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Abstract.

We propose to study light neutron-rich nuclei (Z=4 to Z=10) utilizing kinematically
complete measurements of reactions at relativistic energies with the LAND/R3B reaction
setup at Cave C. The physics topics to be studied comprise the measurement of astrophysical
reaction rates relevant for r-process nucleosynthesis using heavy-ion induced electromagnetic
excitation and quasi-free knockout reactions to study the evolution of shell and cluster
structures close to and beyond the dripline. Concerning the latter topic, the evolution of
neutron shells is studied in (p,pn) reactions and the evolution of alpha clustering in the ground
states of Be isotopes as a function of increasing neutron number is investigated in (p,po)
reactions. Unbound (ground and excited) states will be populated and identified in (p,2p)
reactions. Finally, the quenching of single-particle strength in neutron-proton asymmetric
nuclei will be addressed by knocking out deeply bound protons and neutrons in (p,2p) and
(p,pn) reactions for nuclei with varying neutron-proton asymmetry. The same setup will be
used for all reactions making very efficient use of the allocated beam time. In total, we ask for
21 days of beam time.

1. Measurements of (n,y) Rates of Light Neutron-Rich Nuclei for R-Process
Nucleosynthesis

The search for the astrophysical site of r-process nucleosynthesis remains one of the
most exciting challenges in nuclear astrophysics. Recent observations of metal-poor halo stars
[Sne03] even support the possibility of contributions from two r-process components, related
to different stellar events. The observed abundances of elements heavier than barium (A>130)
are very similar to the solar r-abundance pattern, whereas for lighter elements deficits are
observed. This finding suggests the existence of a very robust r-process mechanism, which is
independent of the metallicity of the progenitor star. A promising candidate for such a
scenario is the neutrino-driven wind model of core collapse supernovae [Mey92, Wo094].
There, the r-process takes place close to the newly formed neutron star, where the neutrino
driven wind removes neutron rich matter from the surface of the proto-neutron star. In this
region the entropy is so high that all the previously existing nuclei are destroyed and only the
lightest nuclei such as neutrons, protons, and o-particles survive. This could explain quite
naturally why the r-process is independent of metallicity. During the fast expansion of matter,
the seed nuclei for the successive r-process are formed by charged-particle-induced reactions,
the so-called a-capture process. This early phase is crucial for an effective r-process since it
defines the neutron-to-seed ratio. A high neutron-to-seed ratio is mandatory for a successful



production of heavy nuclei during the r-process. But not only charged particle reactions are
important. It was shown [TerO1] that the reaction flow through very light, neutron-rich nuclei
which is established during the expansion phase can also produce seed nuclei, especially
within models with short dynamical expansion time scales. Therefore, an extension of the r-
process network towards light neutron-rich nuclei compared to previous works [Mey92,
Wo094] was implemented, resulting in changes of the final abundances of the heavy-elements
by as much as an order of magnitude. The exact nucleosynthesis path, however, depends on
the reaction rates, which are only poorly known for nuclei of interest. Especially for the
neutron-rich nuclei close to the drip-line experimental information is scarce. Therefore,
[Sas05] studied the sensitivity of r-process nucleosynthesis on 18 light-element reaction rates
and identified the most crucial ones. Concerning neutron capture cross sections they identified
(n,y)-rates of neutron-rich carbon isotopes as the most important ones, since these lie on the
main flow-paths to heavier nuclei:
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The only way to obtain information on neutron capture rates of such short-lived, neutron-rich
nuclei is to measure the time-reversed reaction via Coulomb Dissociation, and then apply the
principle of detailed balance. Therefore, we propose to measure (n,y) rates on neutron-rich
carbon isotopes, in particular 17C(n,’\()lgC, because '®C resembles a kind of waiting point for
the nucleosynthesis flow towards heavier nuclei. However, with a primary beam of *’Ar and
FRS settings for BC we will get the nuclei 15 B, 14B, 12Be, and ""Be as contaminants with even
higher rates than '®C. This means that we can also measure, as a by-product, some of the rates
which are important for the reaction path leading to "°C:
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Rate estimates were calculated with the Lise++ code with parameters shown in Table 1 and
the resulting secondary beam intensities can be seen in Table 2. The rate estimates are based
on production cross sections calculated with EPAX 2.15 [SumOO]. A comparison with
experimental data from [Oza00] shows that the calculations underestimate the cross sections
for carbon isotopes in general. For '*C, the measured production cross section is a factor of 6
larger than the EPAX 2.15 value.

If we assume an average cross section of 10 mb/MeV for the excitation energy region
from 0 to 1 MeV above threshold, we expect a count rate of 700 counts/MeV (140/bin in
average) in 10 shifts (input: 2 g/cm” Pb, 50% overall efficiency, experimental production
cross section).



2. The Quasifree Scattering Programme

2.1. Shell Structure and Quenching of Single-Particle Spectroscopic Factors in Bound
Exotic Nuclei

2.1.1 Summary

We propose to use the quasifree (p,2p) and (p,pn) reactions with radioactive beams in
inverse kinematics to measure spectroscopic information for the valence and deeply bound
neutrons and protons of the complete Oxygen isotopic chain. This will allow us to study the
evolution of the lpi,, Tlps, and wlsi, proton single-particle states with the (p,2p) reaction
and the v2sy,, v1dsp, VIpin, V1pss and visi, neutron single-particle states with the (p,pn)
reaction. Information will also be obtained on other nuclei in this region that are produced in
the same FRS settings, such as F and Ne. In addition to the intrinsic interest for the structure
of exotic nuclei, the absolute spectroscopic factors we will extract will allow us to
systematically study the dependence of the valence and deeply bound nucleon occupancies on
isospin asymmetry. A strong dependence has been suggested from recent measurements using
one-nucleon removal (and transfer) reactions at MSU, GANIL and GSI. However, the results
are highly controversial as such behaviour is not found from (e,e'p) reactions (which are
however restricted to stable nuclei) and the dependence is much stronger than that predicted
by advanced many-body calculations of asymmetric nuclei and nuclear matter. Measurements
using a reaction known to be able to provide absolute spectroscopic factors are urgently
needed to establish this dramatic behaviour. The proposed measurements will enable us to
investigate this topic.

2.1.2 Background

Recently, the validity of the mean-field picture of nuclei and how this picture is
modified by long- and short-range correlations has been challenged on several fronts by
theoretical and experimental studies of exotic nuclei. Exotic nuclei are asymmetric systems
where, for example, N>>Z. Such large variations in isospin are predicted to modify the mean
field itself and also the long-range and short-range correlations. One consequence is the
evolution of the shell gaps and magic numbers with isospin. Mean-field changes will arise as
the nuclear surface evolves towards diffuse neutron matter. The derivative of the mean field-
potential will therefore become weaker, reducing the spin-orbit interaction. The role of certain
residual interactions becomes enhanced with proton-neutron asymmetry, in particular the
monopole interaction that acts between proton-neutron spin-orbit partners. The combination
of these effects will mean that the traditional shell gaps and magic numbers will disappear and
new ones will appear. Dramatic examples of this phenomena have already been found
experimentally in the light neutron-rich nuclei, where the N=8 and N=20 shell closures vanish
and new shell closures appears at N=14 and N=16. A manifestation of this is that the dripline
is reached already in the Oxygen isotopes at >*O and **0 is unstable. Another consequence is
that the occupancies themselves will become isospin dependent. Such an effect has recently
been predicted theoretically using sophisticated many-body techniques such as Self-
Consistent Green’s Function theory. There is also some limited experimental evidence that
this is the case. Recently, one-nucleon removal experiments have shown that the occupancies
of valence states in neutron-halo nuclei appear close to unity as expected in very low-density
nuclear matter. Conversely, a one-nucleon removal experiment has measured a spectroscopic
factor for the deeply-bound v(0ds) neutron state in the proton-rich nucleus **Ar that is only



24% of that predicted by the many-body shell model. This may be evidence for the strong
depletion of occupancies of deeply-bound neutrons in proton-rich nuclei, although the
interpretation of the data is still very actively debated amongst the international community.

The most precise information on single-particle properties of nuclei comes from
proton- and electron-induced quasifree scattering reactions. Fig. 1 shows, as an example,
spectral functions extracted from '°O(e,e'p) reactions [Mou80]. One can easily identify the
different single-particle states. The corresponding momentum dependence is also shown
exhibiting the typical behaviour for the different angular momenta involved. From the
integrated strength, spectroscopic factors or occupation probabilities may be derived. To
extract such complete information on the single-particle structure of exotic nuclei is our final
goal. The reduction of single-particle strength due to short-range, tensor and long-range
correlations has been established for stable nuclei mainly from electron- and proton-induced
quasifree scattering reactions to be on the order of 0.6 to 0.7. Fig. 2 shows a compilation of
experimental results as a function of the difference in separation energies for neutron and
protons. The (e,e'p) results for stable nuclei appear around AS=0 with a quenching factor of
about 0.6.
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Figure 1. Spectral functions obtained from electron-induced proton knockout experiments [Mou80].

Recently, spectroscopic factors have been extracted from one-nucleon removal
reactions with radioactive beams using light nuclear targets, such as C and Be at MSU,
GANIL and GSI. A compilation of the results [GadO8] are shown in Fig. 2, together with the
(e,e'p) results. They suggest a much stronger suppression of single-particle strength for deeply
bound nucleons in isospin asymmetric systems, while the loosely bound valence neutrons in
neutron-rich nuclei appear to have spectroscopic factors very close to unity, as expected in
very low-density nuclear matter. The reason for this isospin dependence is an open and
debated question. For example, the dependencies of both short- and long-range correlations
on isospin asymmetry in infinite nuclear matter have been studied within various many-body
frameworks [Fri05]. Recently, the results of a study of nuclei with large proton-neutron
asymmetry using the self-consistent Green’s functions method and based on the chiral N3LO
force, have shown an asymmetry dependence of the spectroscopic factors similar to that
observed experimentally but considerably weaker in magnitude [BarO8]. Further experimental
and theoretical studies are clearly needed. Since we cannot at present do electron induced



quasifree scattering with exotic nuclei, quasifree scattering of exotic nuclei on a hydrogen
target provides us with the unique opportunity to probe in detail the single-particle strength in
very asymmetric nuclear systems.
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Figure 2. Upper panel: Reduction of spectroscopic factors observed in different nucleon knockout
reactions as a function of the difference in separation energies of the two nucleon species [GadO08].
Lower panel: Neutron-proton asymmetry N-Z versus the separation-energy difference (same scale as
figure above) of protons from different shells for the O, F and Ne nuclei to be studied. Not shown are
the even deeper lying ps» and s, protons, which have larger S,-S, values for the same neutron-proton
asymmetry N-Z. A similar picture can be drawn for the neutron states, which will be measured as well
in (p,pn) reactions.

2.1.3 Proposed Measurements

The main focus of the experiment is to perform quasifree scattering measurements —
such as (p,pn) and (p,2p) — with a CH, target. This will thus be one of the first such
experiments with high-energy radioactive beams and a precursor to the future quasifree
scattering studies at R’B. For the reaction to be quasifree, the beam energy needs to be



relatively high, and thus this type of reaction is ideally suited for the beam energies available
at GSI. In inverse kinematics, the bound nucleon in the projectile is knocked out via quasifree
nucleon-nucleon scattering with a proton in the target, and a hole state is produced as a
residual nucleus. By measuring the four momenta of the two nucleons in the final state, the
separation energy and momentum of the knocked-out nucleon are obtained. Because we
measure in inverse Kinematics, we can also measure the recoil momentum distribution of the
residual projectile-like nucleus directly. In the (p,2p) quasifree scattering studies this will give
us the unique possibility of precisely investigating the effects of final state interactions, or re-
scattering, of the protons as they exit the nucleus by comparing the recoil momentum
distribution reconstructed from the two outgoing protons and the distribution measured
directly. A full understanding of this process is of great importance in the analysis of
quasifree scattering. It is normally accounted for in the theoretical descriptions by using
distorted waves and this is a major source of uncertainty in the theoretical descriptions of the
reaction mechanism. Such an investigation is not possible in normal kinematics and so our
studies will provide important new information on the quasifree scattering reaction process in
general. Recent quasifree scattering test experiments with beams of '°C, '"Ne and Ni isotopes
performed by our collaboration using the Cave C setup have successfully demonstrated that
this type of experiment is feasible.

We intend to investigate the spectroscopy of the valence and deeply bound protons
and neutrons of the complete Oxygen isotopic chain, from '*O at the proton dripline to **O at
the neutron dripline, using (p,2p) and (p,pn) reactions, respectively. This will allow us to
study the evolution of the wlpy,, Tlps» and 7lsi, proton single-particle states with the (p,2p)
reaction and the v2sy,, V1dsp, VIpin, V1ipss and Vs, neutron single particle states with the
(p,pn) reaction. Information will also be obtained on other nuclei in this region that are
produced in the same FRS settings, such as F and Ne. We will also investigate the quenching
of proton and neutron single-particle strength along the O, F and Ne isotopic chains. In our
experiment, we can extract the excitation energy of the hole state in two ways. We may
reconstruct the energy from the measurement of the proton angles and energies (as in a
‘classical' quasi-free scattering experiment) or by observing the produced fragment. In the
latter case, the gamma decay of excited states in the A-1 fragment is detected in coincidence.
In addition, we can reconstruct also unbound states using the invariant-mass method. The
proposed experiment will thus be sensitive to the full energy range as depicted in Fig. 1. The
lower part of Fig. 2 shows the correlation of the binding-energy difference S,-S, (same scale
as upper figure) with the neutron-proton asymmetry, N-Z. As can be seen, the knockout from
different shells in the isotopic chains of O, F and Ne will allow us to vary the isospin as well
as the asymmetry in separation energy. The full range in binding-energy asymmetry from -20
MeV to 20 MeV will be covered.

It should be noted that the FRS settings foreseen to cover above mentioned isotopes
will contain at the same time other interesting nuclei to study in the mixed beam. We mention
here the one-neutron halo nuclei ''Be and '°C, which have been studied in the past by other
methods. Here, we can investigate breakup reactions of halo nuclei under quasifree conditions
in a kinematically complete measurement of (p,pn) reactions.



2.2 Nuclei Beyond the Neutron Dripline

The delineation of the neutron dripline and the handful of studied cases beyond it have
proven highly interesting. The extreme clustering, disappearance of magic numbers etc found
in many of the dripline nuclei continues into the unbound region. One evident example is the
termination of the chain of bound oxygen isotopes at N=16, well before the doubly-magic **O.
A recent experiment [AksO8] has shown that proton-knockout reactions can be used to
populate unbound systems one and even two steps beyond the last bound Lithium isotope, in
spite of the neutron excess and small binding energy of the original nucleus. Thus, we would
propose to take this method to two further regions of the nuclear chart, namely the unbound
systems in the beryllium/boron and oxygen chains.

The method of choice is high-energy proton knock-out reactions in inverse kinematics.
The same experimental dataset will be useful for several approaches; the cleanest reaction
channel is obtained by exclusive (p,2p) reactions where the existing proton tracking devices
will be able to select events satisfying QFS conditions. Nevertheless, we have also
successfully performed similar studies on carbon targets [Mei02], indicating that a CH,-target
together with a carbon target can be used for (p,2p) exclusive reactions on the hydrogen
content in the CH, target and inclusive reactions on carbon targets. For the cases with
sufficient statistics in the exclusive case, corrections by using a pure carbon target will
possibly be needed which for the inclusive measurements (on either C and CH, targets) will
increase the total statistics.

2.2.1 The 0 Case

The neutron unbound ground state of *>O was recently observed for the first time
[Hof08] in a proton knock-out reaction from a *°F beam and beryllium target. One single
resonance was observed in the **O+n relative-energy spectrum, corresponding to a neutron
decay energy of 770 keV, with a total width of 172(30) keV. The N=16 shell gap was
established to be 4.86(13) MeV by the energy difference between the 1Isip
and 0ds), orbitals. The neutron separation energy for 2O agrees with the calculations of the
universal sd shell model interaction. However, this interaction predicts that the ground state of
*°0 is bound with a two-neutron energy of about 1 MeV. This is, however, contradicting the
experimental data, which show that this nucleus is unbound. The observed decay width was
found to be on the order of a factor of 2 larger than the calculated single-particle width using a
Woods-Saxon potential. The proposed measurement of the *°F(p,2p)*°O reaction will provide
improved data in several respects. The reaction will be measured fully exclusive (including -
ray detection) with better statistics and better resolution. In addition, we expect a sufficient
number of events for the population of the *°0 ground state in order to estimate its mass and
width.
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Figure 3. The proposed one-proton knock-out reactions from ™“'F to investigate states in



2.2.2 The B case

The ground state of the unbound system '°B has been investigated for the first time
[Lec09] via single-proton removal from a 35 MeV/nucleon ''C beam impinging a carbon
target. The energy of the decay of '°B by neutron emission was reconstructed. The resulting
spectrum exhibited a narrow peak at 85 keV above threshold. It was argued that this feature
most probably corresponds to a very narrow (I" about 100 keV) resonance which decays by d-
wave neutron emission.

2.2.3 The “Be case

The unbound nucleus *Be has recently been studied at GSI, in one-neutron removal
reaction using both carbon [Sim08] and hydrogen targets [Aks09a]. The data reveals that the
"Be+n system have several resonances with seemingly complicated structures. Lack of
information on population of the '*Be y-decaying states prevented a detailed analysis of the
data. The main conclusion that can be made is that the interaction between the neutron and the
""Be fragment is much weaker than in the Li+n case. Since the structure of ’Be still is a
rather open case, data from one-proton removal from '*B, including coincident y-events, may
give important new clues for its understanding.

2.2.4 The “Be Case

The successful observation of the unbound Lithium isotopes 12131 4 [AksO8] and the
Helium isotopes %10He [AksO9b] in removal reactions from the exotic beams “Be and ''Li
demonstrated in a powerful manner that the use of relativistic beams may populate even more
exotic systems without destroying the exotic cores. We propose to search for "Be by 2p
removal from ''C.
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Figure 4. The proposed knock-out reactions from ""C and "B to investigate the unbound nuclei '°B
and ""Be.



2.2.5 Two-Proton Knock-Out Reactions

Two-proton knockout from intermediate energy beams of neutron-rich nuclei
impinging on light nuclear targets has been shown recently to be a direct reaction capable of
producing neutron-rich residues and populating their excited states [Baz03]. The reaction
holds great promise for the study of neutron-rich nuclei, for example, '*He can be produced
by using "“Be beams or '*"’Li from '>'"B. Two-proton knock-out studies can provide access
not only to more exotic nuclei as compared with the one-proton knockout but as well to the
ground-state correlation function of the projectile. However, the conclusions made in Ref.
[Baz03] need to be confirmed in independent experiments. The existing experimental setup
will allow us to obtain the data on two-proton removal channel as a by-product during
experiments where the one-proton knock-out reaction is studied. We plan to collect
experimental data from the two-proton removal channel in order to study the reaction
mechanism itself and to investigate its usage as a tool to go far beyond the dripline. For
example the reactions (17C,15 Be) and (28Ne,260) are of great interest as an alternative approach
to the (p,2p) reaction. The lower cross section for the two-proton knockout is compensated (or
might even be overcompensated) by the higher beam intensities for the projectile.

2.3 Probing the Cluster Structure of Neutron-Rich Beryllium Isotopes

2.3.1 Background

We propose to probe the change in the degree of clustering in the ground-states of the
beryllium isotopes as the neutron drip-line is approached using the (p,pa) quasifree scattering
reaction. The structure of the Z=4 ground state nuclei offers a rather intriguing possibility.
The N=Z nucleus *Be is unstable against alpha-decay by 92 keV, the finite lifetime of the
state being provided by the presence of the Coulomb barrier. Its existence just above the
decay threshold facilitates the formation of two alpha-clusters in the ground-state. Such a
structure is demonstrated rather well in the ab initio Greens Function Monte Carlo
calculations [Wir0OO] (as shown in Fig. 5). These calculations are based around a realistic
nucleon-nucleon interaction and have no a priori prejudice to clustering, nevertheless the
cluster structure emerges.
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Figure 5. Calculations of the density of *Be from [Wir00].
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Figure 6. Evolution of the molecular structure of Be isotopes as a function of mass. The dashed line shows
the configuration of the ground states. The *Be ground state has one neutron in the p-orbital (), and '’Be
has a (7t)2 configuration. "Be has a single neutron in the sd-shell (c) and the "Be ground state (0)2.
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Figure 7. AMD calculations of the density (total, proton and neutron) densities for the Be isotopes. The
cluster structure (observed in the proton density) is preserved up to the drip-line [KanO1].

What happens when valence neutrons are added to such a system is a rather interesting
question. There are at least two limiting possibilities: 1) the presence of the neutrons disrupts
the alpha-particles and a more shell-model like structure results, or ii) the two alpha-particles
form the basis for the potential in which the neutrons move. The structure of *Be indicates the
latter is the more appropriate description. In this instance the neutron passes from one alpha-
particle before being exchanged with its partner — just as electrons are exchanged in atomic
molecules. This delocalisation of the neutron reduces the kinetic energy and thus increases the
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Figure 8. left Neutron-removal (open diamonds) and cluster breakup (filled circles) cross sections for
the neutron-rich Be isotopes versus the sum of the mass of the decay fragments [A]. The neutron
cross-sections are normalized by dividing by the difference in the number of neutrons between the
observed fragment and the projectile. The vertical dotted lines indicate the mass of the projectile. right
(a) The first-chance cluster breakup cross sections, i.e. “Be->°He+"He, '“Be->°He+°He '‘Be-
>°He+*He (b) the total He+He breakup cross sections and (c) the ratio of the first-chance breakup
cross-sections to the total breakup cross-section, versus the mass of the projectile [A].

binding energy of the system (as in atomic systems). Consequently, the heavier Be isotopes
are bound against alpha-decay. This exchange process gives rise to molecular-type orbitals for
the valence neutrons of ¢ and & character [Fre07a, Oer06]. The ground-state of ’Be (J" = 3/2)
has a neutron in a 7 type orbital, whereas the 1.68 MeV, 1/2", excited state has o-character. It
is believed that the ground-state of 'Be should have a (ﬂ:)2 neutron configuration, whereas the
(c)2 structure has been associated with the first excited 0" state close to 6 MeV. This latter
state is associated with a rotational band with a rather extreme moment of inertia which is
interpreted in terms of the two valence neutrons interceding between the alpha-clusters
[Fre06]. Calculations using the Antisymmetrized Molecular Dynamics (AMD) framework
(which is very similar to the Fermionic Molecular Dynamics approach) has allowed a
characterisation of the evolution of the cluster structure in the beryllium isotopes — this is
shown in Fig. 6. The molecular type configurations are believed to play an important role in
the ground states of the nuclei up to the drip-line and thus the degree of clusterisation is
thought to be preserved [KanO1].

2.3.2 Previous Measurements

A series of measurements have been performed at GANIL which have been aimed at
characterizing the degree of clusterisation in '“'"'*'*Be, "B and '°C [Ash04a, Ash04b,
AshO4c]. These studies involved the measurement of the charged-particle and break-up and
neutron-removal cross sections. The charged particle break-up reaction involves an inelastic
excitation from the ground state to cluster states close to the break-up threshold and in this
way provides a measure of the overlap between the ground-state and cluster states and thus
the degree of clusterisation appearing in the ground state. The results from some of these



measurements are shown in Fig. 8. The left hand part of the Figure shows the cross sections
measured for the four Be isotopes and part a) of the right hand section shows the cluster
break-up cross section for '*'*'*Be. These measurements indicate that the cross section for
the cluster breakup (first chance) remains relatively constant and thus one would include that
the same is true for the degree of clusterisation — as indicated in Fig. 7. However, the reaction
mechanism is rather complex and such measurements therefore do not yield an unambiguous
understanding of the ground state structure. Here we propose a series of more sensitive
measurements of the nature of the ground-states of Be isotopes, which may also be applied to
other light systems, in order to characterise the degree of clusterisation as the drip-line is
approached.

2.3.3 Proposed Measurements

We propose a series of quasi-free (p,pot) scattering measurements on the nuclei
#101L12Be ysing the existing LAND/R3B setup in Cave C. The full setup is described in
Section 3. The measurements will be performed by scattering the Be projectiles from protons
in a CH, target (additional measurements with carbon targets will be made to deduce
background contributions). The scattered target-like proton will be detected in the target
recoil array. Alpha-particles knocked out from the projectile will be detected in quasi-free
kinematics in the same array. The differential energy loss in the silicon element will permit
the identification of the helium isotope and protons. The detection of projectile-like reaction
products and gamma-rays is performed in the usual way.

In the first instance, these measurements will provide quasi-free scattering cross
sections. These yield an indication of the probability for the formation of the cluster in the
ground-state. The ground-state structure of *Be is believed to be well understood and will thus
provide the reference point. Insight into the wave-function of the alpha-particle within the Be
nucleus and how this evolves from one system to the next will be gained by reconstructing the
momentum distribution of the knocked out alpha-particles from the measured momenta of
protons and alpha-particles or the recoiling fragment.

The coverage and sensitivity of the detection system will permit not just a
characterisation of the ground states but also excited states of the Be nuclei. For example, the
inelastic excitation through interactions with the target proton will lead to the population of
states above the neutron decay threshold. The subsequent neutron-decay of the projectile to
gamma-decaying states in the daughter may be used to provide information on the
inelastically excited state. For example, the '*Be nucleus excited above the two neutron decay
threshold (3.67 MeV) and close to an excitation energy of 10 MeV can decay either to the
'"Be ground state or excited states. The latter can be tagged by the detection of gamma-rays in
the target recoil array. Two-neutron decays to the '"Be 2* state with a (m)* neutron
configuration, and the group of excited states close to 6 MeV with a (c)2 or (71:)1(0)1 character
would help determine the structure of excited states in '“Be which have been observed close
to the cluster decay threshold [Fre07b, Cha07]. It should be noted that the cluster knockout
can also be measured on all of the projectiles present in the FRS setting. This experiment
would thus consitute the most comprehensive study ever undertaken in neutron-rich nuclei.
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Figure 9. Schematic view of the experimental setup (not to scale). Active Slit: 4-jaw slit, organic
scintillator, remote control, vetoing beam halos; Start : thin organic scintillator, time of flight (G,,s ~ 30
ps); PIN : pin silicon diode, 5 X 5 cm’, 2-dim. Position readout (Oxy ~ 30 mm), energy-loss (67 ~ 0.2¢);
Fibre: scintillating fibre array, 50 x 50 cm’, 500 fibres; Target Recoil Detector : micro-strip Si detector
array to track and identify qfs protons; Crystal Ball: segmented Nal detector, y-ray and qfs proton
detection in ~ 4m; ALADIN: Large gap dipole magnet; Veto/LAND: neutron-detector, 2 X 2 m>, (G ~
200 ps; Oxy ~ 3 cm); ToF : array 14 + 18 organic scintillators, 1.8 x 1.4 m’, , (Gwr ~ 100 ps), energy-
loss measurement
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3. Experimental Technique

The existing LAND/R3B set-up in Cave C will be used for the Coulomb breakup and
quasifree scattering experiments. It provides tracking, unique identification and momentum
determination for the incoming secondary beam and also the outgoing forward focused
projectile residues, heavy fragments and light charged particles. The unambiguous
identification of the residual fragment selects the correct reaction channel and so reduces
strongly the influence from other reaction channels and multiple scattering. The setup also
allows for measurements of the momentum and position of the kinematically forward-focused
neutrons. An additional tagging of the originating state can be achieved by detecting gamma
rays from the resulting nucleus.

The main experimental tasks are: identification and determination of the momentum
of the components of the mixed secondary beam delivered by the FRS, identification and
determination of the momentum before and after the reaction in the target and detection of all
decay products. This will be accomplished by means of energy loss and position
measurements with position sensitive pin diodes, a time-of-flight measurement over a large
distance between the FRS and the experimental area, and from the magnetic rigidity
determined at the FRS. The heavy fragments emerging after dissociation in the target will be
again identified (67 = 0.2; 6a = 0.2) and momentum analyzed using position sensitive pin
diodes placed in between the target and the ALADIN magnet, and using scintillating fiber
arrays and a time-of-flight wall (1.8 x 1.4 m”) consisting of 32 position sensitive organic
scintillator paddles. Neutrons and 7y-rays will be detected in LAND and the Crystal Ball
detector, respectively. The excitation energy spectra can be obtained from an invariant-mass
analysis involving the fragment, neutrons and y-rays. Resolutions of 0.2 — 3 MeV (FWHM)
can be achieved, depending on excitation energy.
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Figure 10. Correlation plots for two-proton events in the reaction of ''Ne to oxygen. The upper plot
shows the azimuthal angular correlation among the two protons. The correlation pattern correspond to
an angle difference of approximately 180 °. The two lower plots show the angular correlations in the
polar angle for the two targets C (left) and CH, (right). From [WamO8].

The outgoing protons (and deuterons or alphas) will be tracked and identified by a
target recoil detector consisting of high-resolution Si micro-strip detectors and the Crystal
Ball. The Si micro-strip detectors will be placed in the forward direction surrounding the
beam pipe and at zero degrees, covering an angular range of 0° - 80°, which spans the full
decay cone expected for single-step quasi-free nucleon knockout. This layer, together with the
beam tracking onto the target and the Crystal Ball detectors, will allow tracking of the protons
as they leave the target and reconstruction of the reaction vertex and, in addition, provide an
energy loss measurement. The following layer is provided by the Crystal Ball (162 Nal
Crystals, 25 cm long) to detect the protons and provide an energy measurement. The second
role of the scintillating crystals will be to act as a total absorption gamma-ray spectrometer.
This will allow us to tag hole-states (if particle-bound) in the nucleus being probed by their
characteristic gamma-ray energies. Thus this layer must be capable of detecting protons with



energies of 100-400 MeV in the laboratory system and gamma rays of order 1 MeV. This is
accomplished by a modified read-out of the PM-tubes to allow two different ranges.

The setup has been used previously to study quasi-free knockout reactions. In an
experiment devoted to the structure of the two-proton halo nucleus ''Ne, a run with a CH2
target was taken and the scattered protons have been detected using the above mentioned
target recoil detector. The data are currently being analyzed. Fig. 10 shows preliminary results
of the angular correlations for two-proton events observed in the Crystal Ball alone. Plotted
are the two azimuthal angles of the protons determined from the granularity of the Crystal
Ball (events have been randomized within the uncertainty of +7.5°). A clear correlation
pattern is visible corresponding to events with a difference in angle of about 180°, typical for
quasi-free scattering events. In the lower part the correlations in polar angle are shown for the
two targets, C and CH,. For the latter target, a clear correlation is observed corresponding to
two protons with a mean opening angle of around 82°. This is result is in good agreement with
the simulated result of 84° for quasi-free proton knockout from '’Ne. The data clearly indicate
that the typical kinematical correlations of QFS events can be selected by the setup. The
remaining background, stemming from the carbon in the CH, target, can be subtracted.
Eventually, the angle of the protons will be more precisely determined by measurements with
the Si strip detectors and the total energy will be measured using the Crystal Ball. This
information will allow the reconstruction of both the separation energy of the knocked-out
nucleon (or cluster) as well as the intrinsic momentum distribution. As mentioned before, the
same information can be obtained from the heavy fragment, thus yielding redundant
information on energy and momentum.

4. Rate Estimates

Rate estimates were calculated using the Lise++ code with the parameters shown in
Table 1 and the resulting secondary beam intensities can be seen in Table 2. The rate
estimates are based on production cross sections calculated with EPAX 2.15 [Sum00], except
for the '°C case, where the experimental cross section has been used. The expected maximum
primary beam intensity impinging on the FRS target is 1.5x10" ions/spill as known from
previous experiments. The rates given in Table 2 are per 10" *°Ar ions on target. The
maximum average intensity per second is reached with fast ramping and a rather short spill of
1 sec resulting in a total cycle time of about 3 sec. This mode will be used for the most exotic
settings with low rate. The resulting average intensity is then the one given in the table
divided by two.

Table 1: Parameters used for Lise++ calculations.

Primary beam 600 AMeV PAr
Primary beam intensity 10" “Ar

Target thickness Be: 4011 mg/cm’
Wedge at S2 2000 mg/cm’
Scintillator S2 3 mm
Scintillator S8 3 mm




Table 2. Secondary beam intensities at the Cave C target per 10" “’Ar ions impinging on the FRS
target. Rates have been estimated with Lise++ using EPAXII cross sections and realistic beam
transport to Cave C. (600 MeV/u, 4 g/lcm” Be target, 2g/cm” Al degrader at S2).

Intensity

(sett.1)

(sett.2)

(sett.3)

(sett.4)

(sett.5)

(sett.6)

°Be

8480

5770

lOBe

2.0e+4

2380

36

IIBe

76

4250

3550

636

IZBe

18

22

616

14B

962

1290

246

ISB

1.8

44

146

ISC

1.6e+4

253

16C

156

2250

153

17C

172

341

60

ISC

0.3

10

29

14

l.e+4

1.3e+4

25

3.e2

0.03

11

8870

l.e+4

204

114




For the Coulomb dissociation measurement with setting 6, 10 shifts with Pb target are
foreseen (see Section 1). In addition, measurements have to be made with a carbon target in
order to estimate the nuclear contribution to the cross section measured with Pb. Empty target
measurements serve to subtract background originating from reaction outside the target.

The inclusive cross section for a (p,2p) reaction amounts to about 10 mb. With a
200 mg/cm® thick CH, target, we expect to collect about 100,000 events in a day for the
settings with high rates, i.e., up to 20. For theses cases, precise measurement of exclusive
spectral functions will be possible. For the neutron-rich settings, thicker targets will be used.
The most neutron-rich setting, which will be used for the ¢ (7,n) measurements, contains
also 1.2 **O per 10" *°Ar ions in the mixed beam. Making use of the fast-ramping mode and a
1 sec extraction time, an average intensity of 0.6/sec is expected. With a 1 g/cm” CH, target, a
total yield of about 250 events is expected in 10 shifts. At the same time, alpha knockout from
"Be and the *"F(p,2p)*°0 reaction will be studied. In the latter case, the statistics from C and
H (~100 events) in the CH, as well as from the C measurement (which is needed for the
Coulomb dissociation measurement) can be added. This will be sufficient to locate the
ground state of °0 and determine its width.

A summary of the beamtime request for the different settings and targets is given in
Table 3.

Table 3. A summary of the beamtime request for the different settings and targets.

setting 1 | setting 2 | setting 3 | setting 4 | setting 5 | setting 6 | Physics
A/Z 1.75 2.12 2.5 2.75 2.88 3.0
example Bc Astro
nuclei of 13—150 16—180 19,200 21,220 230 240 p,2p
interest ’Be "Be "Be ""Be "Be p.pot

17C,14B 26,27F unbound

target
Pb - - - - - 10
C 1 1 1 2 2 3
empty 1 1 1 2 2 4
CH2 3 3 3 6 6 10
setting 1 1 1 1 1 1 Total
FRS

6 6 6 11 11 28 58

In addition, we need 2 days prior to the main run for setting up the LAND/R3B setup in Cave
C and for calibration measurements. In total, we ask for 21 days of beam time.

The collaboration plans to perform the experiment in 2010.
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