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A momentum-analyzed, isomeric, radioactive "F beam (E„1.12 MeV, Tvpt 163 ns) has

been produced with the reaction '2C('70, 'sF ) "B at E('70) 70 MeV. The 'sF ions were fo-

cused onto a secondary target using a compact superconducting solenoid lens and scattering of
'sF from Au and carbon targets was observed. A conversion efficiency of & 10' 'sF /s per 100
particle nanoamps of "0was obtained using a 1.1 mg/cm natural carbon production target.

One of the goals of the many projects underway' to
produce usable radioactive nuclear beams (RNB) is the
production of isomeric excited beams. Such beams would
permit measurements of elastic and inelastic scattering of
a nucleus in an excited state. One could study new phe-
nomena such as "superelastic" scattering, viz. , inelastic
scattering with positive Q value, such as Coulomb deexci-
tation, with an acceleration of the projectile. Since
isomeric nuclei also can have high spins (J & 4) as well as
internal excitation, one can study nuclear reactions under
new conditions of angular momentum and energy
transfers. As an example, the efFect of a strongly-coupled
positive Q-value channel on near-barrier and subbarrier
fusion should be very large. However, few practical
methods for producing high-intensity (& 10 /s) isomeric
RNB have been demonstrated to date. In this Rapid
Communication we report the production of a high-spin
isomeric RNB with the direct-transfer method, utilizing a
heavy-ion reaction which preferentially forms such ra-
dioactive nuclei.

Isomeric states of nuclei are often members of a multi-
plet of levels of the form (ji 8j2)J, where ji and j2 are
single-nucleon orbits. The lowest energy levels are usually

those with the most coplanar orbits, e.g. , with minimum
(=—J '") or maximum (—=J '") angular momentum.
Often the J '" level lies just above or below the J '" level

which leads to nuclear isomerism. When J '" is the
isomeric state and J '" is the ground state one can prefer-
entially form the Jm'" level while suppressing the popula-
tion of J '" and other low-spin levels by selecting suitable
heavy-ion direct-transfer reactions. Thus, the isomer
' F (J 5+, E 1.1 MeV, Ti/2 163 ns) has the
"stretched" configuration (d~5/2ds/2)s+ and can be pref-
erentially formed 5 s using the reactions 'sO(a, d),
' 0(' C ' B) or ' 0(''B, Be). However, these are two-
nucleon transfer reactions with modest cross sections of
about —1 mb/sr at forward angles. In addition, ' B has
low-lying states at 0.72 and 1.74 MeV that can overlap
with the ' F ejectile spectrum (Fig. 1). Single-nucleon
transfer reactions such as ' 0(a, t) and ' 0(' C, "B)or
the inverse, ' C(' 0, ' F) "8 generally have higher cross
sections. The former requires a He production target
and hence is limited to high incident energies where gas
cells can be employed. The latter reaction, in contrast, al-
lows the use of a high-intensity beam and a robust target
and is particularly well suited as a production reaction,
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FIG. 1. Low-lying energy levels of 'sF (Ref. 4).

even at beam energies below 100 Me V, since the
' F J' 5+ level is known to be preferentially populated
with cross sections ~ 10 mb/sr at forward angles. 6 Also,
the reverse kinematics leads to large solid-angle factors
and hence copious production of 'sF at el, b & 20'. We
thus employed the ' C(' 0, ' F ) "Breaction as the pri-
mary production reaction.

The ' 0 beam was produced at the FN tandem facility
at the University of Notre Dame using a negative Cs ion
sputter source with an enriched Ti' Oq cathode. This pro-
duced ~ 2 particle pA of ' 0 ions, which were then ac-
celerated to E(' 0) =50-80 MeV. The resulting ' 0
beam intensity was limited to 100 particle nA by the
charge-state distributions and transmission through the
accelerator at the terminal voltage of 8.7 MV. The
' C(' 0, ' F ) cross section was measured as a function
of E(' 0) at several forward angles using two d,E-E Si
counter telescopes. Figure 2 shows an 'sF spectrum at
E(' 0) 70 MeV, where the most intense group is
identified to be primarily ' F . The well-known Q-
window effect in heavy-ion reactions causes the cross sec-
tion for ' F to rise rapidly with increasing incident ' 0
energy, while the ground state (g.s.) and other low-spin
levels of ' F are still suppressed due to their negative Q
values. At 70 MeV and Hl, b =7', we measured a labora-

tory cross section of 14 ~ 2 mb/sr for ' F production.
The ' F ions are momentum analyzed and focused

onto a secondary target using a compact superconducting
solenoid " having a short flight path of 2. 1 m during
which time approximately 40% of the ' F nuclei decay.
The decayed ' F then form a beam contamination of
' Fs, . The yield and focusing of the ' F RNB was
verified by observing, with a Ge detector, the y rays
(E„-182 and 937 keV) which accompany the isomeric
decay of lsF when stopped in a thin Ta foil placed
behind the secondary target position. A small collimator
(2 cm diam) placed well ahead of the secondary target en-
sures that only focused ' F ions strike the secondary tar-
get. The Ge detector was shielded from the collimator
(and production target) by Pb bricks. In addition,
scattering from thin Au (0.86 mg/cm ) and ""C(0.59
mg/cm ) secondary targets was observed at 8=20'-40'
using an xy position-sensitive hE-E Si detector tele-
scope. '

The production of focused ' F ions as a function of
various solenoid magnet focusing currents is displayed in
Fig. 3. The background y lines, which arise primarily
from (n, y) reactions from fast neutrons produced at the
production target and beam stop, exhibit no systematic
change with focusing current, whereas the two y lines
from ' F exhibit a maximum near the magnet current
expected for focusing ' F (q =8+) at the secondary tar-
get. Also, unlike the background y lines, the ' F
isomeric-decay y lines are absent when the production tar-
get is removed. Using the measured Ge y detector
efficiency and the known geometry, we deduce a produc-
tion rate of 1000~ 200 ' F /s for a primary ' 0 + beam
of 350 na (50 particle nA) and a 1.1 mg/cm ""Cproduc-
tion target.

The spectrum of ' F scattered from Au at el, b =20',
near the optimal current for focusing ' F at the secon-
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FIG. 2. The ' F production spectrum observed for the
' C(' 0, "F)"B reaction at E(' 0) =70 MeV using a 0.1

mg/cm carbon target.

FIG. 3. The ' F y-ray peak intensities at 182 and 937 keV
observed in a Ge detector as a function of solenoid magnet
focusing current. Data points are connected to guide the eye.
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dary target position, is shown in Fig. 4. Althou h the
beam is not entirely ' F (=50% due to decay of ' F in

Bight and other unresolved nonisomeric ' F states pro-
duced) the spectrum demonstrates the feasibility of
scattering and reaction studies using isomeric, excited nu-
clei. The yield of scattered ' F on Au at O~,b

=20' and
40' is consistent with the ' F production rate deduced
from the y-ray measurements, assuming Rutherford
scattering from the Au target. The existing forward-angle
spectra from Au (e.g. , Fig. 4) and carbon do not exhibit
any anomously large ()50/o) positive Q-value superelas-
tic peaks relative to the main ' F group. However,
better energy resolution, obtained, for example, using
dispersion-matching energy-loss spectroscopy will be
needed to study such phenomenon in detail. Other reac-
tions involving ' F can be uniquely identified by the ex-
tra 1.1 MeV positive Q values or in the case of the elastic
scattering and inelastic target excitation, observing the
' F decay y rays in fast coincidence ( ( 200 ns) with the
' F stopped in a Si d,E-E or other detector.

In the near future, the tandem accelerator will be
modified to permit double stripping of the injected ' O
beam and improved transmission. This, together with the
use of an existing rotating production target mechanism,
should result in a primary beam of ~ 1 particle pA and
hence a ' F RNB of ~ 10 /s.

The method described here should also be applicable to
the production of various J '"-type isomeric RNB using
heavy-ion production reactions, such as ' F (5+ ),
19Fm( 5+ ) 34Clm(3+) 38CIm(5 —

) 42Scm(7+)
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FIG. 4. Spectrum of focused secondary "F ions scattered
from a 0.86 mg/cm' Au target. The group identified as primari-

ly '~F (J" 5+), q 8+ ions is indicated (see text). The other

groups below E 50 MeV are ' F ions in lower charge states.
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