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Abstract. Nucleon knockout reactions from fast radioactive secondary beams colliding with
light nuclear targets provide a useful tool for studying structure away from the valley of -
stability. An efficient means of producing specific exotic nuclei, the technique has been recently
applied to study nuclear halos, isospin symmetry and cross-shell excitations, and in tracking
the evolution of single-particle states, and probing the associated quenching (N=20, N=28) and
emergence (N=16) of shell gaps. Recent theoretical work has demonstrated the sensitivity of
residue momentum distributions following two-nucleon removal to the underlying structure. In
particular, there is a sensitivity to the total orbital angular momentum of the removed pair,
providing additional tests of (shell- or many-body-) structure-model two-nucleon overlaps. We
illustrate the structural sensitivities in the context of nucleon knockout from *2C and O, and
discuss the prospects for studying np-correlations along the N = Z line, highlighting the need
for new final-state exclusive measurements, including those with stable beams.

1. Introduction

Current and near-future international radioactive beam facilities provide the first opportunity
to study many highly unstable exotic nuclei. These exhibit a wide variety of novel structural
phenomena, often radically different from the template set out by nuclei in the valley of (-
stability. Shell structure is found to evolve with increasing proton-neutron asymmetry, with the
quenching of shell gaps (N=20, N=28) creating regions of rapidly changing structure. Examples
are the island of inversion, and the emergence of the new shell gap at N = 16, giving rise to the
new doubly magic nucleus 2*O. Halo nuclei, by virtue of one or more very weakly bound nucleons,
are significantly larger than stable isobars and have been discovered along the neutron dripline,
the location of which will be extended upwards in mass as new facilities come online. This
journey also brings us closer to the paths of the astrophysical processes that produce the heavy
elements, and our understanding of nuclear structure in these regions is crucial in determining
the existence of r-process waiting points and the abundances of the elements.

These phenomena, studied using low intensity radioactive beams, have required new
experimental techniques and associated reaction theories to provide the interface between
experiment and structure models. Here we present one such technique, two-nucleon knockout,
discuss the aspects of structure probed, and consider such reactions on N = Z nuclei.
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2. Two-nucleon knockout reactions

Fast nucleon knockout reactions, involving the removal of one or two nucleons in a collision of a
(secondary) beam, of energy 80 MeV /nucleon or greater, and a light nuclear target (beryllium or
carbon) are a useful tool for studying the structure of exotic nuclei. The success of the technique
is in part due to its efficiency; after the reaction, only properties of the heavy reaction residue,
which is typically assumed to act as a spectator in the reaction, are observed. Measurement
of decay ~-rays provides simple spectroscopic information, which, coupled with cross section
measurements, offers information on the overlap of the initial and final states. Additionally, the
shapes and widths of the beam-directional momentum distributions of the heavy residues are
characteristic of the angular momentum of the removed nucleons, providing further spectroscopic
information [1].

The technique has been applied to study structural phenomena in exotic nuclei including
nuclear haloes (e.g. '°C [2], PC [3]), suppressed spectroscopic strengths in asymmetric nuclei
[4, 5], evolution and quenching of the N = 28 shell gap [6, 7], the N = 20 island of inversion
8, 9], and the possibility of a new island of inversion centred on %4Cr [10]. A further, more
recent avenue of study concerns two-nucleon removal to study proton-neutron correlations in
nuclei along the N = Z line [11].

Our interest here is in the aspects of structure probed by two-nucleon knockout. Bazin et
al. first described two-nucleon removal as a direct reaction using a simple uncorrelated model
[12]. A fully correlated model taking shell-model structure input was later developed to describe
inelastic [13] and elastic [14] removal of nucleons. Consideration was then given to the momentum
distributions of the heavy reaction residues [15, 16]. Here we summarise aspects of the structure
probed; further details may be found in the above references.

In contrast to single-nucleon removal, structural and reaction dynamical aspects do not simply
factor; the contributing structure-model two-nucleon amplitudes contribute coherently. The
essential structural input is the two-nucleon overlap.
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Here « denotes the two-nucleon configurations (1, 82), namely the quantum numbers of the two
nucleons, 51 = (n1f171) and B2 = (nalaj2), and the square bracketed term is the antisymmetrized
two-nucleon wave function. C!7" are the signed two-nucleon amplitudes (TNA), which express
the similarity of projectile initial and residue final states, and largely determine the branching
to different residue final states, which are well produced using shell model amplitudes [14].

The interactions between projectile constituents and the target are typically calculated
by folding the target and projectile constituent densities with an effective nucleon-nucleon
interaction. These densities are taken from reaction cross section measurements or Hartree-Fock
calculations. In essence, the reaction samples the square modulus of the two-nucleon overlap
functions, projected onto the impact parameter plane, over an area determined by the projectile
constituent-target S-matrices (see Fig. 4 of Ref. [16]). Necessarily, the two-nucleons must
interact strongly with the target, but the core (reaction residue) must be sufficiently distant,
so the reaction favours configurations where the two nucleons are spatially localised near the
projectile surface.

In addition to the absolute magnitudes of the TNA and their relative phases, contributions
from cross-shell configurations that mix opposite parity orbitals into the two-nucleon overlap,
may strongly enhance or degrade two-nucleon spatial correlations (see e.g. Ref. [17]). Orbits of
differing parity introduce an asymmetry into the two-nucleon density distribution (with respect
to an angular separation of the nucleon position vectors 71 and 73 of 90°) that may lead to large
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increases (or decreases) in two-nucleon knockout cross sections. Similarly, simple cross-shell
negative parity states could also be sensitive to the relative strengths and phases of contributing
configurations, allowing one to investigate their structure in more detail.

Beam directional residue momentum distributions after the reaction are broadly characteristic
of the total angular momentum of the removed nucleon pair j; 4+ j2 = I, which in turn couples the
initial and final state spins Jy +1 = J;. Larger I produce wider momentum distributions giving
the reaction mechanism some sensitivity to the spins of the final states populated. Excellent
agreement with final-state-inclusive experiments has been found for ?2Mg(—2n), where the
dominant 0 ground state leads to a narrow inclusive momentum distribution, and 2*Mg(—2p),
where 2% and 4% states are populated giving a broader inclusive distribution [16]. Only even-
even nuclei have thus far been considered in detail. Projectiles with non-zero ground state spin
allow multiple couplings to populate a given residue final state. Although the immediate link
between the residue momentum and final state spin is lost, the contributing I are determined
by the nuclear structure input, and a given final state may yet have a characteristic momentum
distribution shape and width.

Underlying this sensitivity to I in the momentum distributions, lies a sensitivity to the total
orbital angular momentum L, £; +£> = L, which couples to the total spin S to give I, L+S = 1.
Again, larger L give broader residue momenutm distributions [18]. The contributing L for
any given final state are determined by the two-nucleon amplitudes and their relative phases,
meaning that final states of the same spin may not exhibit the same momentum distributions.
For example, the momentum distribution widths for the first and second 2% states in 24Si,
populated via 26Si(—2n), are expected to differ by ~ 25%. This variation is not universal - the
first and second 27 states in 2°Ne populated via 2*Mg(—2p) show no significant difference in
width - but in particular cases may provide the leverage for novel, detailed tests of structure
model amplitudes.

3. Two-nucleon removal from N = Z nuclei
Current experimental applications of the two-nucleon knockout have focussed on the removal of
two deeply-bound like-nucleons in exotic sd-shell nuclei, providing an efficient route to specific
exotic isotopes and often establishing the first spectroscopic information. Such experiments push
the boundaries of nuclear structure knowledge, but it is also necessary to test and verify the
associated reaction theories on structurally well understood systems, including stable isotopes.
Further, knockout experiments using high energy electrons have found evidence of enhanced
short-range proton-neutron correlations in light stable isotopes [19]. An interesting question
therefore is whether like and unlike two-nucleon removal also exhibit any evidence of enhanced
np over nn and pp spatial correlations on a longer length scale than implied by the short-
range correlations observations of the electron knockout data. Here, the spatial (geometrical)
selectivity of the reaction mechanism would provide the leverage and probe of the presence of
spatially localized pairs and evidence of enhanced np correlations. We first consider the prospects
for such measurements and then discuss two specific examples.

3.1. Prospects: direct and indirect reactions

In contrast to single-nucleon removal, direct population of the reaction residue of interest is
not guaranteed. Experimental studies have thus-far primarily exploited the reaction mechanism
to remove the deficient species, pushing further from stability, where the asymmetric nucleon
separation thresholds ensure the reaction is direct [12]. The removal of two weakly bound
nucleons may proceed indirectly, via single nucleon removal to particle-unbound states in the
(A — 1)-body system, which subsequently emit a second nucleon, a path shown to dominate in
a study on neutron-rich carbon isotopes [20]. For the present case of np removal, two indirect
routes are possible, (i) the removal of a proton to populate a neutron-unbound state, and (ii)
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the removal of a neutron populating a proton-unbound state. In the absence of an experimental
data that distinguish the evaporative contributions, the examples considered must be carefully
chosen to minimise indirect contributions.

Projectiles with large and symmetric nucleon separation energies are most promising. If
either species is weakly bound, one or other nucleon threshold will be low in the A — 1 nucleon
system, permitting indirect removal. Further, the projectile must be relatively light; a more
massive core, typically assumed inert in the associated structure model calculations, provides
a route to highly excited states in the A — 1 residues by removal of core nucleons. The dual
requirements of symmetric nucleon separation energies and low mass constrain the number of
possible projectiles considerably. Here we consider two candidates; namely, 2C and 60, the
former of which was the subject of a recent study [11].

3.2. Knockout from 2C

Study of '2C is in part motivated by intriguing experimental measurements - fragmentation
cross sections for 2C reacting with a '2C target - made at the Lawrence Berkeley Laboratory
Bevatron at energies of 250, 1050 and 2100 MeV /nucleon [22, 23]. These indicate that the
np removal cross section is significantly larger than that for like-nucleon pairs. The larger
number of active nucleons accounts for some part of the difference; assuming the simplest p-shell
7[0ps /2]41/[0;03 /2]4 structure for 2C, we would expect the unlike:like two-nucleon inclusive-cross-
section ratios op,/0on = 16/6 ~ 2.7, but the data show larger enhancement than this simple
combinatoric expectation. Is this additional enhancement accounted for in simple truncated-
space shell model calculations? Fragment momentum distribution widths (fitted Gaussian) have
also been measured [24], though the published values are averaged over different targets (Be,
CHg, C, Al, Cu, Ag, and Pb).

We first consider the '2C projectile. The proton and neutron separation energies of 2C
are S,(12C)=15.957 and S,(}2C)=18.722 MeV and the critical separation thresholds in the
A = 11 systems are S,(11C)=8.689 and S, (1 B)=11.454 MeV (see Fig. 1). Population of states
above these thresholds requires that the removed nucleon is bound by > 25 MeV, and shell
model calculations and results from the previous study on single-nucleon removal by Brown
et al. suggest the single-particle (p-shell) strength is essentially exhausted below the relevant
thresholds in the A = 11 systems [21]. We conclude that the residue of interest, 1B, should be
populated in a predominantly direct fashion.

Structure input, in the form of two-nucleon amplitudes, is taken from Oxbash [25] shell model
calculations using the WBP [26] interaction in a p-shell model space. In addition to np removal
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Table 1. Table of measured and calculated cross sections (in mb) and (gaussian fitted)
momentum distribution widths for the A = 10 residues following two-nucleon removal from
12C at 2100 MeV /nucleon. Cross sections are inclusive with respect to the residue final states.

IOC 1()]_3)e 10B
exp. th. exp. th. exp. th.

o_on (mb) 4.114£0.22 5.04 5.81+£0.29 6.52 35.1£3.4 19.02
Width (MeV/c) 121+6 120 129+4 127 13443 132

Residue

we also consider the like-nucleon removal residues, '°C and °Be. The inclusive measurements
will populate both 7" = 0 and T = 1 shell model states. For each residue several states are
predicted to be populated, with the first 7= 1, 0T and 2T states being common to all residues.
Further details of the calculations may be found in Ref. [11].

Final-state-inclusive cross section calculations for the °C, 1°Be and B residues are shown in
Table 1 and compared to experimental measurements. Calculated theoretical like-pair removal
cross sections oy, to 19C and '°Be, are in reasonable agreement with the experimental data
of Ref. [22]. As with exotic sd-shell cases, the theoretical cross sections overestimate the
experiment. However, the cross section for 1B is significantly underestimated by the calculation,
by almost a factor of two. For comparison, the experimental np removal cross section is of the
order of the single-nucleon removal cross sections, o_1,, = 46.50 £ 2.30 and o_1, = 54.20 &= 2.90
mb [22]. Since the magnitudes of the pp and nn removal cross sections are reasonably described,
our expectation is that the cross sections to the states of the T' = 1 isospin multiplet in °B are
similarly well determined. However, an independent measurement of these cross sections would
provide a useful verification of the direct nature of the reaction. Within the direct reaction
model used, we must attribute the cross-section deficit to the calculated yields of the T" = 0 final
states.

The inclusive momentum distributions are in excellent agreement for all residues, though
this may be fortuitous, given the target averaging for the experimental data. The final state
exclusive momentum distributions (full-width half-maxima) form a distinct pattern, varying
between 220 and 420 MeV /c. New measurements would provide a rigorous test of the reaction
mechanism, with any indirect population, from either p-shell or deeply bound s-wave nucleons,
being apparent. Additionally, some sensitivity to the underlying structure is expected - the
momentum distribution of the first T = 0, J™ = 1T state is predicted to be significantly
narrower than that of the second, and the first 7' = 0, 2% and 3™ states should have very similar
shapes - providing further tests the of shell model wave functions used.

3.8. Knockout from 60

A further candidate projectile is 160, the subject of measurements at 2100 MeV /nucleon [22, 24],
and also having a large mp removal cross section relative to pp and nn. As with 2C the
nucleon separation thresholds are large and approximately symmetric, with S,(160)=12.127
and S, (1¢0)=15.664 MeV, and the single-nucleon strength is expected to be exhausted before
the critical thresholds in the A = 15 residues are met [21]. The two-neutron removal residue,
140, is also of particular interest, as only the 0% ground state is bound. The cross section is thus
small, 1.67+0.12 mb [22], and the corresponding momentum distribution width narrow, 99+6
MeV /c [24], providing a clean and stringent test of the reaction theory in a well studied system.
Additionally, the cross sections may be sensitive to admixtures of cross-shell configurations [27],
that may enhance the two-nucleon spatial correlations and increase the cross section.
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4. Summary

We have discussed aspects of nuclear structure probed via two-nucleon knockout reactions.
Residue momentum distributions provide a handle on the spins in exotic nuclei, but additionally
provide more subtle tests of structure models. Generally, higher-spin final states will lead to
wider residue momentum distributions, but the details of the shell-model two-nucleon overlap
are important in understanding the details of the residue momentum distributions.

We have considered theoretical expectations for the cross sections of two-nucleon removal
reactions from '2C incident on a carbon target, at 2100 MeV per nucleon. The calculated
inclusive cross sections for two-like-nucleon (7' = 1) removal are broadly consistent with available
experimental data, whereas the calculated inclusive np pair removal cross sections underestimate
the data by approximately a factor of 2. Theoretical calculations of the widths of the final-
state-inclusive residue momentum distributions are, however, consistent with the available
experimental data, for all channels. The discrepancy between the experiment and theoretical
approach used here indicates that new experiments would be of great value. Specifically, final-
state exclusive cross sections and residue momentum distributions would highlight if particular
states are incorrectly described within the current model. Simultaneous measurements of the
like-nucleon removal channels would provide valuable tests of the theoretical description and
validation of the cross sections for T' = 1 states.
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