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Abstract. The momentum distributions of the residual nuclei after one-neutron removal, measured in coinci-
dence with gamma rays, identify the excited levels of these residues. The resulting differential partial cross sec-
tions map the momentum content and structure of the removed-nucleon wave function and provide an exacting
test of theory. Data for population of the '*C and '"Be ground states show an asymmetry that is incompatible
with the currently used eikonal descriptions. A fully dynamical description of the elastic breakup mechanism
provides an understanding of the new observation, which will be most pronounced for nuclear halo states. This
interpretation is clarified by an analysis of the angular distribution of the heavy residues.

The ground state of !'Be has a well-developed neutron halo with a neutron separation energy S, of 0.503 MeV and

a wave function dominated by a 1s, J, heutron single-particle component. A recent experiment by Aumann et al. [1]

studied the *Be('! Be,'”Be+y)X one-neutron removal reaction at 60 MeV/nucleon, applying a subtraction procedure to
construct the cross section for events without a photon in coincidence. Significantly, the resulting parallel-momentum
distribution of this ground-state to ground-state cross section, do /d Py shows a marked asymmetry that is incompatible
with the assumptions of the eikonal theory used, and that the interpretation is incomplete.

In this paper an understanding of the observed asymmetry is provided by a fully dynamical description of the elastic
breakup component of the cross section. The empirical findings for ''Be are also confirmed in a precise experiment
on 13C, with §,=1.218 MeV. The dependence of the do /d p| distributions on the angle of the emerging core particle
is shown to provide an additional insight and diagnostic of the reaction mechanism.

These results have significance beyond halo states. One-nucleon-removal reactions, applied to secondary beams
produced from fragmentation, show promise as an effective tool for study of the evolution of single-particle states in
rare nuclei [1, 2, 3, 4, 5, 6]. The partial cross sections to individual final states, measured by observing the photons
from their in-flight decays, and their do/d Py identify both the orbital angular momenta of the removed nucleons and
their spectroscopic factors. A recent systematic study of many psd-shell nuclei, but where the core states were not
identified, adds further support to the power of the technique [7].

In the present experiment a radioactive beam of >C was produced by fragmentation of an 80 MeV/nucleon *’Ne
primary beam on a thick ?Be target. The secondary beam was purified in the A1200 fragment separator and delivered
through a dispersion-matching beam line to a 228 mg/cm? °Be target. The mid-plane energy was 54 MeV/nucleon. The
target was surrounded by an array of Nal(TI) gamma detectors operated in coincidence with the '*C residues. These
were detected in the S800 spectrograph, operated at a momentum resolution of 0.025%. After Doppler correction to
the center-of-mass system, the three gamma rays (0.81, 6.09 and 7.01 MeV) could be identified as connecting known
states in '*C [8]. The energies, spin-parity assignments and / values are given in Table 1. The absolute intensities
of the gamma rays combine with the measured inclusive cross section to give the partial cross sections, of which
approximately 20% connect to excited levels. Details of the experimental techniques are given in [6].
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TABLE 1. Cross sections (in mb) and spectroscopic factors for
the reaction ?Be(!15C,!*C(I*)X at E = 54 MeV/nucleon. The
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* Cross sections from the eikonal theory of Ref. [6]
 Calculated assuming a B3C4n(ls) composite core [3].

At fragmentation beam energies, &~ S0MeV/nucleon and greater, theoretical analyses have, almost universally, ex-
ploited sudden and eikonal-like approximations. These lead to considerable practical simplifications and to calculation
schemes with relatively simple and transparent physical inputs. They have been very successful [9, 10, 11, 12], with
good agreement between different models. The eikonal reaction theory of Refs. [3, 6] was used to calculate the single-
particle removal cross sections 0y, and the resulting experimental spectroscopic factors shown in Table 1. The latter
are in acceptable agreement with the theoretical values from the WBP interaction [13].

The shapes of the do/d p) are shown in Fig. 1. Eikonal estimates are also shown, based on profile functions with
sharp cutoff radii chosen to reproduce the free neutron- and core-target reaction cross sections. The distribution to
the 6.09 MeV 17 level agrees well with the eikonal calculation (dot-dashed curve). That to the ground-state, however,
shows an increased width and excess of intensity at low momenta when compared to the eikonal theory (dashed curve),
as was seen for ''Be [1]. These first indications of a systematic deficiency in the eikonal theory are evident because of
the exclusive character and quality of the data shown in Fig. 1 and Ref. [1]. The !'Be data are not shown, however, the
measured 'Be and '°C ground state distributions, and their asymmetries, are essentially identical if their widths are
divided by the bound-neutron asymptotic wave numbers computed from their separation energy. This scaling is what
the sudden approximation would predict if the bound s-states were approximated by Yukawa wave functions.

The data shown in Fig. 1 are the sum of two distinct reaction mechanisms. The first, stripping, involves the removed
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FIGURE 1. Distributions with the parallel momentum p, of the cross section to the ground state of 4C (circles) and in

coincidence with the 6.094 MeV gamma ray (triangles). (The latter contains a 10% contribution from feeding via the 6.90 MeV
level. Coincidences with the 0.81 MeV gamma ray show this contribution, within the experimental errors, has the same /=1 shape.)
Acceptance corrections are discussed in Ref. [6]. They amount to a factor 2 at the edges of the diagram. The dashed (gs) and
dot-dashed (17) curves are the results of the eikonal-model calculations with the peak heights and positions adjusted to the data.
(The theoretical 1~ peak has been centered 0.008 GeV/c lower than that of the ground state. The calibration was not precise enough
to permit a discussion of the absolute position of the peaks relative to beam velocity.) The solid curve is the result of the CDCC
analysis discussed in the text.



nucleon being absorbed by the target and hence being removed from the forward-going beam. The second, diffraction
dissociation or elastic breakup, describes the separation of the neutron from the core by the neutron- and core-target
tidal forces, the target remaining in its ground state. A characteristic of these reactions is their surface dominance, as
evident from the fact that (1) the calculated stripping cross sections are much smaller than the free-neutron reaction
cross sections, &~ 300 mb, and (2) the momentum components associated with the inner part of the neutron wave
function are absent from the ground state momentum distribution in Fig. 1 [14]. In Table 1 the sum of the cross
sections from these single particle removal mechanisms are shown, calculated using the eikonal model of [6].

In Fig. 1 it has been assumed, as is usual [15], that the stripping and diffractive cross section components have the
same shape. While the eikonal calculation (dashed line) clearly identifies the 14C(gs) distribution as due to s-state
nucleon removal its failure in detail is apparent. The width of the calculated eikonal distribution has been shown
to retain a small sensitivity to the details of the profile functions used [16] and is not the issue. Our concern is the
observed asymmetry. The sudden/eikonal approximations are implicitly energy non-conserving. The calculations do
not treat energy sharing between the center of mass and relative motion degrees of freedom of the neutron and core
or the deflection of the core from its assumed (eikonal) straight line path. A result is that the calculated distributions
must be symmetric about the momentum corresponding to the beam velocity. That the asymmetry is pronounced for
the halo states suggests that the phenomenon is associated with the elastic breakup mechanism and that there is a need
to go beyond the eikonal theory.

In the present work, we develop the fully-quantum-mechanical coupled discretised continuum channels (CDCC)
method [17] for the elastic breakup of >C and !"Be. The CDCC treatment of breakup couples the incident projectile
in spin state (I,M), in all orders, to breakup configurations (I’,M") of the core and neutron, with spins (c, it), (s,0)
and relative orbital angular momentum ¢. That is, I'= j+2with j = {+5. This continuum of breakup states, in each
significant spin-parity excitation I, is further grouped into a number .4 of representative energy intervals or bins.
In each bin i, with wavenumbers [k, ; — k;], a square integrable bin state b 00 = (i, (€s)jcl') is constructed [18] as
a superposition of the scattering states in that interval. In the present applications, orbital angular momenta ¢<5 are
needed for converged results and, in each I’ channel, .#'=10 bins were needed with energies from zero to 20 MeV in
equal relative wavenumber intervals.

Each such bin state acts as an effective discrete excited state of the core+nucleon system. The solution of the
Schrodinger equation in this model space is then carried out by partial wave expansion and the solution of the resulting
coupled equations [20], generating a set of (two-body) inelastic transition amplitudes 7, M(a,f(&) for exciting each

bin o, with center of mass wavenumber f((’x The physical breakup amplitudes, to a given relative motion final state
(j)&;) (¢,k) of the core and nucleon are of the form [18]
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Here 4 (k) is the neutron-core relative motion phase shift in excitation state I, the T}, M((x,l_(") are interpolated

from the values calculated at the wavenumbers I?,’x, and the sum is taken over all bins & which contain k. Hence
the laboratory frame triple differential cross sections for the neutron and core fragments are obtained and, following
integration over all directions of the unobserved neutron, and over any angular acceptance and the perpendicular
momentum components of the heavy residue, the do/d P differential cross sections.

The details of the calculations are as follows. The radial wave functions used to obtain the spectroscopic factors were
obtained with a standard Woods-Saxon potential shape (r=1.25,a=0.7) which we have used consistently in the analysis
of all knockout data in this region[6]. The absolute spectroscopic factors depend on the overlap function, for example,
using a s, P radial wave function obtained the SKX[19] Hartree-Fock calculation for '4C would give CZS”,,=O.9O for
the ground state, but the shape of the momentum distribution is insensitive to the radial wave function. The depth of the
binding potential is adjusted to reproduce the physical separation energy of the nucleon in the projectile ground state.
The same interactions are used to construct the bin wave functions, except that the interaction in d-waves (p-waves) in
the 1°C (' Be) case is re-adjusted to correctly bind the known ds P (p, /2) state. This bound excited state is included as
an additional coupled channel. The core-target interaction is calculated from the effective Gaussian nucleon-nucleon
interaction of [3] and Gaussian matter distributions for the core and target. We assume root mean squared mass radii
of 2.30, 2.28, 2.28, 2.36 fm for 1*13C and 1%9Be. A realistic description of the refractive content of the neutron-target
optical potential is essential for a quantitative study of the relative contributions from the stripping and elastic breakup
mechanisms [21]. In the coupled-channels calculations this is calculated from the same target density but using the
mid-point local density approximation [22] and the Jeukenne, Lejeunne and Mahaux (JLM) [23] microscopic effective
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FIGURE 2. Measured partial cross sections (solid lines) for population of the l4C(gs) (upper) and IOBe(gs) (lower) in the
laboratory angle intervals indicated, from the 3C+°Be and !'Be+’Be reactions at 54 and 60 MeV/nucleon, respectively. Since
the experiments did not use tracking of the incoming projectiles, the (rms) resolution on the deflection angle was only 0.43°. The
bin size of one degree here and in Fig. 3 has been chosen to avoid contributions of the resolution in the comparison. The CDCC
elastic breakup calculations are shown by the dashed lines and filled squares.

nucleon-nucleon interaction. We apply the conventional scalings, 1.0 and 0.8, to the real and imaginary strengths [22].
To compare with the CDCC, eikonal calculations are repeated with the profile functions calculated from the same
core- and neutron-target interactions using the exact continued phases method of reference [24].

The calculated diffraction dissociation do/d P from the CDCC show an asymmetry which becomes increasingly
pronounced with increasing angle of acceptance of the detected core fragments. To clarify this phenomenon we
calculate the differential cross sections for core fragments emerging in the laboratory angle intervals 0-1, 1-2, 2—
3, and 3-4 degrees about the beam direction. The experimental partial cross sections to these angle bins are shown
by the solid histograms in Fig. 2, for both the '3C (upper) and !"Be (lower) cases. The corresponding do /d pHdQ of

the '#C(gs) are shown by the solid symbols in Fig. 3, which show clearly a broadening of the distributions and a shift
in the peak position toward lower momenta with increasing scattering angle. The data in Fig. 3 sum to that shown in
Fig. 1 for the full experimental acceptance.
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FIGURE 3. Measured differential parallel momentum distributions (solid symbols) of the *C(gs) in each of the laboratory angle
intervals indicated, from the '>C+°Be reaction at 54 MeV/nucleon. The solid curves are the CDCC elastic breakup calculations
supplemented, in the case of the upper three intervals, by the stripping cross section contributions required in Figure 2.



Evident from Fig. 2 is the generic nature of the '>C and ''Be results, differences being essentially in magnitudes,
driven by the neutron separation energies in the two cases. Thus, for the P distributions, only the results for 3C are
discussed here. The calculated diffractive components of the cross section from the CDCC in each angle interval are
shown by the dashed histograms and filled squares in Fig. 2. The total calculated elastic breakup cross section from
the CDCC (with unit spectroscopic factor) is 55.6 mb. This is in excellent agreement with the eikonal values of 56 mb
(for the calculation of Table 1) and of 67 mb when using the JLM neutron interaction. The latter calculates o,=130
mb.

We note that theory predicts that the measured cross sections for residues emerging at angles greater than 2° are
dominated by elastic breakup events. The stripping contributions, obtained as a difference, and the CDCC predictions
are approximately equal at more forward angles, a long standing expectation from eikonal model calculations for the
energies involved here [11]. We can therefore compare the largest angle CDCC calculations directly with the data
in Fig. 3, assuming they arise from the diffraction dissociation mechanism only, the lower solid line. For the three
smaller angle intervals we must add the appropriate cross section contribution due to stripping. The shape of the P

distribution for these stripping contributions, as a function of core angle, is not known. In Fig. 3 these have been
assumed to have the same shape as those from the CDCC calculation, which correctly takes into account energy
and momentum conservation in the deflection of the core fragment. Using instead the P distribution shape from the

eikonal calculation, shown in Fig. 1, produces a rather similar result, although it is inferior in detail. The solid curves in
Fig. 3 sum to the solid curve in Fig. 1 for the full angle acceptance, providing an excellent description of the measured
asymmetry and width of the distribution.

While the physical effects discussed are most pronounced for halo states, it will be important to take these deviations
from eikonal theory into account in transitions that require an accurate adjustment to mixed /=0,2 momentum profiles,
such as were seen in [5, 6]. Furthermore, the present analysis establishes that the reaction mechanisms in nucleon
removal reactions can be understood in detail and accurately described. This is an essential step in their use for
mapping single-particle strength and the evaluation of structure theories in hitherto inaccessible regions.
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