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The particle stability of '°B and the particle instability of '*B are demonstrated. Light
neutron-rich nuclei were searched for among the projectile fragments resulting from interac-
tions of a 6704-MeV *°Fe beam in a 7.9-g/cm? Be target. A detector consisting of a magnetic
spectrometer, threshold Cherenkov paddles, and scintillator paddles was used to determine

the charge and mass of the projectile fragments.

PACS numbers: 27.20.+n, 23.90.+w, 25.70.Np

Establishing the limits of particle stability for nu-
clei has been a goal of experimenters for many
years. As a result of their work, it is believed that
all particle-stable isotopes with charge Z < 5 have
been observed. The most neutron-rich boron iso-
tope previously observed to be particle stable is
1781 In the same experiment !°B was shown to be
unstable to prompt neutron emission. Current
nuclear-mass models’> which can be applied to
very light nuclei indicate that this even-odd gap
structure should continue through '*B and !°B, and
that 1B should be the most neutron-rich particle-
stable boron isotope. Our result is the first experi-
mental confirmation of the particle stability of '°B
and particle instability of !*B.

In recent years a powerful technique has been
developed for producing rare isotopes, using projec-
tile fragmentation of relativistic heavy ions.*’ Pro-
jectile fragmentation occurs in large—impact-pa-
rameter collisions of a high-energy heavy ion with a
stationary target nucleus. The distinguishing
characteristic of this type of interaction is the pres-
ence of a high-Z remnant of the projectile in the
projectile frame. These fragments can possess any
combination of charge and mass compatible with
the number of neutrons and protons in the projec-
tile.

The properties of projectile fragmentation have
been extensively studied, primarily at Lawrence
Berkeley Laboratory’s Bevalac. The salient charac-
teristics of projectile fragmentation from the stand-
point of rare-isotope production are the projectile
fragment’s transverse- and longitudinal-momentum
distributions and isotopic-production cross sections.
Projectile fragments viewed in the projectile frame
have Gaussian transverse- and longitudinal-
momentum distributions with widths o), = o,
=200 MeV/c.® In the laboratory frame the frag-
ments are confined to — 1° about the beam direc-
tion, and have velocities within a few percent of
that of the projectile. The ‘‘beamlike’’ behavior of
projectile fragments represents the primary advan-

tage of projectile fragmentation over previous
methods used to produce rare isotopes, such as
spallation reactions in high-energy proton-nucleus
collisions. The isotopic distribution of projectile
fragments of a given charge is roughly Gaussian,
with the most abundant isotope having a mass
between Ay =2Zg,, and Agag=(A4/Z ). The
isotopic distribution typically has a width o, =2
amu, with the yields of very neutron-rich isotopes
observed to decrease by about 1 order of magnitude
per isotope for increasing mass.’

For the experiment described in this Letter, pro-
jectile fragments were produced by interactions of a
6704-MeV *’Fe beam in a 7.9-g/cm? Be target. The
charges and masses of the projectile fragments were
obtained with use of the 0° spectrometer facility at
the Bevalac in conjunction with a detector telescope
(described in detail elsewhere!?) located in the focal
plane of the spectrometer. The telescope consisted
of a wire-chamber hodoscope, a front scintillator
paddle, a set of threshold Cherenkov counters, and
a back scintillator paddle. The charges of the pro-
jectile fragments were determined by the scintillator
and Cherenkov signals. Once a fragment’s charge
was obtained, its mass could be found from the
particle’s rigidity, provided by the spectrometer, in
combination with the Cherenkov measurements.
The back scintillator was used to reject events in
which the fragment interacted in the telescope. The
charge resolution of the detector was typically
oz =0.le and the mass resolution o4 =0.25 amu.

Data were taken in a 72-h period during which a
total beam fluence of —~ 1x10!! particles was ob-
tained. The finite rigidity acceptance of the tele-
scope required that the detector be moved during
the course of the run in order to cover a reasonably
large range of charge-to-mass ratios. As a conse-
quence of the finite telescope acceptance, the ob-
served relative abundance of isotopes is unrelated
to the relative production cross sections. Figure 1
contains a mass histogram of the boron isotopes 2B
to 1B representing data taken at three rigidity inter-
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FIG. 1. Boron isotopes '?B to I°B.

vals. Although we have not measured the absolute
production cross sections for these isotopes, it is
likely that they decrease by 3—-4 orders of magni-
tude in this mass interval.

The proper assignment of isotopic mass based on
a set of rigidity and Cherenkov-intensity measure-
ments was certainly the most important aspect of
data analysis. This was done primarily through a
very careful calibration of detector response. The
response of the detector elements to a set of de-
graded °Ne beams of precisely known energies in
the range 3004 to 6704 MeV provided the basis for
this calibration. The energies of the degraded 2°Ne
beams were determined by ranging the primary
2Ne beam out in a stack of 0.003-in.-thick Lexan
sheets. The range of the beam was found by etch-
ing the stack in sodium hydroxide and observing
the point in the stack at which the radiation damage
decreased sharply, corresponding to the end of
range of the beam. By use of standard range-energy
relations, the beam energy was then calculated,
with an uncertainty of ~— +24 MeV. The mea-
sured response curves for the scintillator and
Cherenkov paddles were used to fix parameters in
response models developed for these detector ele-
ments. The scintillator model included the effects
of response saturation associated with highly ioniz-
ing particles through the incorporation of the
Birks-Tarlé-Voltz formalism.!! The Cherenkov
response model contained contributions to the total
light output from the Cherenkov radiation of high-
energy knock-on electrons produced in the radiator,
and residual scintillation, as well as the primary
Cherenkov radiation of the heavy ion. These
models were found to provide good fits to the mea-
sured response curves of the detector elements in
the energy interval of interest (3504 < E < 6504
MeV). In this energy range the calculated detector
response agreed with the measured values to better
than 1%. A typical response difference in the
Cherenkov detectors for adjacent isotopes with
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FIG. 2. Scatter plot of boron data in Cherenkov-

rigidity plane. Also shown are the expected locations of
15B, "B, and !°B.

1

equal charge and velocity was ~ 10%, implying that
the systematic error in the mass assignments due to
inaccuracy of the response models was < 0.1 amu.
With use of the detector-response models, the posi-
tions of isotopic bands in the Cherenkov-rigidity
plane were correctly predicted to within — 0.1 amu
for isotopes of all charges in all data sets. The mean
systematic error in the mass assignments was con-
sistent with the precision with which the detector
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FIG. 3. Histogram of boron isotopes "B to B,
representing data from Fig. 2. Inset: !B and "B counts
on expanded scale.
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FIG. 4. Scatter plot of boron data in charge-mass
plane.

telescope’s position could be measured. Additional
support for the validity of mass assignments based
on the response models is provided by the observed
particle instability of '°B, which is in agreement
with previous observations.!

Figure 2 shows a scatter plot (in the Cherenkov-
rigidity plane) of boron data taken at a single rigidi-
ty interval containing the most neutron-rich iso-
topes acquired. Also shown in this figure are the
predicted locations of *B, ''B, and '°B. The previ-
ously observed particle instability of ®B and particle
stability of ’B is apparent in this figure. In addi-
tion, our data indicate for the first time that 1°B is
particle stable, while !®B is unstable to prompt neu-
tron emission. The use of a single rigidity interval
guarantees that the observed gaps are real, and not
an artifact associated with combining data sets. A
mass histogram representing the data from Fig. 2 is
displayed in Fig. 3.

The most potentially dangerous form of back-
ground to be addressed is contamination from
neighboring charges. Figure 4 shows the data from
Fig. 2 plotted in the charge-mass plane. It is clear
from this figure that the boron data are cleanly
separated from adjacent charges, and that the '°B
events differ in no way in their charge assignments
from the rest of the boron data.

The mass models developed in Refs. 2-5 predict
single-particle binding energies for 1°B in the range
1.73 < E, < 2.93 MeV. The isotope '®B is predicted
to be unbound in all models by energies in the
range —1.62 < E; < —1.22 MeV. Three of the
mass formulas (Refs. 2—4) are based upon various
formulations of the Garvey-Kelson relations,?
while the mass model of Ref. 5 is a development of
the droplet model, first formulated by Meyers and
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Swiatecki.!> Although the quantitative agreement

of these models is quite good for the boron iso-
topes, their particle-stability predictions begin to
diverge for higher charges. It is, therefore, of in-
terest to continue the search for new isotopes hav-
ing charges Z > 5.

In conclusion, we have presented the first evi-
dence for the particle stability of '°B and the particle
instability of '®B in agreement with current mass re-
lations. Judging from the results of this experi-
ment, it appears possible to extend the known lim-
its of particle stability of light neutron-rich nuclei to
the predicted position of the neutron-drip line, with
use of a detector such as that described here and
with currently available intensities of relativistic
heavy ion beams.

The authors wish to thank Steve Barwick and
Mark Tincknell for valuable help during the run,
and Fred Lothrop and the Bevalac staff for their
outstanding efforts in the development of an in-
tense *’Fe beam.
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