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Measurements of de-excitation r-rays  in coincidence with the momentum distribution of the prc-
jectile residues produced in reactions of the type ‘Be(‘*PF’Si+y)X  at energies around 65 MeV/u
are used to study  single nucleon stripping to individual states. The cross  sectiona are compared
with calculations baaed on an eikonal model description of the reaction and the shell model. The
measurements indicate that the halo character of the ground state and other detailed spectroscopic
information can be derived using knockout reactions in inverse kinematics.

PACS numbers: 25.60.Gc,  24.10.-i,  25.70.Mn,  21.10&  27.30.+t

A new and general method applicable to nuclear spec-
troscopy of radioactive beams is presented. The method
is base? on obtaining partial cross sections from the mea-
sured y-ray  intensities (identifying the individual final
states&rising  from the decay of states populated in the
projectile residue in singlc+nucleon  removal reactions. An
extension [l] of the eikonai model is used for translating
the measured cross sections into spectroscopic factors. A
signature of the orbital angular momentum involved in
the reaction is provided by the longitudinal momentum
distribution of the projectile residue observed in coinci-
dence with the de-excitation y-rays.

Direct nuclear reactions [2] have for many years been
one of the most powerful tools for the study of nuclear
structure; the current experiment is a variation on this
theme. The advantages of the technique described in this
article relate to the large nucleon knockout cross sections
(more than 10 mb for a typical nucleus and over 100 mb
for very weakly bound nuclei). The technique is appli-
cable at energies greater than approximately 50 MeV/u,
characteristic of radioactive beams produced in projectile
fragmentation [3,4].  More traditional (d,p)-type  strip-
ping reactions can provide equivalent information, but
at energies above 20 MeV/u  the proton angular distribu-
tions lose most of their characteristic I-dependence  and
the magnitudea of the cross sections drop sharply with
increasing energy [2,5].  These (d,p) reactions, also per-
formed in inverse kinematics, require targets more than
an order of magnitude thinner than for the technique de-
scribed here and the identification of the states in the
residual nuclei is limited by the energy and angular r-
lution of the proton detectors. In the present method the
use of y-ray detection allows states in the final nucleus
to be determined, in principle, with high resolution.

The study of momentum distributions in one-nucleon
removal reactions goes back to the early work on quasi-
free scattering using  (p,Zp)  reactions [S].  This technique
identifies nucleans  removed from the inner shells of light
and medium mass  nuclei and the linear-momentum (or
angular) distribution of the knocked out nucleon ia a mea-
pure  of its orbital angular momentum. Recent  measure-
ments utilize elastic and inelastic electron scattering for
probing the spatial and momentum distributions of a sin-
gle nucleon deep inside the nucleus [7].  Studies using
electrons are not yet possible  with radioactive beams.

The narrbw  momentum distribution of the projectile
residue associated with the stripping of a halo nucleon is
a direct measure of the large spatial extent of the halo
[B]. A closer analysis [9] shows that these measurements
are insensitive to the part of the halo wave function lying
in the shadow of the projectile core. In the present work
we extend the observations to more deeply bound states
in the projectile residue. The observed momentum dis-
tributions then reflect essentially the momentum content
on the nuclear surface [lo].  This requires a more detailed
treatment of the target-core interpenetration [l].

The present work is motivated by a search for changes
in nuclear structure in the, ed  shell due to the predicted
existence of proton halos in the nuclei a6,a’,2aP. These
isotopes have proton separation energies of 0.14(20),
0.897(35)  and 2.066(4)  MeV respectively: The phosphw
rus isotopes are the lightest nuclei expected to have a
ground state with a dominant contribution of a wl,~
orbital. The halo character is expected to manifest it-
self through relatively large stripping cross sections and
narrow longitudinal momentum distributions. The shell-
model structure and properties of these nuclei have been
discussed in a recent paper [ll].  Large halos, strictly
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