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Abstract

This proposal aims at a study of “Ne at the ALADIN-LAND/R3B setup in Cave
C. "Ne is a Borromean dripline nucleus (the binary subsystems p — p and *O—p are
unbound) and the only realistic candidate to show a two-proton halo in its ground state.

Proposal

We have conducted an experimental programme to study halo-states in nuclei at GSI since
1992. The experiments have been performed both with the FRS and with the ALADIN-LAND
setup in Cave B. The early results were mainly on carbon and lead targets. In the most recent
experiment in our series we have used a liquid Hs target. The analysis of the data from this
experiment, S245, is well underway and the first results with beams of ®He, 'Li and “Be are
emerging. The remaining beamtime for S245 is planned for the spring of 2006, where °C and
22.23N will be studied in our modified setup with MINIBALL clusters at the FRS.

Here we propose a continuation of our programme concentrating on one single nucleus,
1"Ne. This proton dripline nucleus has a halflife of T, s2 = 109.2 ms, and can be obtained as a
radioactive beam from the SIS using a primary *®Ne beam with an energy of 500 MeV /u. The
primary beam hits a Be production target placed at the entrance of the FRS and the separated
secondary "Ne beam is then brought to the reaction target in the LAND/R®B setup in Cave
C.

Our experiments will be organized as follows:
(1) Nuclear break up will be studied with targets CH, and carbon.

(2) Coulomb breakup will be studied using a lead target.

Present knowledge about !"Ne

"Ne is the lightest bound isotope of neon. Its two proton separation energy is So,= 950 keV
and its binary subsystems, p — p and 'F, are unbound. This Borromean character of "Ne
combined with its low two-proton separation energy makes it an obvious candidate to be a
two-proton halo nucleus [1,2].

The 3 delayed proton and a emission from "Ne has been studied extensively [3] and the
feeding to excited states in its daughter nucleus '"F has been measured. The first-forbidden
beta-decay to the first excited state in '"F at 495 keV was studied [4-6] in order to try to
investigate a possible signal of a halo character by a comparison to the mirror decay of !N into
the 871 keV state in 17O [7]. The branching ratio of 1.59(17)% is about two times larger than
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expected from mirror symmetry. This very large asymmetry was explained in a shell-model
calculation [4] as being due to the unusually large spatial extent of the 1sq/o proton orbit.
It has also been suggested that an alternative explanation to the asymmetry would lie in a
charge-dependent s-occupancy for the initial state [8].

The rms radii for the A=17 isobars were extracted from measurements of interaction cross
sections at an energy of ~ 700 MeV/u [9] and the results for the mirror pair '"Ne — "N were
R = 2.75(07) and 2.48(05), respectively. This difference in the radii was considered as being
due to an anomalous structure of 1"Ne. An increase in the total reaction cross section for "Ne
relative to its neighbour was also observed in measurements with a Si target at 40 MeV /u [10].
Tanaka et al. [11] measured op with the transmission method and used these and the high
energy data [9] to derive the density distribution from a Glauber calculation in the optical
limit. The result showed a long tail in the density distribution, which they interpreted as
evidence for the two valence protons being in the 1s;/, orbital.

With a 66 MeV/u '"Ne beam from the RIPS separator at RIKEN, Kanungo et al. [12]
measured the two-proton removal cross section and the O momentum distribution. The
narrow momentum width of 168(17) MeV /c together with the large proton removal cross section
( 191(48) mb) were taken as indication of a significant s-wave probability of the two valence
protons and an evidence of !"Ne being a two-proton halo nucleus. Further evidence for a halo
structure in '"Ne is given by the measured momentum width after two-proton removal from
150 [13]. This is found to be much wider than that for !"Ne and in close agreement with the
Goldhaber estimate. This suggests that the two valence protons in "Ne have a significant
probablity to form a halo around the %O core.

Experiments on Coulomb excitation of the two lowest, two-proton unstable excited states
in "Ne at 344 keV (3/27) and 906 kev (5/27) above the "O-+p+p threshold, respectively,
have been performed [14,15]. Both these states are unbound to two-proton emission but the
I™=3/2~ state is too low in energy to allow two-proton emission while the I7=5/2" state has
been observed to decay via sequential two-proton emission to the *O ground state.

Even though there obviously exists a fair amount of data on "Ne and its decay there
are no clear conclusions about the structure of "Ne that might be drawn from the present
results. One important issue is the relative contribution of s> and d? configuration in the "Ne
wave function. There exist rather detailed structural calculations that include spin degrees of
freedom properly [17, 18], theoretical estimates of the s/d ratio [16] and theoretical suggestions
for important experimental observables [19]. The time is thus ripe to do a state-of-the art study
of 1"Ne with our complete-kinematics setup in Cave C.

The continuum states in '"Ne are also of interest for nuclear astrophysics. The rp reaction
flow for nucleosynthesis in explosive hydrogen burning in stars is influenced by two-proton
reactions on long-lived waiting point nuclei as discussed in Ref. [23]. The rate estimates in
this paper were obtained in a model where the reactions were characterized by two successive
proton captures; the first capture leads to an unbound isotope and the system is then stablized
by a second proton capture. One such reaction discussed in [23] is ®O(2p,y)!"Ne. Recent
calculations [24,25] have, however, demonstrated that the continuum states (O +2p) plays
an important role for the calculated rate. It is found [24,25] that the rate can be enhanced by
10 orders of magnitude by taking an exact account of the three-body continuum in for example
"Ne.

With this starting point we would here propose a complete kinematics experiment to be
performed at GSI. Our main objectives are summarized in the next section.



Proposed experiments

Our intention is to perform a “kinematically complete” experiment with detection of the charged
projectile fragments in the exit channel together with coincident gamma rays from the projectile
and the fragments. With a primary *’Ne beam from the SIS a secondary "Ne beam of 500
MeV /u will be produced using a Be production target. The reaction target will be placed at
the entrance of the ALADIN magnet and we propose to use three different targets to collect
the maximum of information. For details see next Section.

Below we give the main data sets that we will be able to collect

e Nuclear interaction and proton removal cross sections.

We propose to perform measurements of nuclear interaction and proton removal cross
sections using light reaction targets. We may study the following three different reaction
channels:

- Detection of two protons in coincidence with the charged fragment (*O) corresponds
to a quasi-sequential process — excitation of !"Ne as a single system to the continuum
followed by its decay. The reaction mechanism might be either diffractive dissociation or
inelastic scattering. This reaction mechanism allows to study the structure of the "Ne
continuum and to separate resonance states. These types of reactions are referred to as
the inelastic scattering channel with cross section oy,.

- Detection of only one proton means that the second one has either been absorbed or has
got a large momentum transfer and been deflected strongly. Such a reaction corresponds
to the one-proton knock-out mechanism. This channel is referred to as the proton knock-
out channel, oyp.

- Reactions where only the charged fragment in the vicinity of the fragmentation peak is
detected is referred to as the two-proton knock-out channel, o,.

These cross sections may be calculated in the eikonal approximation of the Glauber model
in a three-body treatment of "Ne. The well-known relation between the breakup and
interaction cross sections are then

0'[(17N€> — 0'1(150) =0_9p = Op + O1p + O2p, (1)

The one-proton knockout reactions from “Ne is expected to be due partly to proton
removal from the halo leading to low lying negative parity states in 1°F [19]. The
$1/2®'0(1/27) and d5/»®'O(1/27) components result in [7=0", 17, 27, 3~ F states
exhausting about 2/3 of the cross section [19], while the rest may be due to proton
knockout from the core leading to highly excited positive parity states in °F with I7=1"
(“N(17)®(s1/2)*(07) The complete kinematics data allows the construction of the '°F
invariant mass spectrum for both these reaction channels and can be used to separate
them from each other.

The expected magnitude of the nuclear induced breakup cross section has been estimated
with the eikonal approximation of the Glauber model. The main ingredients in the eikonal
approximation are the three-body wavefunction for 1"Ne (}**0O-+p-+p) and profile functions
of the cluster-target interaction.



The estimated "Ne interaction cross section on a C target at an energy of 500 MeV /u
varies from 969 mb (rms(**0)=2.40 fm) to 994 mb (rms(*°0)=2.52 fm).

In the case of the spectator 0O, the two-proton removal cross section o_s, is found as the
difference between the '"Ne and 'O interaction cross sections, o_s, = o7(*"Ne) —o7(**0)
(~70-75 mb). As shown in [19], this cross section should be corrected for a contribution
by proton removal from the O core. This contribution is estimated in the core-+proton
model of *O (see [19]), taking into account excited states of the N core.

The one-proton removal cross section from the °O core varies from 47.0 mb to 43.5 mb,
respectively. As the result, the total cross section of the two-proton removal from !"Ne
leading to O core production, is estimated as ~ 108 - 114 mb.

Transverse momentum distribution

In experiments on three-body halo systems, reactions in which the core and one of the
valence particles are detected are referred to as one-particle knockout (or stripping) re-
actions. In the sudden approximation, the momentum transfer to the (A-1) system can
be neglected in experiments with high beam energy. In the '"Ne rest frame we have
Py, +Pp, T P50 = 0. The momentum of the (A-1) system is then equal to the momentum
of the ejected proton p,, with opposite sign and will therefore directly reflect the internal
proton momentum distribution.

This “classical” search for a halo signal is well motivated since it gives a rather simple
handle on the s/d configuration mixing in the "Ne ground state. In the recent theoretical
paper by Grigorenko et al. [19] it is stated that an s wave component exceeding 50 %
would give a momentum width of size comparable to ‘He - a classical halo case. However,
as also pointed out, the somewhat larger width found experimentally at 66 MeV /u [12]
could be understood by a careful treatement of the reaction mechanism.

Angular distribution of the decay proton from the unbound *°F system

The angular distribution of the decay neutron from different unbound subsystems of
Borromean nuclei have been studied in our earlier experiments at GSI. Figure 1 shows
these kind of data. The angular correlation data may be used to get information about
configuration mixing in the ground state as was demonstrated for ®He [27] in Ref. [28]
and for 'Li where a mixed parity in the ground state was seen in a model-independent
way by the presence of a linear term in the angular correlation function [30]. Similar data
for the decaying 1°F system will become available in the experiment proposed here.

Relative energy distribution in the '°> O-p system

From the data from this proposal we will be able to reconstruct and study the relative
energy spectra between the proton and 'O in the unbound F system. Such data will
provide an opportunity to separate the process of one-proton removal from the !"Ne
proton halo, leading to low relative energies, from the corresponding one-proton removal
process from the O core leading to highly excited 1 states in the unbound 1°F.

Continuum excitations in 1" Ne

We may study continuum excitations in "Ne by analysis of the two protons and the °O
core in the final state after the breakup reactions in the carbon and lead targets.
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Figure 1: Differential cross section as func-
tion of the angle 0, between the momen-
tum of the recoiling A — 1 system (sum of
fragment (f) and neutron (n) momenta) and
the relative momentum between fragment
and neutron (difference of their momenta).
Data are shown for the breakup products of
68He [27,29], 'Li [30], and “Be. The solid
lines represent polynomial fits in cos (6f,)
to the data, including corrections for experi-
mental effects.

E(MeV)

Figure 2: Calculated E1 energy distribution
under the assumption of 50 % s? and 50 %
d? components in the '"Ne ground state wave
function.

With the carbon target we may study the excited states in !“Ne, which would add to the
present knowledge of excited states in 1"Ne that until now was obtained mainly in multi-
neutron transfer reactions *?Ne(*He,%He)!"Ne [31]. The excitation cross-section may be
compared to theory in a Glauber model calculation and be used in the analysis of the
data from the Pb target to disentangle the relative nuclear and Coulomb contributions
to the cross section.

The estimated energy distribution [25] for E1 Coulomb dissociation of 1"Ne is shown in
Fig. 2. This calculation suggests a pronounced peak at about 4.5 MeV excitation energy
with a width of about 2 MeV. The cross section at maximum depends strongly on the s-
wave content in the "Ne ground-state wave function and becomes higher for an increasing

52 component.

Angular and energy correlations

With complete kinematics data one may study the dissociation of 1"Ne on a lead target
and determine the four-momenta of the protons in coincidence with *O. These are then
used to reconstruct the three-body energy and angular correlations in the final state.
Such data have recently been analyzed for ®He [26] and it was shown that important
information may be obtained with this approach. With a series expansion of the final
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Figure 4: Calculated angular distribution of
the 150 core relative to the beam direction
after Coulomb breakup of '"Ne. (FEpeqm=500
MeV /u, byin = 9.7 fm, E=4.5 MeV.)

transition amplitude into hyperspherical harmonics it was shown that the information
of all the three particles in the final state is essential for a theoretical understanding
of the structure. The three-body angular and fractional energy correlations may give
important information about final-state interactions and about intermediate resonances

in the dissociation process.

Figure 3 shows a calculation of the relative energy distribution in the pp-system at E=4.5
MeV where Figure 3a represents the result with a wave function from Ref. [19] with equal
s? and d? components while Figure 3b show the result under the assumption of a pure d?
configuration. The clear difference in the shapes demonstrates that we might get a safe
determination of the s - d mixing from the data.

The calculated angular distribution [25] of the O core after Coulomb dissociation of
"Ne is shown in Figure 4. The shape of the distribution might be described by a function

of type
do

dEdcosb, ~

a(E) + b(E)cos*d, (2)

where a(E) and b(E) depend on the ground state wave function and the continuum.



Experimental technique

Secondary Beam Production

The secondary beam is produced by fragmentation of a **Ne primary beam in a Be target. A
primary-beam intensity of ~ 1 x 10'% ions per spill is required (500 MeV /u, slow-extraction
mode). The production cross section of 0.1 mb for "Ne isotopes was estimated using the
EPAXII formula [33], and the yield on the secondary target was estimated by the Monte-Carlo
code MOCADI, including the beam transport through the FRS and the beam-line to Cave C.
The expected average "Ne beam intensity on the secondary target amounts to about 1 x 10*
ions/sec.

Experimental setup

The proposed experiment will be carried out in Cave C using the improved LAND reaction
setup. As mentioned earlier, the experimental technique is very similar to that applied in
preceding measurements of our collaboration. Two new detector types will be used in addition
to detect the proton decay of "Ne. These are two large drift chambers placed behind the
ALADIN magnet, and Si-strip detectors in front of the magnet where both the °O fragments
as well as the protons are detected. This will allow a tracking of the protons through the
dipole field and thus the determination of their momenta. Protons stemming from quasi-free
(p,2p) knockout reactions are detected in a Si-strip barrel surrounding the beam pipe in forward
direction (20 to 80 degree) and in the Crystal Ball. The setup is shown schematically in Fig. 5.

The main experimental tasks are the identification and determination of the momenta before
and after reaction in the target and detection of all decay products. This is accomplished by
means of energy-loss and position measurements with position sensitive pin diodes, a time-of-
flight measurement over a large distance between FRS and experimental area, and from the
magnetic rigidity determined at the FRS. The heavy fragments emerging after dissociation in
the target are again identified and are momentum analyzed using Si-strip detectors placed in
between target and the ALADIN Magnet, and using scintillating fibre arrays (0.5x0.5 m?)
and a two-layer time-of-flight wall (0.5x0.5 m?) consisting of 16 position sensitive organic
scintillator paddles. Protons from the decay of excited "Ne projectiles will be detected with
large solid-angle coverage in the forward direction. The gap size of the dipole allows a coverage
of about +70 mrad for protons and neutrons, which is sufficient at the beam energy of about
500 MeV /u to cover the excitation energy range of interest (see previous sections). Two position
measurements in front (target position, Si-strip detector placed about 1 m behind the target)
and two position measurements behind the magnetic field (two drift chambers, 0.8x1 m? active
area, 200 pum resolution) allow the determination of the magnetic rigidity and the momenta of
protons stemming from the decay of '"Ne. Finally, time-of-flight and energy-loss information is
obtained from a plastic-scintillator wall (1.8 1.4 m?) consisting of 32 position-sensitive organic
scintillator paddles which also serves for identification. The transverse momenta are obtained
from the position measurement in the Si-strip detectors, the longitudinal component from the
ToF measurement. In addition, the total momentum is measured by the tracking through the
dipole field. A momentum resolution % ~ 3 x 1073 is expected. Although neutrons and
~-rays are not very important for the present experiment, they are detected in LAND and in
the Crystal Ball detector, respectively. The excitation-energy spectra are obtained from an
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Figure 5: Schematic view of the experimental setup (not to scale). The incoming beam is
tracked and identified by means of time-of-flight, energy-loss and position measurements (Scin-
tillator, position-sensitive PIN diodes). The target is surrounded by the Crystal Ball Nal array
for detection of photons and protons scattered to large angles. Protons are additionally tracked
by Si-strip detectors placed in the forward direction covering an angular range of about 20 to
80 degree. Heavy fragments and projectile-like protons are deflected by the ALADIN dipole
field and their momenta are determined by position measurements using Si-strip detectors in
front of the magnet and scintillating fibre detectors and drift chambers behind the magnet.
Energy-loss and time-of-flight is measured by large-area ToF scintillator walls. Neutrons may
be detected by the LAND detector placed at zero degree about 14 m downstream from the
target.

invariant-mass analysis. Resolutions amount to about 0.2 MeV at the threshold up to ~1 MeV
depending on excitation energy. In case of (p,2p) quasi-free knockout reactions induced by the
hydrogen (CHs) target, both protons are detected by Si-strip detectors (20 to 80 degree) and
the Crystal Ball. In summary, a kinematical complete measurement of the reaction channels of
interest is foreseen.

Beam request

The proposed experimental programme requires measurements with Pb, C, CHy targets and
one without target for background determination. The measurement with Pb target is used
to determine the differential cross section for electromagnetic excitation and thus the dipole
strength function. A target thickness of 200 mg/cm? is foreseen resulting in a contribution to
the invariant-mass resolution similar to the one caused by the detector resolution. Assuming an
integrated cross section of about 200 mb, a one-day measurement yields sufficient statistics to
extract the dipole strength function, the angle-differential cross section, and to study angular
and three-body correlations. The CH, and C targets are used to investigate nuclear reactions.
The target thickness is limited in both cases to 200 mg/cm? due to the straggling effects
limiting the transverse momentum resolution. A one-day measurement for each target yields
sufficient statistics to disentangle the various reaction mechanisms, to extract the differential
cross sections, and to identify the different single-particle components in the '"Ne ground-



state wave function. In addition, one day is required for background measurement, 2 days for
debugging the setup, electronic settings, and calibrations. One day is required for FRS settings,
calibrations and optimization of the '"Ne secondary beam.

In total, we request 7 days of beam time. Part of this will be used in parasitic mode prior
to the main run for commissioning of the new detectors (drift chambers, Si-strip detectors).
We would like to perform the experiment in the second half of the year 2006.
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