing neutron has a high energy it is often sufficient to approximate ®,
by a plane wave [2]. In the present paper we approximate &2 by an eikonal wave
function because we expect this to be a useful approach when the projectile is
a halo nucleus. In fact one gets the correct free neutron scattering limit when
the halo nucleus is very weakly bound. There is also a clear connection with
our previous work and with simple diffraction models of breakup.

The eikonal approximation for the neutron final state wave function is (26]

oo (r, kf) = e'ik*'be'“‘"eﬁ f+x Vz(z’y’zl)dz’eﬁ”t 2)

where b and k are the projections of r and k 7 on the zy-plane. The breakup
amplitude can be evaluated by substituting (2) into (1) and using the bound
state wave function of the neutron in the projectile transformed by a Galilean
transformation for ®;. The t- and z-integrals can be evaluated exactly by defin-
ing ky = —(e; — €7 + 3mv?)/(hv) and ky = —(&; - &5 — imv?)/(hw), these
definitions come naturally in the phases in Eq.(1) and take into account neutron
recoil effects. In the final step of the calculation, which involves an integration
by parts, k; — k2 is replaced by zero. This is a good approximation for a halo
nucleus because the distribution of k, — &, is sharply peaked around zero. The
breakup amplitude is finally

Aja(ke,d) = / dbe™kLB(1 — e=x(®))ih (4 — b, ky) (3)

where k| and k, are the perpendicular and parallel directions of ke with respect
to the beam direction and the Glauber phase x is given by x(b) = V3(b, 0) /(vk)
where V,(b, 0) is the Fourier transform of the target potential in the z-direction
taken at k, — ko = 0.

The Glauber formula (3) includes final state interactions of the neutron
with the target potential V3 in an approximate way. It is valid for high energy
neutrons when the angular distribution is concentrated in the forward direction.
We can understand its relation with approaches which use a plane wave final
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Combining Eq.(3) with Eq.(5), we get the breakup probability distribution
d*P(d)/dk L dk. = |A1a(ky,d)2/873 in terms of the components of the neutron
momentum and then the cross section is obtained by integration over the impact
parameter d of the center of mass of the projectile relative to the target [1].

&Bo ® o d*P(d)
= C2 292 L \%) .
dk_ dk, S/O ddr L dk, Pa(d) (7)

There are no interference terms from different values of d in Eq.(7) because the
relative motion of the two nuclei is treated classically. C2S is a spectroscopic
factor for the initial neutron single particle state state. P,; is the probability
that the projectile core-target system remains in the ground state during the
reaction. We suppose that the strong absorption hypothesis is a good approxi-
mation so that that Py =1 ford > R, and P,y =0 for d < R, where R, is the
strong absorption radius already discussed. One could use a smooth cut-off ap-
proximation for P as proposed in [29] but in the case of a weakly bound nucleus
it gives a negligible modification to the absolute value of the cross section.

To our knowledge there have been only two attempts {7,14] to calculating the
neutron angular distribution from halo breakup, which is in principle a difficult
problem unless one makes several simplifying assumptions, as it is discussed in
[17]. Our work can be considered as a development on these approaches (7,14]
in that we use a more general form of the initial state wave function, which they
both took of the Yukawa form, and an improvement on the final state wave
function since ours contains final state interaction with the target via an optical
potential.

Fig.(1) shows the neutron angular distribution from the reaction
®Be('Be,'®Be)°Be + n at Ei,, = 41A.MeV calculated with Eq.(3) averag-
ing over the azimuthal angle ¢. The parameter values for the 2s; /2 state of
"'Be are &; = -0.5 MeV, ;= 0.155 fm=}, C; = 0.94 fm~1/2 and C25=0.77.
Experimental points from Ref. (7] are also shown. We have used the neutron-° Be
optical potential of [30]. In order to compare to the experimental data we have
integrated the energy spectra in the range €f = 26 — 80MeV. All calculations
have been done at a strong absorption radius of R, = 6.2 fm. The longdashed
line is the calculation done starting from the amplitude Eq.(4) while the solid
line has been obtained from the more exact form of the amplitude, Eq.(3). The
results of both calculations are very similar at small 6, where the peak in the
data is due to the sum of nuclear plus Coulomb breakup (7,31]. The large angle
data seem to be slightly better reproduced by the more exact calculation from
Eq.(3) but due to the error bars definite conclusions cannot be drawn. The lower
dotted line, dashed and upper dotted line are the neutron angular distributions
do/sin6d8 for fixed values of ¢ = 0, 7/2 and = respectively. They show that
at forward angles the distribution in ¢ is uniform, while there are noticeable
differences for large 8. The total elastic breakup cross section, integrated over
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before for normal heavy ions where the neutron binding energy is several MeV.
It can be used to calculate angular distributions of the breakup neutron as well
as the distributions of longitudinal and transverse momenta. Furthermore the
method allows for the description of the scattering out of the reaction plane,
which is not uniform. A simple limiting case of our transition amplitude valid
in the case of very weak binding and almost constant tail of the halo wave
function has been discussed in connection to the application of the model to the
breakup of ' Be on a light 9Be target . It consists in considering the neutron
re-scattering on the target as that of an initial plane-wave. The two formulas
describe equally well the small angle scattering but they give slightly different
results at large angles. As a consequence the transverse momentum distributions
of the halo neutrons from Eq.(1) are similar to, but somewhat broader than the
corresponding transverse momentum distributions for neutron free scattering by
the target nucleus (cf. [34]). The method presented in this paper can be used
also to calculate the neutron energy spectra and related parallel momentum
distribution [5].

Orne of us (A.B.) is very grateful to G.Hansen for several discussions and
comments during the preparation of this work. She wishes also to thank E.
Piasecki for a critical reading of the manuscript.
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