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We propose to use the 18Ne(®He,p)?Na reaction in inverse kinematics to investigate
the spectroscopy of 20Na and especially, in an attempt to resolve a long standing issue, to
determine the spin/parity of the astrophysically relevant 2643-keV state in 20Na.

In a following experiment, we would like to use the reaction 17Ne(3He,p)'°Na to study
proton-unbound 19Na and to determine if its structure allows to consider the two-proton
capture reaction 18Ne(2p,7)?*Mg as a viable alternative for bridging the waiting point
18Ne at high temperature and density conditions.
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Experimental area

ISAC-HE, TUDA

Primary beam and target (energy, energy spread, intensity, pulse characteristics, emittance)

p-MgO or SiC, 500 MeV, cw
ECR Source

Secondary channel ISAC-HE

Secondary beam (particle type, momentum range, momentum bite, solid angle, spot size, emmittance, intensity,
beam purity, target, special characteristics)

"Ne (unstable) up to 10° pps, Max. 1.64 MeV/u
18Ne (unstable) up to 108 pps, Max. 1.64 MeV /u.
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TRIUMF SUPPORT:

No unusual support required

NON-TRIUMF SUPPORT

The TUDA facility, including considerable manpower for setup and operation, will be
provided by U. of Edinburgh and U. of York. The TUDA collaboration is supported by a
NSERC grant for manpower, replacement parts and computing support. The He gas cell

will be provided by Argonne National Laboratory.
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Standard TUDA operation with short lived radioactive isoto

pes, (ISNe, T1/2:1.67S,

1"Ne, T, /2=109.2ms). Low voltage detectors and electronics. Gas target.
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1 Scientific Justification

The Carbon-Nitrogen-Oxygen (CNO) cycles are thought to be the main source of
energy generation in novae and X-ray bursts in their ignition phase [1]. Under certain
extreme conditions of temperature and density, these cycles may be broken by so-called
breakout reactions such as *0(a,v)*Ne(p,7)**Na or ¥Ne(a,p)* Na, which link the CNO
cycles to the rp-process, a long sequence of proton captures and beta-decays towards
higher masses. Precise knowledge of the structure of a few states above the relevant
particle threshold in the compound nuclei is required to calculate the rate of the reactions
involved in the breakout of the CNO cycles and in the subsequent rp-process.

The two following subsections give a description of the scientific justification for the
two proposed experiments.

1.1 Nature of the 2643-keV state in 2’Na

The reaction sequence °O(a,y)'® Ne(p,7)?’Na is expected to form the dominant break-
out path that connects the CNO cycle with the rp-process. The leak rate of the break-out
is determined by the slower reaction which is believed to be the *O(c,y)'"Ne reaction,
however, both reaction rates remain undetermined. The reaction rate for 9Ne(p,y)*°Na
is thought to be dominated by resonant capture on a single state at 2643 keV in 20Na,
lying 448 keV above the 1°Ne+p threshold. The exact nature of this state has been a
matter of intense debate for more than a decade.

DWBA analysis of the angular distribution of the reaction 20Ne(®He,t)*'Na provided
the first tentative assignment J7=1% of the 2643-keV state in 2°Na [2,3]. It was proposed to
be the analog of the 17 state at 3172 keV in 20F the mirror nucleus of 2°Na. However, this
mirror state appears to be weakly populated in the 2°Ne(t,>He)?°F reaction [4], suggesting
an incorrect assignment. This was pointed out by Brown et al. [5], who also argue that
the Coulomb shift expected for this 1 state cannot account for the 529 keV energy
displacement. By a process of elimination based on Coulomb shift analysis of the 20Na-
20F mirror pair, Brown et al. found that only the 3% state at 2966 keV in *°F could be
the mirror of the 2643-keV state in 2°Na. This assignment seems to be supported by more
recent studies. A measurement of the S-decay of 22Mg, which should preferably populate
1+ states in GT transition, shows no feeding of the 2643-keV state (log ft > 6.2 ) [6].
In a study of the ?°Ne(p,n)?°Na reaction at 135 MeV, the neutron angular distribution
of the 2643-keV state shows essentially no strength at 0°, whereas neutrons are indeed
observed at higher angles, indicating a Al=2 transition consistent with a 3% assignment
[7]. However, most recently, the 19Ne(p,7)?**Na reaction has been studied directly at
Louvain-la-Neuve and an experimental upper limit for the resonance strength wy of 21
meV at the 90 % confidence level has been extracted [8]. This value disagrees by a factor
of 4 with the 80 meV proposed value from Brown et al. assuming a 3% assignment [5],
but is consistent with the value of 6 meV suggested by Lamm et al. for a 1 state [3].
[8] points out that the S-decay [6] and the charge-exchange [7] results could still, in some
respect, be consistent with a 11 assignment. A recent report from Fortune, Sherr and
Brown [9] proposed a re-analysis of the original paper from Brown et al. [5]. Based on
updated information on the 20F mirror y-decay width and isospin non-conserving effects,
they extract a new lower limit of 16 meV for the resonance strength of the 9Ne(p,7)?Na
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reaction assuming a 3% assignment, tantalizingly close to the experimental upper limit of
21 meV proposed by Vancraeynest et al. [8]. At this point, a consensus was still to be
met for the assignment of the 2643-keV state.

Last year, a novel idea of deducing the nature of the 2643-keV state from its y-cascade
and by comparing its deduced decay scheme to the known ones of the few states in 20F,
which are candidates to be its mirror state, have been investigated at Argonne National
Laboratory [10]. A 66 MeV 2C beam on a '°B target was used to produce 2°Na via the
2n fusion-evaporation channel. The recoiling 2°Na was detected at the focal plane of the
FMA, while y-rays were recorded in prompt coincidence in the Argonne BGO array and
two Germanium clover detectors provided by the University of Notre-Dame. At this point
in the analysis, the y-decay of a few subthreshold states in 2°Na (including the 2 first
excited states) have been observed but there is so far no evidence that the spin/parity
of the 2643-keV state could be identified in this experiment. The main difficulty of this
experiment was that the entry point of the y-cascade had to be reconstructed by summing
the energy of all the detected y-rays. In this case, it is proposed to use the *Ne(*He,p)20Na
reaction in inverse kinematics to deduce the spin of the 2643 keV state in 2°Na. This time,
based on the same principle of the Argonne experiment, the entry point would be deduced
from the emitted proton and would therefore require p-y rather than ~v-v(-¥) coincidences.

1.2 Spectroscopy of unbound ?Na

Similarly to the triple-alpha reaction, where unbound ®Be is created as an intermediate
state toward the creation of 12C, it is possible to consider a 2-proton capture process, which
would connect O with 1"Ne and 18Ne with Mg via respectively the unbound 8F and
19Na nuclei as intermediate states. To address this question, a precise knowledge of the
structure of a few states in these unbound nuclei is required. J. Gorres et al. estimates that
the reaction rates deduced for this process cannot compete realistically with the reaction
rate of their respective alpha-induced reaction for typical stellar conditions [11]. However,
in the case of 1°Na, only the ground state and first excited state have been measured
once with a precision of about 10 keV [12]. The other parameters in the calculation were
based on theoretical considerations. An accurate determination of the energy and width
of the ground state and the first excited states of 1®Na as well as an experimental spin
assignment of these states are needed to fully calculate the reaction rate of the 2-step
reaction *Ne(2p,7)?Mg.

It is also worth noting that, since ®Na, is unbound by only 320keV, an almost unique
case among the light nuclei, it may be an excellent candidate to study the Thomas-
Ehrmann effect beyond the proton drip-line [13,14]. Interestingly, while the other proton
unbound nuclei display a Thomas-Ehrmann shift tending to lower the unbound states
compared to their bound mirror states, 1°Na shows an inverse effect for the only known
excited state [15]. In addition, 1°Na has a closed N=8 neutron shell and its states can be
made subject to thorough shell or other model calculations.

Very recently, the structure of 1°Na has been investigated by resonant elastic scattering
at GANIL and Louvain-la-Neuve, leading to the observation of discrete structures between
1 and 6 MeV. Analysis is under way [16]. However, resonant elastic scattering is limited to
low spin states and/or resonances of relatively large width. The ground state and the first
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excited state have therefore not been observed. It is also not clear how much information
would be deduced from the single large excitation function recorded at SPIRAL/GANIL.
The proposed experiment, based on transfer reaction, is likely to provide the suitable
complementary study of °Na.

2 Description of the Experiment

2.1 The (*He,p) transfer reaction

We propose to use the (*He,p) reaction in inverse kinematics at the TUDA scattering
chamber [17] at ISAC-I as an alternative to elastic scattering. For proton-rich nuclei this
reaction has a high Q-value, which allows the population of a wide range of states with a
single beam energy.

At ISAC-I energies (maximum 1.64 MeV per nucleon), the deuteron transfer is ex-
pected to proceed mainly (but not exclusively) via a compound nucleus mechanism as it
has been reported for the nearby reaction 2°Ne(*He,p)??Na at 2.8 and 3 MeV [18]. They
also reports the observation of states with spins as high as 5%, which shows that large
L-transfers are possible although with a small cost in cross-section. It is therefore a suit-
able reaction to populate excited states rather indiscriminately, which is a clear advantage
compared to resonant elastic scattering.

Estimates of the cross section will be discussed in the appropriate section of the pro-
posal.

2.2 The *He gas target

The gas target will consist of a thin *He LNg-cooled gas cell at a pressure of about 500
mbar and the entry foil of a Img/cm? Ni foil. It has been designed, built and already used
for experiments [19] or secondary beam production [20] at Argonne National Laboratory.
The clear advantage of such a cold target is that for a same pressure, it contains more
3He atoms/cm? than at room temperature. Therefore, it allows the target to be thinner,
enabling better energy resolution. When the time comes, it would be shipped to TRIUMF
and fitted to the TUDA chamber for the experiment. A new flange supporting the target
and including ®He and LNj feed-throughs will need to be designed and built. A gas
handling system is already in place underneath the TUDA experimental chamber.

The design of the target allows one to change the thickness of the gas cell, which will
be determined such that it will allow an efficient excitation energy reconstruction both in
the forward and the backward angles.

2.3 Nature of the 2643-keV state in 2°Na

The idea of this experiment is to populate the 2643 keV level in ?°Na by the 18Ne(*He,p)?’Na
reaction in inverse kinematics and to study its v decay path to the ground-state in coin-
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cidence with the proton emanating from the (3He,p) reaction. Figure 1 shows the known
level schemes of the mirror nuclei °F and ?°Na.
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Fig. 1 Known ~-decay schemes of 2°F. Expected y-decays from the 2643-keV state of 2°Na in both
possible assignments.

As discussed in the scientific motivations, the 2643-keV state in 2°Na, is believed to be
paired with the 3% at 2966 keV or with the 17 at 3172 keV in 2°F. The only branch known
for the y-decay to the ground-state for this latter state is through a 1~ state located at
984 keV, which unfortunatly has not yet been paired with a state in 2°Na. In fact, this
17 state is the only state below 1500 keV, which hasn’t been yet observed in °Na. The
2966-keV state in ?°F has a few known decay-branches: a direct decay to the 2* ground-
state (27 %), a decay to the first excited state (3*) located at 656 keV (12 %) and a decay
to the second excited state (47) at 822 keV (58 %) [21]. As expected, the 2966-keV 3+
state decays preferentially to relatively high spin state, whereas the 3172-keV 1% state
decays to a 17 state. Assuming that the y-decay of the 2643-keV in 2°Na follows the
one of its mirror state, it is in principle possible to determine the spin and parity of this
state [10]. In theory, the observation of the 1835 keV transition to the 4+ would provide
a unique signature of a 3% for the 2643-keV state. However, since the 1~ state, mirror of
the 984-keV state in 2°F, hasn’t yet been observed, it is possible, although unlikely, that
it would be located too close to the 808-keV 4% state to be clearly separated by our ¥
experimental setup. From information on its mirror state, the 808-keV state would decay
to the nearby 3% at 606 keV (~67 %) or to the 2+ ground-state (~33 %). The observation
of the 4% to 3% 202-keV transition would then be then a decisive argument, assuming that
a 17 to 3* transition would have a very weak branch (not observed in 2F). It is worth
noting that a full analysis of the experiment may also lead to a less direct determination
of the spin/parity of the 2643-keV state. For example, if the missing 1~ state was to be
observed or if a useful set of - coincidence data were obtained.
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The entry point of the -y cascade (e.g. the state in 20Na) is determined by the recon-
struction of the excitation energy obtained from the detection of the proton. A fairly good
separation from the contribution of the other states is needed to allow an unambiguous
identification of the 2643-keV state. In fact, only a lower limit in the excitation energy
is required since the states above 2643 keV all decay predominantly by particle emission,
therefore no p-y coincidences will be recorded. Interestingly, there is no known particle
bound state above 2064 keV, which allows for a relatively poor energy resolution.

At maximum beam energy (1.64 MeV per nucleon), the ¥Ne beam loses about 6.2
MeV in the gas cell entry foil, which gives an actual beam energy of 23.3 MeV in the 3He.

The high Q-value (6.1 MeV) and the kinematics of the reaction result in having a
large range of proton energies in both forward and backward hemispheres. At the forward
angles, the maximum proton energy is 15.8 MeV for the ground-state (12.4 MeV for the
2643-keV state), whereas in the backward hemisphere, the proton energy would be about
4.5 MeV for the ground-state and 2.7 MeV for the 2643-keV state.

At the forward angles, a AE-E system is required to reconstruct the trajectory and
to deduce the initial excitation energy. Monte-Carlo simulations show that the energy
reconstruction may require that the silicon detectors have a higher degree of segmentation.
It is proposed to use as E, a stack of two LEDA detectors (300 ym and 1 mm), mounted
such that each LEDA sector of the back detector is offset from its corresponding sector in
the front detector by half a strip size in the radial direction. This results in having twice
the resolution of a LEDA detector over most of its surface. The AE will consist of a 300um
thick CD-type silicon strip detector with a higher segmentation degree than its nominal
design. At the backward angles, where the energy resolution is optimal, a single 300 pym
LEDA is needed, since no trajectory reconstruction is required. Monte-Carlo simulations
have been developed to optimize the experimental setup.

Finally, two HPGe clover detectors, providing high efficiency -y detection, will be placed
around the target position. The Ge clover are likely to be the prototypes of the future
TIGRESS array (Triumf Isac Gamma-Ray Escape Suppressed Spectrometer). Due to the
geometry of the TUDA chamber, the Ge clover are likely to be placed at 90° with respect
to the beam axis. The flange supporting the target will be designed such as the target
will make an angle with respect to the beam to allow a better “y-escape” at 90°. At
90°, the observed y peaks will be doppler broadened. TIGRESS module have an effective
segmentation of about 3 cm. Assuming that the Ge clovers would be placed at 5 cm from
the target and an average energy of the recoiling 20Na of 20 MeV, a conservative estimate
of 6 keV maximum doppler broadening is obtained for a 200 keV ~-ray. No particular
issue should then arise from doppler effects in this experiment.

Beside the identification of the spin/parity of the 2643-keV state, which is the main
goal of this experiment, an additional detailed spectroscopy of ?°Na should be obtained.

2.4 Spectroscopy of unbound YNa

The experimental setup is similar to the one described above. The higher Q-value of
the 17Ne(*He,p)'°Na reaction (Q=11.2 MeV) requires a similar particle detection setup to
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the experiment previously described, but with thicker silicon detectors to accommodate
the higher energy protons emitted (E,=22 MeV at 0° for the ground state of ®Na). At
ISAC-I, due to the complex reaction mechanism at these energies, it is not expected that
spin assignments will be possible. Therefore, provided that we have enough beam intensity
to carry out a first experiment, we would concentrate on a backward-only detection system
which would only require a 600 pm thick LEDA array.

New states in *Na could be observed for the first time and their widths investigated.

3 Experimental Equipment and Readiness

As reported before, the TUDA facility has been fitted with a gas handling system,
which will allow the gas cell to be kept at a constant pressure. A new flange will need to
be designed to support the gas cell and feedthroughs. One 1mm thick LEDA detector has
already been ordered by the University of York for the ®Ne(a,p) experiment (proposal
#E870). A new CD detector has been included into the TRIUMF-TUDA grant application
submitted last October. One TIGRESS clover Ge prototype is to be received by the end of
this year for tests, while the other is to be ordered. The side flanges of the TUDA chamber
need to be replaced by two re-entry flanges in order to shorten the distance between the
target and the clover germanium.

Both experiments should be ready to run by summer 2003.

4 Beam Time required

The yield of "Ne and '®Ne have not yet been determined at ISAC. However, from
estimates [22], it seems that as much as 108 ®Ne per second could be delivered to the
TUDA chamber from a SiC or a MgO target. From systematics, it is reasonable to
estimate that the expected cross section for the reaction will be of the order of 0.1mb per
state. With a target of 10! atoms per cm? thickness of 3He and about 30% (cm) of solid
angle covered by the particle detection system, we expect about 100 events/hour/state.
TIGRESS prototypes are designed to have excellent absolute efficiency (more than 50%
at 200 keV), we estimate at about 5% the overall efficiency of the « detection setup for a
given +-ray in the cascade. A detailed spectroscopy of subthreshold states in 2°Na should
therefore be possible in a relatively short period of time. However, for the 2643-keV state,
one has to consider the proton-y branching ratio, which is estimated to be about 10%
[8]. For this particular transition, only 1 p-y coincidences every two hour are expected.
Therefore, we request 24 shifts of 12h to carry out the ¥*Ne(*He,p)?°Na experiment. Some
of the numbers quoted are conservative estimates, which should allow for less optimistic
beam intensity delivered to the TUDA chamber.

The beam time estimate for the study of proton unbound **Na by the reaction "Ne(3He,p)'*N

is somehow similar. Since it only requires particle detection, there is a factor 200 increase
in efficiency compared to the ¥Ne(*He,p)?°Na experiment, which can account for the loss
of beam intensity in the beam time request. Upon success of the 18Ne(*He,p)?’Na, exper-
iment and provided that the beam intensity could reach 10® 1"Ne per second, we would
request an other 24 shifts to carry out the '"Ne(®He,p)!°Na experiment.
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