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A program to study resonant states in light nuclei with radioactive ion beams in in-

verse kinematics and using thick targets together with double-sided silicon strip detectors

(DSSDs) has been started at the Holi�eld Radioactive Ion Beam Facility (HRIBF). This

program has led to the discovery of the simultaneous two-proton decay from states in
18Ne populated by 17F + p. Results from our search for this long sought decay mode will

be presented.

1. INTRODUCTION

Recent developments in accelerator and experimental techniques provide exciting oppor-

tunities to pursue new frontiers in nuclear structure and reaction physics. Until recently

many of the experimental tools that nuclear physicists had developed could only be used

to study stable isotopes. Radioactive projectiles remove the limitation to the naturally

ocurring N/Z ratios of stable beams.

It is now becoming possible to systematically study properties of nuclei over a wide

range of N/Z. Of particular interest are loosely bound nuclei near the limits of nuclear

existence which are expected to exhibit modi�ed shell structures, new collective modes,

and exotic decays. Compared to conventional stable heavy-ion beams, radioactive ion

beam (RIB) intensities are several orders of magnitude lower, particularly for those further

from stability. New instrumentation and improved techniques are required to fully exploit

these exotic beams.

Two-proton radioactivity was predicted forty years ago [1]. Several searches for two-

proton emitters [2{4] have been unsuccesful until now. Figure 1 shows a schematic illus-

tration of the possible decay mechanisms for 2p emission [1,5]. In all previous searches,

the data are consistent with sequential one-proton emission.

Excited states of 18Ne below an excitation energy of � 6.5 MeV are a good place to look
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Figure 1. Schematic illustration of the possible processes leading to the 16Opp �nal state
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Figure 2. Level scheme for 18Ne and its proton and two-proton daughters. Spins and

parities are taken from Ref. [6,7]. The direct 2p decay would proceed as indicated by the

long arrow.

for simultaneous two-proton decay, since there are no intermediate states in 17F available

through which sequential one-proton decay can occur (see Fig. 2). We have observed

evidence for simultaneous two-proton emission from the 6.15 MeV state (J� = 1�) in
18Ne with the radioactive beam-induced reaction 17F + 1H at bombarding energies of 33

and 44 MeV. The horizontal arrows in Fig. 2 mark the maximum excitation energies

corresponding to the bombarding conditions.

2. RESONANCE SCATTERING

The use of resonance scattering with thin targets using normal kinematics has been

a very useful spectroscopic tool in nuclear physics for many years. Elastic scattering of

protons (polarized and unpolarized) from light nuclei has provided important information

on the spin-parity and isospin assignments of the resonant states involved. These mea-

surements have consisted mainly of excitation functions at a few angles. Even for these

conventional techniques the measurement of excitation functions of cross sections and an-
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alyzing powers with small energy steps are very time consuming. More eÆcient methods

are desirable for the study of resonances using the limited RIB intensities available. The

spectroscopy of very light nuclei (A�20) has experienced renewed interest primarily due

to the appearance of RIBs.

2.1. Production of pure beams of 17F

Several proton- and neutron-rich radioactive beams are now available for low-energy

nuclear physics research from the HRIBF at Oak Ridge National Laboratory (ORNL).

The K=105 Oak Ridge Isochronous Cyclotron (ORIC) and the HRIBF 25-MV Tandem

accelerator were recon�gured into a �rst-generation ISOL-type radioactive ion beam fa-

cility. A detailed description of HRIBF can be found in Ref. [8]. One of the highest

priorities of the HRIBF was the production of a 17F beam. The development of this diÆ-

cult beam required a target system that would release 17F in a time commensurate with its

half-life (T1=2= 64.5 s) and stand high-intensity driver-beam bombardment. The 25-MV

HRIBF Tandem accelerator is the highest operating voltage electrostatic accelerator in

the world. The high terminal voltage has the advantage that completely stripped ions of

masses up to about 60 can be produced. With magnetic de
ection a strong suppression of

lighter contaminant isobars can be achieved. Fluorine-17 beams of excellent quality can

be produced between 1.5 AMeV to about 11 AMeV by using an intense direct-negative

ion source [9] and fully stripping the ions. At low energies (below 1.5 AMeV and down

to 0.5 AMeV), where full stripping is impractical, this method is complemented by using

a positive beam of AlF+ molecular ions produced using the electron beam plasma ion

source (EBPIS) [10] and then dissociated and charge exchanged to form 17F� with only

about 1% 17O contamination. For our studies of resonance scattering the purity of the

beam simpli�es considerably the experimental setup.

2.2. Thick Target Technique

With the method described in Ref. [11] and references therein, a thick target is used

with DSSDs and the excitation functions of elastic scattering are extracted from the

measured recoil (proton) energy spectra. The target is thick enough to stop the beam,

but thin enough to let the protons escape. The recoiling protons are detected and analyzed

by angle and energy to determine the center-of-mass energy of the reaction. The excitation

function of the reaction is thus measured over a large energy range in one run.

A proof-of-principle of the technique was carried out using stable beams. Excited states

of 18F were studied with the inverse reaction p(17O,p)17O. Excitation functions of cross

sections obtained for three bombarding energies (14, 20, and 33 MeV) were compared to

the excitation function measured by Sens et al. [12] with the standard technique (normal

kinematics and thin target) at an equivalent backward angle. A similar shape of the

excitation functions was obtained in the common range of energies.

Radioactive ion beams of 17F+9 were used to study several resonant states in 18Ne

[11,13] including the astrophysically important 4.52 MeV 3+ state recently observed [7]

(E
cm

= 0.6 � .05 MeV, � = 18 � 2 keV), and the 6.15 MeV 1� state (E
cm

= 2.22 � .01

MeV, � = 50 � 5 keV) of relevance to the 2p emission process.
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3. DECAY OF A RESONANCE IN 18Ne BY THE SIMULTANEOUS EMIS-

SION OF TWO PROTONS

Pure 17F beams, with a beam spot diameter smaller than 2mm and with intensities

up to about 1.2 � 105 ions/s (for E
b
=44 MeV) were produced by fully stripping and

separating the interfering and more abundant 17O ions by the beam transport system.

A �E-E solid state telescope was placed behind the 40-�m CH2 target to detect the

recoiling protons. A large 300 �m-thick �E detector consisted of a DSSD, 5 cm x 5 cm in

size with 16 strips per side subtending a laboratory angle of 15Æ. This strip arrangement

results in a total of 256 pixels, each e�ectively acting as an individual detector. The

X-Y position resolution of 3mm is determined by the size of each pixel. The E detector

consisted of a 100-�m thick, 900-mm2 surface barrier detector subtending an angle of 10Æ.

The two-proton events were de�ned as two coincident signals between nonadjacent strips

of the DSSD. Every two-proton event consists of six parameters: two polar angles (�), two

azimuthal angles (�), and two energies E1, E2. With these six parameters, distributions

of the opening angle, the relative kinetic energy, and initial center-of-mass energy can be

obtained. Figure 3 shows that the distributions of the opening angle and relative kinetic

energy distributions, when compared to theoretical predictions, are not distinct enough

to di�erentiate between the two mechanisms responsible for the simultaneous emission of

the two protons.

Although the maximum excitation energy in 18Ne is 6.3 MeV (3 MeV in 17F+p) and no

discrete state exists in 17F for which sequential emission can proceed, it is possible that

highly excited states in 17F, whose widths are large enough, could result in some sequential

emission. In particular, the excited state in 17F at 5.1 MeV (8.4 MeV in 18Ne) has a width

of 1.5 MeV and could conceivably produce small amounts of sequential emission of the

two protons through the tail of the 5.1 MeV state. However, the E1 vs E2 correlation

would be asymmetric since the �rst proton decaying from 18Ne to 17F will have a very

small energy; this is not the case in our data.

Results for the distribution of the entrance channel center-of-mass energies are shown

in Fig. 4 and basically represent a two-proton excitation function. In the top panel of

the �gure we show the 2p excitation function for the full angular coverage of the detector

(15Æ). The bottom panel shows the excitation function derived for the angular interval of

0Æ to 10Æ.

The solid curves drawn in Fig. 4 represent the Monte Carlo simulation for a 2He decay

constrained by the detector geometry. The signi�cant broadening of the resonance (notice

the horizontal axis E/E
res
) is mostly due to the angular resolution in the experiment. In

fact the bottom panel in Fig. 4 has a width almost a factor of two smaller than the one

of the top panel due to the fact that the angular coverage is smaller. The solid squares

plotted in the top panel of Fig. 4 correspond to the excitation function for the 2p events

measured at a bombarding energy of 33 MeV. As can be seen from the �gure, the cross

section for the 2p events at 33 MeV is nearly a factor of 10 smaller than at 44 MeV, and

no resonance is visible. This fact provides experimental evidence that the 2p emitting

state in 18Ne is the (J�=1�) state at 6.15 MeV.
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Figure 3. The top panel shows the ex-

perimental angular correlation (�lled

circles) compared to a Monte Carlo

simulation assuming a 2He emission

(solid line) and a \democratic" decay

(dashed curve). The bottom panel

shows the relative kinetic energy dis-

tribution.
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Figure 4. Experimental 2p excitation func-

tions for the full angular coverage of the de-

tector (top panel) and for the angular range

0Æ to 10Æ (bottom panel), extracted from the

recoil protons for the reaction of 44 MeV 17F

on 1H. The solid curves are the MULTI [14]

calculation coupled to a Monte Carlo simu-

lation.

4. COMMENTS

We have performed extensive simulations which indicate that data acquired with a

larger lab angle coverage could easily distinguish between the two possible mechanisms

(Fig. 5). A silicon DSSD forward array is currently under construction at HRIBF and will

serve as the core of an experimental setup to further investigate the mechanism responsible

for the 2p decay. Figure 6 shows a schematic representation of the highly pixelated

detector which consists of a two-layered (�E-E) array of double-sided Si detectors (DSSD)

covering the angles of 6 � 30Æ. Each layer consists of 6 sectors; the front of each sector

consists of 16 annular p+ strips and the back consists of 8 n+ azimuthal strips, resulting

in a total of 768 independent pixels.

Spectroscopic information of nuclei far from stability generally has been obtained in

complicated reactions in order to observe the desired exotic nuclei. A more direct and

simpler method is to use elastic resonance scattering with radioactive beams and light

nuclei in inverse kinematics with thick targets and DSSDs.
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Figure 5. Monte Carlo simulation of the angu-

lar correlation of the 2 protons. This clearly

shows for a large solid angle detection system

the very di�erent angular correlation for the

2 protons depending of whether it is a 3-body

decay or a 2He emission.

Figure 6. Schematic illustration of

the Silicon Forward Array portion of

the HyBall detection system now un-

der construction.
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