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n8!( was studied by the coincidence detection of neutrons and °Li nuclei in a colinear
geometry. An analysis of the relative velocity spectrum indicates the presence of a
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to either the ground state of 1°Li, in which case it is probably an s-wave resonance,
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The experimental study of the structure of very neutron- and proton-rich nu-
clei provides new insight into the properties of nuclear matter and unique tests for
nuclear models. This is true not only for the long-lived radioactive nuclei that un-
dergo (-decay, but also for the particle-unstable nuclei just beyond the driplines.
Experimental investigations of these latter nuclei are usually difficult because of very
short lifetimes and typically low production cross sections associated with reactions
involving stable nuclear beams and targets. One particularly interesting case is the
neutron-unbound nucleus °Li because of its importance to the understanding of the
halo nucleus 'Li. The present uncertainty concerning the n + °Li potential results
in significant limitations on the ability of three-body models of the !Li system to
account for the two-neutron separation energy and to predict the two-neutron rela-
tive wavefunction [1,2]. Unfortunately, there is little data available regarding the '°Li
system. Wilcox et al. [3] published the first measurement of the mass of 1°Li using the
reaction *Be(*Be,®B) 1°Li. They reported a mass excess for 1°Li of A = 33.83 + 0.25
MeV, corresponding to a neutron separation energy of S, = 0.80 + 0.25 MeV and
a width of I' = 1.2 4+ 0.3 MeV. A second study by Amelin et al. [4] involved the
reaction "'B(x~,p)*°Li and reported a °Li separation energy of S, = 0.15 + 0.15
MeV and a width of I' < 0.4 MeV. Very recently, measurements by Bohlen et al. (5]
and Young [6] confirm the existence of one (or more) states in the 1°Li system with
separation energies between 400 and 800 keV. However, the existence of a lower lying
state remains unconfirmed.

We have applied the technique of Sequential Neutron Decay Spectroscopy [7]
(SNDS) to fragmentation reaction products produced near 0° in order to investigate
the structure of light nuclei beyond the ﬁeutron dripline. The SNDS method detects
colinear neutron-fragment coincidences from the decay of neutron unbound states.

The decay energy E of the parent state is related to the relative velocity v, of



the neutron and fragment by means of the (non-relativistic) equation £ = Juv2,
where /i is the reduced mass of the neutron and fragment system. By extending this
method to fragments produced near 0° we take advantage of kinematic focussing ih
the intermediate energy fragmentation reaction and significantly increase the yield
relative to experiments performed at large angles.

The experiment was performed at the National Superconducting Cyclotron Lab-
oratory using an 86 MeV/nucleon 0 beam from the K1200 Cyclotron incident upon
a 9 mg/cm?® "**C target. Reaction products were momentum analyzed by a section
of the beamline consisting of two quadrupole magnets followed by a magnetic dipole,
used as a magnetic spectrometer. Mass-to-charge equal to 3 fragments were bent to
11° and focussed onto a phoswich fragment detector. The primary beam was bent to
14° by the dipole magnet and dumped approximately 10 m downstream behind more
than 1 m of concrete shielding. The phoswich fragment detector was a 10.2 cm diam
cylinder consisting of a 3 mm thick NE102A fast plastic layer and a 9.5 cm thick
NE115 slow plastic la.&er. Light output was detected via two phototubes coupled to
the back of the detector. Energy-loss (AE) in the fast plastic and total energy (E)
were determined by integrating the charge in the phototube output pulses over nar-
row and wide time gates. Fragment time-of-flight (TOF) was determined relative to
the accelerator RF, and particle identification (both A and Z) was accomplished by
means of the AE, E, and TOF signals. Fragment velocity was determined from the
TOF and the target-to-detector flight path of 6.0 m. Neutrons were detected directly
at 0° in three 6.3 cm diam by 7.6 cm cylindrical NE-213 or BC501 liquid scintillator
detectors placed 5.0 m from the target. Neutron \;elocity was determined from the
neutron TOF, and the timing resolution for both neutron and fragment TOF was 2.1
ns (FWHM). Pulse shape discrimination and TOF cuts were used offline to remove

the y-ray background events. Relative velocity spectra were formed from the coinci-



dent neutron-fragment events separately for each fragment isotope, and the spectra
were corrected for the random coincidence background. Shadowbar measurements
were also made and the scattered neutron background, found to account for less than
5% of the random-corrected coincidence data, was subtracted.

Figure 1 shows the relative velf_)city spectrum for coincident neutron -+ ®He events
which were obtained simultaneously with the n + °Li data. The data show two peaks
at v, & 10.8 cm/ns superimposed upon a broad background. The peaks correspond
to the decay of the known particle-unstable "He ground state (S, = 0.45 + 0.03
MeV, T' = 0.16 £ 0.03 MeV [8]), where the neutron is emitted near either 0° or
180° with respect to the incident beam. The source of background neutron-fragment
coincidences was undetermined; however, a thermal neutron background of the form
VE exp(—E/ T) leads to a near-gaussian shaped background in the relative velocity
spectrum 6nce detector acceptances and efficiences are taken into account [7]. Because
of uncertainties in the background shape, we have modeled the background using a
gaussian lineshape. The dashed line in Fig. 1 corresponds to the estimated background
in this spectrum.

A Monte Carlo program was written in order to compare the measured n +
®He relative velocity spectrum to the distribution expected from the decay of "He.
The program used energy and angular distributions for the primary "He fragments as
predicted by fragmentation systematics [9], and an isotropic "He center-of-mass decay
distribution to simulate the observed relative velocity spectrum. Detector acceptances
and efficiencies were incorporated into the simulation, as was the experimental time
resolution. Neutron detector energy-dependent efficiencies were calculated with the
code' KSUEFF [10]. Coulomb distortion of the relative velocity, which should be
negligible in this low Z reaction, was not included. The solid line in Fig. 1 shows the

calculated spectrum for the "He decay using a Breit-Wigner lineshape of the form [12]
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do T'(E) ‘
iE * E—E) + (D) 1)

where T'(E) = f‘((—LI‘g, Pi(E) is the I-dependent neutron penetrability function,
E, = 450 keV, I'y = 160 keV, and ! = 1. This calculation, which was normalized to
the data, reproduces the data rather well. The fit can be improved by modifying the
decay parameters within their known uncertainties. The colinear detection geometry
is found to be particularly sensitive to the low energy part of the decay lineshape
because of the high coincidence detection efficiency for low relative-energy events.
On the other hand, this geometry is insensitive to nuclear alignment effects in the
fragmentation reaction[11], because the coincidence events only correspond to decays
very near 0° and 180° with respect to the beam axis. Furthermore, the dependency
on the energy and angular distribution of the primary "He fragment is rather weak.

Figures 2 and 3 show the relative velocity spectrum for the n + °Li coincidence
events. The data are dominated by a single peak near 0 cm/ns and the estimated
background is shown by the dotted line. For 101, the most likely shell model configu-
ration of the ground state involves a 1p or 2s valence neutron surrounding a °Li core.
Therefore, we considered decay lineshapes associated with { = 0 or / = 1 neutron
emission. For p-wave emission, a resonance energy of E, < 200 keV is required for
T'o < 500 keV to produce a central peak in the calculation similar to the one observed
in the data. (We use a x2 < 2.0 test when comparing the calculated and measured
relative velocity spectra in the relative velocity range from -4 cm/ns to 4 cm/ns to
establish our limits.) For 500 keV < I'y < 1500 keV the limit is E. < 300 keV. As an
example, the solid line in Fig. 2 shows the result of a calculation for E, = 50 keV and
I'o = 100 keV which compares well with the data. Increasing E, widens the peak un-
til the forward and backwards emission components of the decay are distinguishable

(as in the "He case). Increasing Iy also widens the central peak. A similar result is



obtained if we consider s-wave states although the limits on E, are less rigid because
the [ = 0 penetrability function does not suppress low-energy neutron emission as
strongly. A resonance energy of E, < 300 keV is needed for Iy < 500 keV and the
limit increases to E, < 450 keV if 500 keV < T'y < 1500 keV. The solid line in Figure
3 shows the calculated spectrum for E, = 150 keV, the value reported by Amelin et
al. (4], and Ty = 400 keV corresponding to their upper limit. These parameters are
consistent with the limits established in this work. On the other hand, the dashed
line in Fig. 3 corresponds to the calculated spectrum for the E. = 800 keV (T'y = 1.2
MeV) state of Wilcox et al. [3] assuming a p-wave outgoing neutron (see discussion
below) arbitrarily normalized to the data. There may be evidence for this state in the
data near +1 cm/ns, but this resonance can not account for the large central peak in
the data.

In contrast to the transfer reactions of Ref. [3, 5, 6] where one measures the energy
of a resonance state directly, the SNDS method only determines the relative energy
between decay products. Since ®Li has in addition to the ground state, one particle-
bound excited state at E, = 2.69 MeV [8], it is not possible to distinguish whether the
observed low-energy neutron decay populated the ground state or first excited state
of °Li. If the decay was to the ground state, the parent state would represent the
ground state of '°Li consistent with the results of Amelin et al. [4], but with an energy
significantly lower than the state reported by Wilcox et al. [3] or the state(s) seen in
the other transfer data [5,6]. It has been argued by Barker and Hickey [13] that the
state seen by Wilcox et al. [3] was in fact an excited state of °Li corresponding to
the [r lp% ® v 1p%] shell model configuration and that the actual ground state lies
approximately 800 keV lower, corresponding to a [ lp% Qv 23%] configuration. This
argument was based upon the non-normal parity of the 1'Be ground state understood

in terms of a '°Be core + 2s neutron and evidence that the lowest T=2 state of



1%Be was associated with an s-wave neutron [14] It is conceivable that the observed
state in the present work, as well as the pion absorption data, represent this s-wave
ground state which may not have been seen in the transfer reactions of Refs. [3,5,6] if
they preferentially populate p-wave states. On the other hand if the observed decay
populates the first-excited state of °Li, it would be the first report of an excited state
in '°Li in the relatively high excitation energy range of E, & 2.5 MeV (the effect of
the subsequent y-ray decay of the ?Li nucleus on the relative velocity spectrum is
negligible in our data). One possible configuration for such a state would be a °Li
core excited into its 2.69 MeV state with a p-wave valence neutron [15]. In the case‘
of a high E, state in '°Li, it is energetically possible to decay to both the ground
and first excited states of °Li and the assumed lineshape of Eq. (1) would need to be
modified for a complete analysis.

In summary, we employed the method of Sequential Neutron Decay Spectroscopy
at 0° to study neutron—unsta.blé fragmentation products and observed a 19Li state
which decays by the emission of a low-energy neutron. This state is consistent with
the ground state reported by Amelin et al. [4], but the present results do not allow
us to conclude that it is the ground state since it could also be an excited state in
101; at E; =~ 2.5 MeV.

We acknowledge helpful discussions with Alex Brown and support from the NSF
through grant PHY92-14992.
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FIGURES

FIG. 1. The relative velocity spectrum for n + ®He coincidence events. The dashed
line shows the estimated background and the solid line is a result of the simulated decay of

ground state "He.

FIG. 2. The relative velocity spectrum for n + °Li coincidence events. The dotted
line shows the estimated background and the solid line shows the calculated spectrum for

an ! =1 decay with E, = 50 keV and I'y = 100 keV.,

FIG. 3. The relative velocity spectrum for n + ?Li coincidence events. The dotted line
shows the estimated background and the solid line is a result of the simulated decay of the
19Li ground state reported by Amelin et al. [4]. The dashed line is a result of a calculation

for the 1°Li state reported by Wilcox et al. [3], assuming p-wave emission.
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