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Proton scattering from an excited nucleus (**¥F™,J™ = 57, E, = 1.1 MeV) using a
~-ray-tagged secondary isomeric nuclear beam
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We have used v-ray tagging to identify a secondary isomeric beam of the short-lived, high-
spin isomer '®F™ (E, = 1.1 MeV, J™ = 5%) produced at the K1200 cyclotron at the National
Superconducting Cyclotron Laboratory. Elastic scattering of p+'2F™ at E.m. ~ 20 MeV was
observed using the characteristic v decays of *F™ (T} ;2 = 163 ns) to identify the state of the
projectile after the scattering, thus minimizing the probability of excitation of the beam and, hence,

nonelastic scattering.

PACS number(s): 25.60.4+v, 25.40.Cm, 25.70.Bc, 27.20.4+n

I. INTRODUCTION

Secondary beams of 3-delayed v emitters and isomeric
radioactive nuclear beams (RNB’s) present new possi-
bilities in the study of heavy-ion reactions not available
using stable beams [1-4]. The technique of «-ray tag-
ging is a powerful tool both in identifying radioactive
nuclear beams and in observing reaction products which
decay with the nearly prompt (e.g., less than a few ms)
emission of characteristic v rays. The flux, energy, and
transmission of specific isomeric beams can be readily
optimized even in a mixed secondary beam by observing
the characteristic v decay(s) of the isomer.

Highly deformed and “halo” nuclei, which are both
typical of many RNB'’s, have been predicted to exhibit
rather large enhancements in their nuclear reaction rates,
viz., by a factor of 2-100 in the total nonelastic reac-
tion cross sections including the total fusion and breakup
cross sections [3-5]. Large-angle elastic scattering cross
sections should then be significantly affected, since these
are sensitive to the absorptive parts of the optical model
scattering potential [6]. RNB’s may have very large spins,
i.e., larger than conventional stable nuclear beams, so
that enhanced spin-spin and spin-orbit effects not previ-
ously observed might play a role in their scattering.

However, a common problem with the use of most sec-
ondary beams is the poor energy resolution of the beam
which is typically a few percent, i.e., several MeV. This
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makes it difficult to separate purely elastic scattering
from nonelastic scattering which involves excitation of ei-
ther the projectile or the target. Especially at large scat-
tering angles, the nonelastic and elastic scattering cross
sections can be comparable [6]. This makes interpreta-
tion of the data dependent on theoretical calculations of
the nonelastic reaction channels [7]. Other nuclear re-
actions involving RNB’s which involve unresolved final
states of either the projectile or the target are likewise
more difficult to analyze.

In contrast, the use of y-tagged beams, in particular
certain isomeric beams, provides unique opportunities to
study heavy-ion (HI) reactions which preserve the initial
state of the projectile. These include both elastic scat-
tering as well as nuclear reaction studies. Isomeric nu-
clei may play an important role in nucleosynthesis, and
development of relatively pure, high-intensity isomeric
beams provides a method to study relevant isomeric-
beam-induced reactions in the laboratory [1-4].

Very high intensity, highly focused isomeric beams
could, conceivably, provide a high density of nuclei with
an inverted nuclear level population suitable as the first
element of a <y-ray laser [1-3]. Also, the unique v rays
from isomeric beams and the wide choice of isomer half-
lives make these beams potentially useful for imaging im-
planted ions in atomic and biological media [3].

Some studies of reactions involving radioactive targets
enriched with long-lived metastable isotopes, in partic-
ular 178Hf™2 (J™ = 16+,T% = 31 yr), have been re-
ported or are in progress. These include both nuclear-
physics and atomic-physics experiments [8-10]. However,
in many of these experiments the isotopic mixture in the
target presents a considerable background problem and
hence the data obtained, particularly for nuclear-physics
studies, have been limited. Much better control of both
the isotopic purity and the isomeric purity of the isomer
nucleus can be obtained if, instead, one can produce a
secondary isomeric beam. Nuclear reactions in particu-
lar can then be studied in an inverse kinematics mode
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with a heavy-mass beam on a light-mass target and, in
addition, the v decay of the isomer can often be utilized
to identify and tag the isomer beam. This was done in
the present experiment where we produced and then scat-
tered a high-flux, high-purity, secondary isomeric beam
ISFm-

The isomer ®F™ (J™ = 5%) is a very high spin pro-
jectile (Fig. 1); in particular, its spin is higher than any
[B-stable heavy-ion beam with A <30. Thus, as noted
above, one might expect enhanced spin-orbit and spin-
spin effects in the scattering potentials described by the
nuclear optical model potential. We have measured the
elastic scattering of ¥ F™ + p at E., =~ 20 MeV by
detecting the recoil proton, the recoil ¥F™, and the co-
incident ®F™ 5 rays. This allowed us to measure the
center-of-mass (c.m.) scattering angle reasonably well
(£ 4°) despite the small (< 3° laboratory) deflection of
the scattered ¥ F™. The isomer y-tagging technique, uti-
lizing a large HPGe ~y detector in coincidence with recoil
particles, was used to separate the scattering of protons
and '8F™ from that of 8F, , where the latter may be
mixed with the beam or produced by the scattering itself.

II. EXPERIMENTAL SETUP

Secondary beams of the short-lived, excited, isomeric
nucleus 8F™ (J"=5% E, = 1.1 MeV, Ty/2 = 163 ns)
have been produced with the K1200 cyclotron at the Na-
tional Superconducting Cyclotron Laboratory (NSCL)
at Michigan State University using the single-nucleon
transfer reaction '2C(170,®F™)!'B at a primary 70O
beam energy of 30 MeV /nucleon [11-13]. Recently,
high yields of isomers in secondary beams produced
from fragmentation or other reactions have also been re-
ported [14-17]. We use the single-nucleon “direct trans-
fer” method [11] because single-nucleon transfer reac-
tions such as (12C,!!B) typically have sufficiently high
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FIG. 1. Level scheme for '®F showing the low-lying levels
and < decays. The mean lifetime for the *F™ level is indi-
cated along with its v decays (see also Figs. 4 and 6). Except
as noted the levels have total isospin 7' = 0. The data are
adopted from those given by F. Ajzenberg-Selove, Nucl. Phys.
A392, 1 (1983).

cross sections (> 10 mb/sr) to make secondary beams
(> 10%/s) usable in nuclear reaction studies. In ad-
dition, these reactions preferentially populate high-spin
“stretched” single-particle states arising from (j; ® j2)s
with J = Jpax = |j1 + j2| where the latter often form an
isomeric state (Fig. 1) and typically are low in excita-
tion [18]. Since the neutron and proton orbits in ¥ F™ are
coplanar with the neutron and proton coupled to form an
S =1 “deuteron” (Fig. 2), one can describe ¥ F™ as a
“deuteron” orbiting a J™ = 0% 180 core with £;=474, with
a moderately strong binding energy of the “deuteron” to
the 160 core (6.4 MeV). The high angular momentum as-
sociated with the valence “deuteron” in 8F™ is predicted
[13] to substantially increase (viz., by ~ 40%) the radial
extent of 18F™ (Fig. 2) relative to ¥F,, 804.., OT
160y s. since the latter are low-spin nuclei (J™ = 17,07,
and 0%, respectively).

Among the many isomeric RNB’s feasible [12,13] we
selected the isomer ®F™ for this experiment since its
half-life is long enough (163 ns) to transport the beam to
a secondary target, yet short enough to use fast particle-
7 coincidence techniques to identify the subsequent iso-
mer gamma decays. High-energy ®F™ beams at the
NSCL have been developed and utilized in experiments
using the University of Michigan’s 7 T superconducting
solenoid system installed there [19]. The latter system
has a large collection efficiency and the short flight path
(~ 3 m) minimizes the ®F™ decays in flight. There-
fore it can produce a beam with > 70% of the '®F sec-
ondary beam in its isomeric state (}¥F™) with an in-
tensity > 10%/s. Unfortunately, the high neutron flux
associated with the 0° alignment of the solenoid and its
short flight path limited the use of hyperpure germanium
v-ray detectors (HPGe) at the secondary target position
since HPGe is susceptible to neutron damage. Therefore,
except for related '8F™ beam development, the measure-
ments reported here were done with a secondary 8F™
beam produced using the A1200 superconducting mag-
net system at the NSCL [20]. This magnet system uses
dipole beam-bending magnets well separated from the
secondary target chamber by a thick shielding wall and
provides a much reduced fast neutron background at the
focal point of the secondary ¥F™ beam [13].

The flight path of the ¥F™ from the A1200 production
target was minimized by using only the second half of the

150 core (J* = 07)

FIG. 2. A schematic diagram of the structure of the
J™ = 5%(1d5 )? isomeric state in **F, E,=1.12 MeV (see Fig.
2

1).
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A1200 magnet system with the production target placed
at the position normally used as the intermediate focal
plane of the A1200 system [20]. Nonetheless, the flight
path was sufficiently long (~ 8 m) to allow appreciable
decay of the 18F™ in flight (but mostly inside the well-
shielded A1200 vault). This, combined with the reduced
collection efficiency associated with the use of a dipole
magnet rather than a solenoid, resulted in a focused 8F™
beam of intensity of about 10%/s, with an isotopic purity,
i.e., the ratio of 1F and 8F™ relative to other ions, of
about 50%, with 50%—-60% of the ®F ions in turn being
in the J™ = 5%, 18F™ jisomeric state. This secondary
beam was then used to study p+8F™ elastic scattering
(Fem. = 20 MeV) in reverse kinematics. Subsequent
measurements of 8F™ + Si total reaction cross sections
[21] using the UM 7 T solenoid will be reported elsewhere
[22].

The experimental setup is shown in Fig. 3. The HPGe
detector was placed in an aluminum reentrant vacuum
flange, typically <10 cm from the AE-FE silicon detec-
tor telescope used to identify the '®F jons. The HPGe
~ detector had an intrinsic efficiency of about 30% rela-
tive to a 7.6 cm x 7.6 cm Nal detector for °Co « rays
(Ey = 1.3 MeV). The overall detection efficiency of the
HPGe in the geometry used was determined to a few
percent using a calibrated mixed vy-ray source. Initially
the AE-F silicon detector HI telescope, which consisted
of a 600 mm?, 414 um Si AE detector backed by a 600
mm?, 418 pum Si E detector, was positioned at § = 0°
(Fig. 3). The A1200 magnets were suitably tuned to pro-
duce the maximum amount of ¥F™ as determined by the
18F yield in the AE-E counter telescope and the 8F™
~ rays detected in the HPGe. Thus, the production, in-
tensity, and both the isotopic and isomeric purity of the
secondary isomeric beam could be monitored using the
unique ®F™ v-decay lines 5+ — 3% (184 keV) and 3* —
1% (937 keV) to identify the beam and optimize its yield.
Typical y-ray spectra obtained to optimize production of
18F™ are shown in Fig. 4.

The HPGe ~ detector also provides an accurate,
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FIG. 3. Experimental setup used to measure the elastic
scattering of '®F™ from a 4 mg/cm? CH; target. The scat-
tered '®F™, the recoil proton, and the subsequent *F™ decay
v rays can all be detected in coincidence.
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continuous monitoring of the yield of ¥F™ from the
12¢(170, 8F)''B production reaction. As an example,
it was possible to easily detect even slight changes in the
beam tuning conditions, including small shifts in the pri-
mary 17O beam energy and hence the secondary 8F™
beam energy, since the ratio of 8F™ to all 18F, i.e., the
isomer purity, changed significantly (see Fig. 4). Nor-
mally such changes are difficult to detect in secondary-
beam experiments [3,4]. As a consequence, we generally
obtained much better long-term energy resolution using
18F™ monitored with v rays than typically is obtained
with other secondary beams [13].

An energy profile of the 18F™ beam which has been
stopped at 8 = 0° in the silicon detector HI particle tele-
scope (Fig. 3) and which is in coincidence with 8F™ ~
rays in the HPGe v-ray detector (Fig. 4) is shown in
Fig. 5 (see also below). As noted, this capability of op-
timizing and subsequently “tagging” the isomeric beam
by its characteristic v decays allows one to perform ex-
periments in difficult mixed-beam situations. Hence, this
technique could also be extended to include v decays of
[-decaying nuclei of sufficiently short half-lives.
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FIG. 4. HPGe ~-ray spectra obtained at 6 = 0° (Fig. 3)
for a '®F = '®F, . beam (top) and an optimized *F™ beam
(bottom).
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FIG. 5. A v-tagged '®*F™ beam-energy profile observed at
6 = 0° (Fig. 3).

III. MEASUREMENTS

In another ¥ F™ experiment where we measured total
reaction cross sections [22], the 13F™ beam was typically
reduced to an intensity of about 102 /s so that individual
beam particles and the corresponding individual reaction
products could be identified event by event and, where
appropriate, the individual 8F™ beam particles tagged
by their subsequent v decays. However, in the scattering
of 18F™  as reported here, we used the maximum possible
beam (>103/s). We then forgo identifying individual in-
coming beam particles since the use of the direct transfer
method [11-13] to produce the beam and the subsequent
monitoring of the isomeric purity using the unique iso-
mer « rays (Fig. 4) ensure that the ®F beam of interest is
primarily ¥F™ or a known mixture of 18Fg.s, and 8F™.

Thus, we first observed the recoiling 8F, ¢, ®F™, or
other heavy ions stopped and identified in the HI AE-FE
telescope as being in fast coincidence with a recoil proton
or other light ion’s (LI's) identified in one of the LI AE-E
counter telescopes (Fig. 6). We then recorded the v-ray
energy and time spectra from the HPGe ~-ray detector in
fast coincidence (typically At < 1 ps) with both the HI
and LI particle detectors. The latter, together with the
accurate AE-FE information, served to identify the recoil-
ing HI as either ®F™, 8F, . , or as another heavy ion.
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FIG. 6. A AE-E particle identification spectrum (ungated)
in the most forward angle light-ion counter telescope, § = 30°.
The ions shown are in coincidence with any heavy-ion recoil
(Fig. 3) and not necessarily just *F™.

The possibility that the isomeric state can be populated
by inelastic scattering of the g.s. component of **F in the
beam at the secondary target or in the stopping detector
is an important consideration when using this y-tagging
technique. Fortunately, since it involves proton-induced
inelastic excitation of a high-spin isomeric level (Fig. 1)
this probability is calculated to be small (a few percent
or less) relative to the proton elastic scattering and the
LI transfer reaction channels.

The spectrum of «y rays observed in coincidence with
heavy ions in the forward counter telescope (Fig. 3) and
a recoil ion in the light-ion counter telescope is shown
in Fig. 7. Typical AE-E spectra of the corresponding
light ions (Fig. 6) observed in coincidence with y-tagged
18pm recoil jons are shown in Fig. 8. As expected for
a CH, target (Fig. 3), almost all of the light ions in
coincidence with forward-recoiling ®F™ ions are recoil
protons from elastic scattering [13]. The kinematic coin-
cidence between the HI and LI reaction products would
also allow one to generate an energy-loss or “Q-value”
spectrum which could cancel out part of the large energy
spread [~ 15 MeV full width at half maximum (FWHM)
here] in the incident secondary beam [23], which is im-
portant for certain reaction channels (see below). This
would be independent of the detection of a 8F™ « ray.

While double- and triple-coincident events (Figs. 6—
8) are clearly identified, viz., HI-LI and HI-LI-'*F™ -
ray coincidences, respectively, with the HPGe  detector
available and its location outside the scattering cham-
ber, even in a reentrant thin aluminum window [13] the
required threefold coincidence greatly limits our statis-
tics in the present arrangement. Thus, we could detect
only one ~ ray for about every 50 proton -18F coinci-
dences. Since the 8F beam was typically > 50% 8F™
and the overall isomeric fraction was monitored by the
8F™ 4 rays (Fig. 4), some information on scattering
of the excited beam was obtained with better statistics
(x50 more events) without the full triple-coincidence re-
quirement. In fact, for this type of measurement which
only uses the isomeric v rays to monitor the beam pu-
rity, a somewhat longer-lived, high-purity isomeric beam
would be adequate provided one could resolve inelastic
excitation.
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FIG. 7. Energy spectrum of -y rays observed in coincidence
with *®F and '®F™ in the forward counter telescope and a re-
coil ion in any one of the light-ion counter telescopes (Fig. 3).
The two lines (Fig. 1) from the decay 8pm _, 18Fg,s, are
indicated.
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FIG. 8. Light-ion AE-E and gated, projected proton recoil energy spectra detected in coincidence (Fig. 7) with ~-tagged
8F™ jons as observed in various AE-FE detectors shown in Fig. 3 [0, = 60° (left) to 67.5° (right)].

We display, in Fig. 9, the elastic scattering from pro-
tons of the mixed '®F, ; +'8F™ beam (approximately a
50%-50% mixture) as a ratio to Rutherford scattering,
o/or, where we do not require the fast coincident 8F™
v rays from the stopped, recoiling ®F, . or 'F™ jon in
the HI telescope (Fig. 3). Although the data shown os-
cillate well above Rutherford scattering at large angles,
the absolute cross section at those angles is quite small (a
few mb/sr) since the Rutherford scattering cross section
itself falls off rapidly with angle [as sin™*(0c.m./2)]. As
observed in other cases of proton scattering, any anoma-
lous scattering due to specific partial-wave resonances or
potential-scattering effects can cause significant devia-
tions (x5 or more) in the o /o g values at large scattering
angles [6,7,24-26]. As can be seen in Fig. 9, the devia-
tions from Rutherford scattering, og, are comparable to
those observed for 180+p,'80+p, and 2°Ne+p at E. . =
20 MeV [26].

The dampening of the oscillations observed in o/og
(Fig. 9) is characteristic of scattering from stable de-
formed nuclei or nuclei with low-lying excitation modes
[26-28]. However it must be noted that the data shown,
like many of the reported “elastic” scattering measure-
ments of high-energy RNB’s [3,4], can include unresolved
inelastic scattering since the energy resolution of the sec-
ondary beam is usually poor, e.g., >10 MeV (Fig. 4).
This is not sufficient to resolve inelastic excitations of
the ®F (Fig. 1) although with protons (as here) this is
calculated to be small relative to the elastic scattering
where 0 > og. (This is not the case for HI-HI scat-
tering where typically o < og [6].) Therefore we de-

duce that the 50%-60% 8F™ component in the scattered
(*8F4.s.+'8F™)+p probably has no significant anomalous
scattering (i.e., o /ogr > 50) at large angles (6..m. > 60°).

Likewise the ratio of y-tagged 8F™ + p elastic scatter-
ing to non-vy-tagged (¥F™ + 18F , )+p scattering, where
again the latter is approximately a 50%-50% mixture,
can be used to set some limits. These data are shown
in Fig. 10 together with the ratio expected based on the
measured HPGe ~-tagging efficiency. Except for slight in-
creases near 0., = 60° and perhaps 6., = 110°, there
appear to be no systematic, large (e.g., > x5) differences
between 8F™ +p and '8F, 5 +p scattering. This appears

100.0 g
E 18Fg.s.+18Fm (p.p) 18Fg.s.*"e':m
o 100E b
L -
b -
1.0
0.1 FETIE ENATENE INTATS AT AT ERS BNATETS B AT I A
0 20 40 60 80 100 120 140

6c.m. (deg)

FIG. 9. The elastic scattering of the (18F3,s,+18F’") mixed
beam (50% each) from protons at E. m. =20 MeV. The curve
is an OM calculation based on *®*O+p and 2°Ne+p parameters
determined near the same c.m. energy [26].
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FIG. 10. Ratio of elastic scattering cross sections observed
for y-tagged ®F™ + p relative to a mixture (approximately
50% each) of ®F,, +'®F™. The dashed curve is the ratio
expected based on the HPGe «y efficiency (Fig. 3) assuming
the same elastic scattering for '®Fg ;. + p and *F™ + p (see
text).

to be true even at large scattering angles where one might
again expect increased sensitivity due to absorptive and
spin effects in the elastic scattering potentials due to the
unusual, unique structure of 8F™ (Fig. 2).

The elastic scattering angular distribution for
18F™(E, = 1.1 MeV, J™ = 5%) 4 proton obtained with
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FIG. 11. Top: Elastic scattering angular distribution of
y-tagged 8F™ L p, Ecm. = 20 MeV as ratio to Rutherford
scattering. The filled circles are the experimental points and
the curve is an optical model calculation based on *O-+p and
?°Ne+p OM parameters (see Ref. [26]). Bottom: Same as
above, but with the spin-orbit strength (Vso) increased by
x5.

the full triple-coincidence requirement (*®F recoil ion +
recoil proton + isomeric y decay) is shown in Fig. 11. In
Fig. 11 (top) we also compare our results with an optical
model (OM) calculation based on the ¥0O+p and 2°Ne+p
parameters of Fabricci et al. [26] which were measured at
c.m. energies between 17.7 and 44.1 MeV. (Since due to
slight uncertainties in the absolute fluxes of the secondary
beams the most accurate way to monitor the integrated
secondary beam flux was the forward-angle elastic scat-
tering, which is closest to Rutherford scattering, we have
normalized the forward-angle 8F™ + p scattering to the
OM calculations.) A better OM fit is obtained (Fig. 11,
bottom) when V5o is increased, as discussed below.

IV. ANALYSIS AND DISCUSSION OF RESULTS

While the present 18 F™ 4 p results are limited by statis-
tical uncertainties from the low y-tagging efficiency, they
are consistent with predictions using conventional optical
model parameters for this mass and energy region [26].
They show no large-scale anomalous effects. As an exam-
ple, if we adjust the absorptive part of the optical model
potential to produce a large increase (> x2) in the total
nonelastic reaction cross section, similar to some predic-
tions [5] and recent measurements at low energies [22], we
find 0 /o g could approach 100 at large angles. This is ex-
cluded at the 1o level by the present, if limited, ¥F™ +p
data (Fig. 11) and, in addition, by the ®F, ; +8F™ data
(Fig. 9).

This is especially true if we use the integrated cross sec-
tion data which are more accurate. A comparison of the
calculated nuclear reaction cross sections indicates that
any anomalous effects contribute, at most, about 20%
to the total nuclear reaction cross section, viz., < 300
mb out of 1400 mb. Thus, we do not appear to observe
any unusual p+18F™ scattering at E.,, = 20 MeV as
might be expected [22] on the basis of anomalous ab-
sorption (i.e., enhanced nuclear reactions) involving the
1I8F™ (Fig. 2).

The present data can serve to place some limits on
the magnitude of the spin-orbit and spin-spin terms in
the OM for high spins, although in general these effects
[25-28] are much less pronounced than those noted above
for absorptive effects. Unfortunately due to the very high
spins involved (57 ® %+), most commonly available elastic
scattering optical model codes cannot properly calculate
the appropriate spin-orbit and spin-spin couplings [25].

Nonetheless we have estimated the effect of the un-
usual, high-spin (J™ = 57) isomeric configuration of
18F™ as a target by allowing the OM code to search for
both the spin-orbit coupling strength and the absorptive
part of the OM potential. The parameter Vso can ap-
proximately simulate spin-orbit and spin-spin effects on
the elastic scattering cross section while the absorption
parameters (Ws and Wp) can account [7] for an enhance-
ment [22] in nuclear reaction cross sections due to the ex-
tended configuration of *¥F™ with its valence “deuteron”
(Fig. 2) and the possible breakup 8F™ — d+160.

We find that a surprisingly good quantitative fit is ob-
tained (Fig. 11, bottom) by allowing Vso to increase to
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x5 relative to its normal value [26]. In contrast, adjust-
ing the absorptive potential W (r) alone did not produce
such an improvement. This indicates that any differences
between 8 F™ + p and 8F, ; +p (or 2O+p) elastic scat-
tering can most likely be attributed to spin-dependent
effects. This is consistent with the spin-dependent ef-
fects (a few percent) observed [27] in the scattering of
polarized neutrons from polarized 27Al (J™ = %Jr), even
if one scales by x2 or so for the increased spin of 8F™,
It has also been noted that large static deformations (as
expected for 18F™; see Fig. 2) can generate effective
spin-dependent interactions without the necessity of in-
troducing nuclear spin-spin interactions. The impact on
the elastic scattering is expected to be modest, though,
which is consistent with the present results [28].

V. LIMITS ON “SUPERELASTIC” (Q > 0)
SCATTERING

A more intense ®F™ beam and increased y-tagging
efficiency should allow one to search for “superelastic”
scattering, i.e., inelastic scattering of ¥F™ with Q > 0
such as Coulomb deexcitation. Such scattering has been
reported for atomic collisions involving metastable atoms
[29,30] as well as low-energy neutron scattering from a
mixed "8Hf/178Hf™? target [8] although the latter ex-
periment, as noted, had significant background problems.
The present data (see, e.g., Fig. 8) although limited in
statistics, can set some limits on this process. It is found
that the “superelastic” scattering ®F™ + p —18F+p
(Q = +1.1 MeV) is < 50% of the p+'8F™ elastic scatter-
ing at 6., = 20°-140°. As noted earlier this is not nec-
essarily a trivial result since at large angles elastic and
inelastic scattering, including superelastic scattering, can
be comparable [6].
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VI. CONCLUSIONS

The present studies indicate that prompt v tagging is
a powerful technique for identifying short-lived isomeric
nuclear beams and selecting light-ion and heavy-ion re-
action channels where the initial beam state is preserved
during the reaction. Since high-purity secondary iso-
meric nuclear beams (including perhaps highly deformed
shape isomers) appear to be preferentially made by trans-
fer reactions [11-13,16] and certain fragmentation reac-
tions [14,15,17], this should permit study of a variety of
unusual and perhaps new types of nuclear reactions at
present and future RNB facilities.

As an example, recently [22] we have used the high-
purity ®F™ secondary beam developed with the UM 7
T solenoid installed at the NSCL to make measurements
of the total nonelastic reaction cross section [21] of ¥F, .
+Si and ®F™ 4Si. These measurements, which exhibit
some unusual features, will be described in detail else-
where [22]. We are similarly pursuing other experiments
which will utilize the high spin of ®F™ and other iso-
mer beams [12,13] to provide unique angular momentum
selection rules (and other features) in specific types of
nuclear reactions.
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FIG. 2. A schematic diagram of the structure of the
J™ = 5%(1d3)? isomeric state in '*F, E.=1.12 MeV (see Fig.
2

1).



