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The study of nucleon pairing phenomena and of nucleon pair correla-
tions, particularly in very neutron-rich or neutron-deficient exotic nuclei,
is of considerable interest. This paper begins to address the capabilities of
fast two-nucleon knockout reactions to make a positive contribution to such
studies. Specifically, we address the sensitivity of two-nucleon knockout
partial reaction cross-sections (and the associated momentum distributions
of the reaction residues), measured by the combination of particle and coin-
cident gamma-ray detection, to the details of (a) nuclear structure models
(here the large-basis shell model), (b) the removed nucleons’ wave function
configurations, and their ability to investigate nucleon pair-correlations in
exotic nuclei. We do this by combining recent theoretical and experimental
developments.

PACS numbers: 21.10.Jx, 24.10.—, 25.60.Gc, 27.30.+t

1. Introduction

Studies of very exotic nuclei are revealing a complex evolution of nu-
cleon single-particle states with increasing neutron and proton asymmetry.
Final-state-exclusive, fast single nucleon knockout reactions at fragmenta-
tion energies, measured using a combination of particle and gamma-ray spec-
troscopy, continue to play a key part in untangling this evolution of states,
see e.g. [1,2]. The large intrinsic cross-sections and high experimental ef-
ficiency and selectivity of these reactions allow a mapping of the energies,
angular momenta, ordering and spectroscopic strengths of the single-particle
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configurations at both the tightly-bound (deficient nucleon species) and the
weakly-bound (excess nucleon species) Fermi surfaces. Good examples can
be found in Refs. [3,4] and references therein. Furthermore, the reactions
have been shown to provide quantitative spectroscopic information [5], of
single nucleon spectroscopic factors, a long-standing ambition of direct re-
action methodologies. Though necessarily more complicated, and having
smaller intrinsic cross-sections, measurements of fast (direct) two-nucleon
knockout reactions may be able to provide unique additional information,
particularly on the role of nucleon correlations and pairing in such rare,
asymmetric systems.

The study of nucleon pairing phenomena [6] and of nucleon pair corre-
lations, particularly in very neutron rich or neutron deficient exotic nuclei,
is of considerable interest. Among the reactions that result in the removal
of two like nucleons from a nucleus are (a) light-ion induced two-nucleon
transfer reactions, such as the (p,t) reaction [7], (b) the (e, €' pp), electron
induced two-proton knockout reaction, [8] and references therein, and more
recently (c) two-proton decay of nuclei near the proton dripline, e.g. [9] and
references therein. All of these will manifest sensitivity to the pairing inter-
action between like nucleons and to (i) the associated transition strengths
and (i) the coherence of the two-nucleon configurations. However, in the
latter two reactions, theoretical analyses are complicated considerably by
the presence of strong final-state interactions of the two emergent nucle-
ons in the few-body final states. Two-nucleon transfer and electron-induced
two proton knockout reactions are not yet available for spectroscopy studies
using very rare secondary beams.

J; Rz

Fig. 1. Representation of the cylindrical volume probed by the target (T) in the
direct two-nucleon knockout mechanism (a). The two-removed-nucleon position
coordinates, both shown in the (impact parameter) plane normal to the beam
direction, the z-direction (b).

Very recently, first measurements have been made of fast two-nucleon
knockout reactions from exotic secondary fragmentation beams by a light
nuclear target [10-13|. The high energy (and speed) of such collisions, of
the order of 100 MeV /nucleon, allow the use of accurate approximations
(sudden/adiabatic, eikonal/Glauber and forward scattering) to the treat-
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ment of the many-body dynamics, and thus of simplified reaction dynamical
approaches. Further details can be found in Refs. [14,15]. Structurally, such
reactions probe the same two-nucleon transition densities, e.g. [14,16], that
enter the other reactions referred to above, such as (p,t) and/or (e, e'pp),
but now (a) in distinct regions of the nuclear chart, and (b) with somewhat
different spin and spatial sensitivity to the two removed nucleons’ wave func-
tions, see Fig. 1(a). The reactions we consider here involve, principally, the
direct removal of pairs of well-bound like nucleons of the deficient species.

2. Knockout of nucleons of the excess species

Two neutron removal from (A + 2 body) neutron rich systems is also
of considerable interest, to look for novel neutron pair correlations in the
neutron halo and skin regions.
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Fig. 2. Schematic of the nucleon threshold energies relevant to one- and two-neutron
removal reactions from ¥C (left panel) and from °C (right panel). In both cases,
there will be strength for excitations to states, of only modest excitation energy,
but above the neutron evaporation thresholds of the intermediate (A + 1 body)
fragments. These will be populated by single-neutron removal (dashed arrows) and
will lead to indirect feeding of the A body residues (dashed paths) in competition
with direct removal contributions (indicated by the solid arrows).

However, as is depicted in Fig. 2, for '8C (left panel) and °C (right panel)
projectiles, the low neutron separation thresholds of the (A4 1 body) inter-
mediate fragments, that will be populated in one-neutron removal events,
means that two neutron removal will arise from both direct and two-step
(single nucleon knockout followed by evaporation) events. The reactions are
thus significantly more difficult to interpret, requiring knowledge of the one-
nucleon excitation strength into the continuum. However, they also require,
as an essential component, an accurate calculation of the direct cross-sections
(represented by the solid arrows). This paper concerns validating these di-
rect contributions using removal of nucleons of the deficient species where
the reactions are then entirely direct, see discussions in Refs. [10,14].
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It is interesting to note, however, that along the carbon isotopic chain,
two members of which are represented in Fig. 2, there is significant odd—even
staggering of the physical neutron separation energies — and hence in the
anticipated single particle strengths that will lead to unbound intermediate
states. These should lead also to a staggering in the indirect-path yields for
projectiles along the isotopic chain and should allow a first assessment of
the magnitudes of the competing direct and indirect two-neutron removal
contributions. This is work in progress.

3. Knockout of nucleons of the deficient species

The example reactions used here are (i) two-proton removal from neu-
tron rich 2®Mg at 83.2 MeV /nucleon [10], and () two-neutron knockout
from neutron deficient 3*Ar, 3°S, and 26Si, at ~ 100 MeV /nucleon [11], all
performed at the NSCL on a ?Be secondary target. The structure models
used are the large basis shell model and also, when neglecting explicit pair
correlations, the independent particle shell model. The nuclear structures
enter through the overlap functions for two nucleons in the projectile ground
state, relative to a specified (A body) residue final state JM, and are, in
general, the sum over several contributing configurations [15]

(Dn |00, (1,2)) = D (I My | T M) [, (1) @ 63, )1 - (1)
Tpa

Here a = {n1£1j1,n2l2j2} denotes each pair of orbitals and the C/*/I are
the two-nucleon amplitudes that carry the structure calculation details. The
knockout reaction’s sensitivity to details of these microscopic two-nucleon
wave functions is therefore accessible by interrogating the wave function in
the reaction-sampled volume, as was shown in Fig. 1(a). In a transition
from an even—even spin-0 projectile the microscopic two-nucleon transition
density is then

Fpl(1,2) =) (=)™ 17 (¢, @ Giols—m - (2)

o

We consider the (final state) J-dependence of (i) the position probabili-
ties, Py(81, 52), that the two (point) nucleons (1,2) will be found with values
of s; and sg (near the projectile surface) with an angular separation ¢, see
Fig. 1(b), and (7i) the associated differential probabilities Pj(5s1, 52, K) that
the total z-component of momentum of the nucleons, and hence that of the
residue, is K.
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The correlated, beam-direction-integrated position probability densities
are, in more detail

Pj(31, 35) /dzl/dZQ FYa,2)FY(Q, 2)> , (3)

where (...)sp denotes the integration over all spin variables. Using the no-
tation of Ref. [15], then the position probabilities are

Py (51, 52) Z Do Doy CY77 %5155 Z 1)9{dir — exch}/K?, (4)
aa’ KQ
where the direct and exchange contributions are
div = (=)W (i gagh; KJ) {1410k —o(31)]j141]
72050k @ (52)]262] + [7101|0Kk —q(52)|5141] [565| O (51)|5202] }
exch = (=)27 W (jijajadi; KJ) {[j20o| Ox—(51)]ia 1]
716110k @ (52)|262] + [1505| Ok —q(52)|141] [11£1|OK @ (51)[7202] }

and we have written the spin- and z-integrated single-particle products as

X

X

/ dz (@16 = 3 (' KQlim) 1€ |0 ()1j1). (5)
KQ

In this explicit form, the correlations arising from (a) the K # 0 terms, and
(b) the coherence of the different active a contributions, are both evident. If
the two bound nucleons are completely uncorrelated and uncoupled, being
simply bound to the same core, then the analogous probability is of course

Plsvss) x 3 [z @167 ) [ dz2 (07167 en (6)

and which removes both the interesting J and the ¢ dependence.

4. Sensitivity to pair and other correlations

The importance of these correlations on the probabilities in the reaction-
sampled volume, as a function of the coordinates of Fig. 1(b), are demonstra-
ted in Fig. 3 for the case of two-proton removal from neutron-rich 2*Mg. This
is, dominantly, a 7[d; /2]2 proton pair removal. The left panel shows the
p-dependence of the Pj(s,s,¢) at the nuclear surface with s = 2.5 fm,
assuming a pure 7r[d5/2]2 proton removal — i.e. a single a:ﬂ[d5/2]2 config-
uration.
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Fig. 3. Left: The p-dependence of the two nucleon position probabilities P; (s, s, ),
s = 2.5 fm, for [d5,5]* proton removal from **Mg. The curves show the changes
from the completely uncorrelated limit. Right: The analogous ¢-dependence of the
07 state two-proton position probability Py(s, s, ) from the USD shell model wave
function. The (correct) fully-coherent and (for comparison) the incoherent density
are shown.

The curves show the changes from the completely uncorrelated limit, repre-
sented by the (constant) dashed line, and show the enhanced probability at
small two-proton separations in the 0% state transition density.

The further enhancement of the 07 state probability due to the coherence
of the multiple a configurations (of a full sd-shell shell model calculation)
is shown in the right panel. The importance of the coherence of the domi-
nant m|[ds /2]2 and the (in this case) smaller contributions from the other «,
in Eq. (4), are shown by comparing both the coherent and the incoherent
combinations shown there. It is already clear therefore that the relative
magnitudes of the final state cross-sections will sample both the pairing
correlations and small components in the many-body (shell model) wave
functions. Their importance will depend on the particular reaction, of the
proximity to shell closures and gaps, and the degree of configuration mixing.
It is encouraging, however, that even for the m[ds /2]2 dominant case above,
the configuration mixed contributions are enhanced as a result of their co-
herence and are seen to be probed and manifest in the two-nucleon position
probability density and the cross-sections [16].

5. Results for partial cross-sections

To further elucidate this expected enhancement of the 0T state proba-
bilities, and cross-sections, and the associated suppression of the higher J
final state yields compared to uncorrelated estimates, we consider the recent
measurements for the two-neutron knockouts from neutron deficient 34Ar,
305, and 26Si, all carried out at ~ 100 MeV /nucleon [11].
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In Fig. 4 we show the measured and calculated ground state branching
ratios in these cases, defined as the ratio of the ground state cross-section to
the inclusive cross-section to all bound final states [11,15]. The methodology
used for the cross-section calculations and a discussion of the measured and
calculated absolute cross-sections can be found in Refs. [14,15]. The exper-
imental values (filled diamonds) and those calculated using the full many-
body shell model wave functions (filled squares) are in excellent agreement.
The values calculated assuming two uncorrelated neutrons (filled circles)
considerably underestimate the 07 ground state yields, consistent with the
densities shown in Fig. 3 and the discussion above.
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Fig.4. Ground state branching ratios in two-neutron removal from 26Si, 3°S and
34 Ar from experiment (filled diamonds), and calculated assuming two uncorrelated
(circles) and many-body shell model wave functions (squares) for the two neutrons.
See also Refs. [11,15].

6. Results for residue momentum distributions

A new feature of the present work, and a significant test and indicator
of the directness of the reaction mechanism, is to now consider the momen-
tum distributions of the (A body) reaction residues and their final state
dependence.

To date, only inclusive residue momentum distributions have been mea-
sured in the case of two-nucleon knockout reactions [10,12]. In one nucleon
removal the partial momentum distributions are a powerful spectroscopic di-
agnostic, with widths sensitive to the angular momentum of the removed nu-
cleons. In two-nucleon knockout, in the limit that the two nucleons are com-
pletely uncorrelated, the predicted momentum distributions are obtained by
convoluting the distributions for removal of each nucleon individually [10].
These uncorrelated distributions, when convoluted with the incident beam
momentum profiles, were consistent with the broad distributions observed in
Refs. [10,12] within the limited statistics of the experiments. A first estimate
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of the sensitivity of two-nucleon knockout partial momentum distributions
to different residue final states can be obtained by looking at the momen-
tum content of the correlated two-nucleon wave functions within the volume
sampled by the target nucleus, Fig. 1(a).

We have calculated the probability P;(8}, 82, K) that, with the two nucle-
ons at positions §; and 55 in the plane perpendicular to the beam direction,
Fig. 1(b), the residue has a z-component of momentum K, referred to the
rest frame of the projectile. Explicitly therefore

P51, 50, K) = Z</dk1/dk2 S(K + k1 + k2)
M

. . 2
X ‘/dzl dzs elklzle”””F}w‘ > (7)

The resulting residue distributions, for s;=s9=2.5 fm and ¢=10 degrees,
are shown in Fig. 5 for 22Mg—26Ne(J™) at 83.2 MeV on a Be target. They
display a very strong transition-dependence and that measured partial mo-
mentum distributions would have high spectroscopic value.
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Fig.5. Calculated residue momentum probabilities Pj(s, s, @, K) (with common
normalisation at K = 0) for s = 2.5 fm and ¢ = 10 degrees. The results are for
two-proton removal populating the 07, 27, 47 and 25 2Ne final states at 82.3 MeV
per nucleon.

The widest components of the residue distributions are expected to arise
from components in the wave function with nucleon velocities parallel to, or
antiparallel to the beam direction. As is shown schematically, and because
the 2Mg— 25Ne(J™) reaction is predominantly m[ds /2]2 proton removal, one
would expect the 27 and 47 final state residue distributions to be approx-
imately once and twice the width, respectively, of that for a single [ds /2]
proton removal. This is essentially what is observed. The narrow distribu-
tion calculated for the 0T transition results from the like-nucleon pairing.
Measurements are now needed to test these theoretical predictions.
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7. Summary remarks

In this paper we address the capabilities of fast two-nucleon knockout
reactions to make a positive contribution to pairing studies. Specifically,
we have looked at the sensitivity of the knockout partial reaction cross-
sections to details of nuclear structure models and the removed nucleons’
configurations. We have shown that the relative magnitudes of the final
state cross-sections can probe both pairing correlations and small compo-
nents in the many body (shell model) wave functions. A new feature of the
present paper concerns the expected momentum distributions of the heavy
(A body) reaction residues and their final state (J) dependence. We have
shown that this observable may provide the clearest indication of both (a)
the directness of the reaction mechanism, reinforcing our knowledge of the
reaction dynamics, and (b) the J-value of the transition, allowing more de-
tailed two-particle spectroscopy. This additional handle on the directness,
or otherwise, of the reaction mechanism could be invaluable in untangling
and quantifying contributions from direct and indirect mechanisms, as were
discussed in Section 2 in relation to studies of two neutron removal from
neutron rich systems. However, exclusive momentum distribution measure-
ments in selected direct-reaction-dominated cases are first needed to confirm
these new theoretical model predictions.
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