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Reexamination of the energy levels of °F by *O+'H elastic resonance scattering
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The energy levels of '°F have been measured by the p(1*O,p)!*O reaction. The 120 MeV *O radioactive ion
beam was produced by the BEARS coupled cyclotron system at an intensity averaging 1x10* particles/second
on target. Energy calibration was obtained using resonances from the p(**N,p)'*N reaction. The two lowest
resonances in '°F were fitted with an R-matrix calculation. The fit to the ground state had J™ = 1/2% at 1.23
+ 0.05 MeV (width 0.5 — 0.84 MeV), and the first excited state was J™ = 5/2% at 2.81 & 0.02 MeV (width
0.30 £ 0.06 MeV), both relative to the mass-energy of the proton and '“O. The '°F ground state energy supports
the disappearance of the Z = 8§ proton magic number for odd Z, T, = —3/2 nuclei.
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I. INTRODUCTION

Light nuclei near and beyond the driplines provide a test
bed for new nuclear structure phenomena, both from the
experimental and the theoretical point of view [1]. In the
past two decades, new phenomena such as halo nuclei [2-5],
and the disappearance of magic number effects [6] along
the neutron dripline (and the concomitant appearance of new
magic numbers [7,8]), have been observed. It is of great interest
to see the extent to which similar phenomena can be observed
near the proton dripline. To explore these phenomena, it is
essential to have accurate and detailed information on these
exotic nuclei, i.e., their energy spectra, and the spins and
parities of their levels. With the development of radioactive
ion beams, it is possible to get information on nuclei far from
the valley of stability that has been difficult or impossible to
acquire by traditional methods.

Proton rich radioactive beams provided by BEARS (Berke-
ley Experiments with Accelerated Radioactive Species) [9,10]
make it possible to explore light nuclei at or beyond the
proton dripline. With the '*O beam, the 7, = —3/2 nucleus
I5F has been investigated in inverse kinematics by elastic
resonance scattering [11-13] of '*O on a target containing
hydrogen. F has been of nuclear structure interest in a
variety of calculations, including predictions of the energy
levels of T, = —3/2 nuclides [14,15] and the disappearance
of magic number effects due to unbalanced neutron-proton
ratios [16,17].

The magic numbers in the valley of stable isotopes reflect
the shell closures [18]. As one moves toward and beyond the
dripline, the “standard” magic numbers may disappear and
new magic numbers may emerge [6,7,16,17]. A question has
been raised about the possible disappearance of the proton shell
closure around Z = 8 for 7, = —3/2 nuclides. The focus of
this issue is the absolute position of the ground state of 1°F.

The energy levels of '°F were investigated earlier by Kekelis
et al. [19] and by Benenson et al. [20] with the low cross-
section transfer reaction 2’Ne(*He, ®Li)"°F. Only two levels
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have been observed so far, the ground state and the first excited
state. The energies adopted in 1991 for these two levels are
1.47 £ 0.13 and 2.77 £ 0.10 MeV, respectively, relative to the
mass-energy of a proton and '*O [21]; their widths are reported
to be 1.0 £ 0.2 MeV and 0.24 £ 0.03 MeV, respectively.
Since the cross section is small, about 1-4 ub, the statistics
were poor for both states. Recently, these two levels have been
reinvestigated by several authors [1,16,22] using two reactions:
the elastic scattering reaction '*O+p—5F and the transfer
reaction '*O('*N,>C)"F. While most of these experiments
agree quite well with one another on the position of the first
excited state, questions have remained about the energy and
the width of the broad ground state. To clarify this issue, a new
measurement of low-lying '>F levels using elastic scattering
of *0 on a hydrogen target was completed and analyzed.

II. EXPERIMENT

The experiment was performed at the 88-Inch Cyclotron
of the Lawrence Berkeley National Laboratory using a beam
of *O produced by the BEARS system [9,10]. In BEARS,
light radioactive isotopes are produced in small batches by the
10 MeV medical cyclotron at LBNL’s Biomedical Isotopes
Facility [23], then rapidly transported about 350 m via a
helium-push gas transport line to the 88-Inch Cyclotron
building. The radioactive gas takes the chemical form of
carbon dioxide, which allows for cryogenic separation from
the helium transport gas before injection into the 88-inch
cyclotron’s AECR-U ion source.

Oxygen-14 (t;o =71 sec) is the second BEARS beam
[after "'C(#,» =20 min)], and it required considerable
additional development, which is described in detail in
Ref. [10]. In brief, *O was first produced in the form of
H,'*O by bombarding a high-pressure gas target composed
of nitrogen with a few percent hydrogen. The activated water
vapor was separated from the unloaded target gas through
momentary freezing at —40°C, and then chemically converted
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to ['*O]CO; in two steps: Hp'*O — C O through reaction
with graphite at 1000-1100°C, followed by oxidation over
a platinum catalyst. Target unloading, water separation, and
chemical conversion took about 15 s, after which the [1*O]CO,
was rapidly transferred to the 88-Inch Cyclotron using the
same BEARS systems developed for !'CO, [9]. One batch of
activity consisted of 90 s of production and 15 s of loading
and unloading. At the 88-Inch Cyclotron, the cryogenically
separated ['*0]CO, was injected into the AECR-U ion source,
using a variable valve to produce a steady gas flow.

As had been previously measured with ''C beams [9],
a significant slow component provided a long hold-up time
in the AECR ion source. The beam of '*O continued well
after ['*O]CO, injection was finished. When corrected for the
radioactive decay of '*O, the beam intensity dropped with a
half-life of about 3 min. This may reflect '*O radicals sticking
to the source walls, possibly with isotopic exchange effects.
Unfortunately, though this effect is of little importance with
the 20-min half-life of ''C, with 71-s oxygen-14 it leads to
large decay losses.

Oxygen-14 was extracted from the ion source in the
6+ charge state (which had the maximum yield) and accel-
erated to 120 MeV. Because the cyclotron cannot cleanly
separate '*O%" from the much more intense '“N°®*, the beam
was fully stripped to '“O%F by a thin foil and transported
through two dipole magnets. However, it was found that the
14O beam was still contaminated with lower energy '“N’*of
the same magnetic rigidity, presumably due to scattering
from beamline components. Careful radiofrequency tuning
was done to minimize this effect and obtain reasonable '“O
transmission efficiency while allowing less than 1% “N7+
contamination.

The final '*O beam had an intensity that averaged about
10,000 pps on target, with a low of 8,000 and a maximum of
about 30,000 pps. This is much lower than the maximum of
10 pps achieved with ''C beams. Partially, this is due to the
20 times lower production yield of '*O versus ''C [24] as well
as losses in the additional chemical processing steps. However,
most the decrease is due to decay or isotopic exchange losses
associated with the ion source.

The 120 MeV 'O beam was directed onto a target
consisting of a 17.8 um nickel degrader followed by a thick
(18.4 mg/cm? polyethylene foil. This target combination was
chosen to completely stop 120 MeV *O (and '“N, as a beam
used for calibration).

Scattered protons from the polyethylene (PE) were ob-
served in a AE-E silicon detector telescope at 0° in the
lab (see Fig. 1). The AE and E detectors were 72 um and
3 mm thick, respectively, and were at a distance of 14.6 cm
from the target, subtending an angle of about +5° in the

Ni+200um PE 72um Si +3mm Si
120 MeV 0 I

|"pHH

FIG. 1. The experimental setup for the '*O+ p thick target elastic
resonance scattering experiment.
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lab frame (corresponding to £10° about 180° in the center
of mass). The beam intensity was occasionally measured
by removing the thick target and counting the direct beam.
Because of the variations (noted earlier) in the beam intensity,
the total beam on target during runs could only be crudely
estimated.

The advantage of this thick-target inverse-kinematics tech-
nique is simultaneous collection of the entire elastic-scattering
excitation function, as the 'O ions lose all their energy in the
polyethylene target. The observed proton energies E,, j,, can
be directly translated to the excitation energies of the reaction,
Ecm.. by Eq. (1) [25]:

m+ M
4M cos? Oy,

A correction must be made to the observed proton energies
due to energy losses in the target. Interactions at lower
excitation energies occur deeper in the thick target thus
reducing the amount of material remaining to retard the
scattered proton. Thus, an energy loss correction factor can
be calculated as a function of the center-of-mass energy, using
knowledge of stopping powers, incoming beam energy, and
target thicknesses. Stopping powers for 40, 4N, and protons
were calculated from SRIM [26].

To relate the observed yield of protons to a relative cross
section versus energy, one must correct for the changing energy
loss of the bombarding ion as it slows down [27]. The energy
loss rate effectively determines the distance the ion travels
into the target while in a specified energy interval, and thus
the effective areal density of target protons. Thus yields must
be multiplied by beam ion energy loss to calculate the elastic
scattering excitation function:

o x Y x dE/dx. )

Ecm = Em,lab~ (1)

The detector system was calibrated by using a beam of
120 MeV N. Figure 2 shows the resulting spectrum of pro-
tons, which has been energy matched to previous experimental
determinations of '*N+4-p using conventional kinematics. The
excitation functions from two such experiments are shown:
lower energy measurements at 6., = 168.1° from Olness
et al. [28], and higher energy data at 6. ,,,, = 159.1° from West
et al. [29]. A small nonlinear correction has been made at low
energies for the calculated energy loss of the protons exiting
the polyethylene target; otherwise the calibration is linear.
The yield of protons in the thick-target inverse kinematics
experiment has been corrected by the energy loss of '“N in
polyethylene [Eq. (2)] in order to produce a relative cross
section.

The presence of several peaks and structures can be readily
seen in the inverse kinematics data. These structures sit
upon a significant background contributed by protons from
14N reactions on the carbon component in the polyethylene
target and on the nickel degrader foil. This background
was investigated with a pure carbon target in place of the
polyethylene target and was found to be featureless.

The experimental resolution can be determined from the
width of the narrow resonance just below 3 MeV; it was
found to be about 60 keV in the center of mass frame. The
major contributions to this resolution were 40 keV from
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FIG. 2. The proton spectrum for the
p(**N, p)'“N reaction. The upper line is
from this experiment. The lower lines are
from conventional kinematics: the lower
energy data are from Olness et al. [28],
and the higher energy data are from West
et al. [29]. See text.
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the E detector; 27 keV from the AE detector; 30 keV due
to the £10° angular spread in the center of mass; and 19 keV
due to the beam spread and the straggling of both the incident
beam and the scattering proton inside the degrader and target.

The features in the '*N+ p spectrum permitted a good linear
calibration of the detector telescope energy. This calibration
was accurate to about 15 keV in the center of mass frame over
the entire energy range from 1 to 5 MeV. However, a significant
correction was required to use this calibration with *O+p. The
more rapid energy loss of '*O in the degrader foil and target

lead to interactions occurring at a shallower depth, relative to
the equivalent energy scattering by '“N. Thus protons scattered
by '*O lose more energy as they emerge from the back of the
target. The calculated energy loss corrections for '*O and '“N
beams are displayed in Fig. 3.

Itis important to know the accuracy of this calculation. SRIM
[26], a Monte Carlo simulation program, has been used for
the energy corrections. Since there are no direct experimental
data for N and '*O ions with polyethylene, the experimental
results of '°0 and '?C with a polyethylene target [30] have been

Target: 17.8 um Ni + 200 um Polyethylene
—— 120 MeV “O+p

0.4 —0— 120 MeV "“N+p
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FIG. 3. The energy corrections for
protons produced by two 120 MeV beams:
4N and 0.
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compared with the SRIM calculations. It is found that for ions
with initial energy of about 10 MeV/nucleon, the calculation is
about 6% less than the experimental data for both 1°0O and '>C
when the energy is degraded to 1.5 MeV/nucleon. (A similar
situation occurs for *’Ar ions with polyethylene-like targets
[31].) The interesting energy range in our experiment is about
1.5—8 MeV/nucleon. We have assumed the same behavior for
4N and '*O ions. Therefore, the systemic deviations in the
experiment largely cancelled out when comparing '“N and
14O beams. The uncertainties for the final energy corrections
are of the order of 15 keV in the center of mass.

III. R-MATRIX FORMALISM

The excitation function to be shown below is fitted with
an R-matrix formalism [32]. The cross section, other than the
Rutherford component, is expanded in terms of phase shifts
for a spin 1/2 proton interacting with a spin zero particle, as
described in Ref. [33]. The nuclear phase shift for each partial
wave is taken to be equal to a hard sphere phase shift plus a
possible resonant term that may contain one or more states:

PRf

8% = —¢py +arctan —————L
¢ 1 — (S, — bP)RF

3

where ¢, refers to the hard sphere phase shift; §; and &,
refer, respectively, to the partial waves with proton spin aligned
parallel or antiparallel to the orbital angular momentum, ¢ - P,
and Sy are the energy dependent R-matrix penetration and
shift factors; Rf is a sum over resonance terms y;?/(E; — E)
representing levels of that partial wave with reduced widths y;*;
and bzt is the R-matrix boundary constant. For cases where no

more than one resonant term is required for each partial wave,
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the phase shift can be more clearly expressed as

Pz%\z
E, — E —(S; — bP)y?

82'[ = —¢y + arctan “)

The formal R-matrix state parameters, E; and yf, depend on
the arbitrary boundary constant for that partial wave. Following
standard convention, the boundary constant is set to be equal
to the shift function at the state energy, bzt = S¢(E,); with this
choice, E, is defined as the “observed” resonance energy. To
define an “observed” resonance width that is independent of
energy, the penetration factor is approximated by its value
at the state energy P,(E,), and the S, — S¢(E,) term is
approximated by a series expansion about E = E;, keeping
only the first non-zero term, (E — Ej)dS/dE|g=E,, leading to

1

5T
2y

, 5
E,_E ®)

Sf ~ —¢, + arctan

where the “observed” width is defined as
2Py
oo 2P
1+ X)%dS /dE
E=E

e

(6)

An additional important R-matrix parameter is the channel
radius, which defines the “hard sphere” as well as the
penetration and shift factors. We normally take this to be
a simple estimate for 1404 p: 1.25(A'3+1) with A = 14.
However, it can also be varied as a free parameter.

IV. RESULTS

The results from two experimental runs utilizing 120 MeV
140 on hydrogen are shown in Fig. 4. The yield from each run
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FIG. 5. The final '“O+ p excitation function and fitted curves.

has been multiplied by the energy loss of '“O per unit thickness,
dE/dx, in order to produce an excitation function. The first
run in March 2003 was on a 17.8 um nickel degrader and a
200 um polyethylene target; the calibration of this run used
the N data of Fig. 2 as modified by a calculated correction
for the different energy loss (see Fig. 3.)

The second run, (performed in October 2003), differed
by having a thinner 14 um nickel degrader. Unfortunately,
detector and equipment problems prevented the determination
of a good calibration spectrum for this run. Instead, the
calibration was only determined by matching (with very poor
statistics) to the two largest peaks in the *N++'H spectrum,
leading to an energy uncertainty of about 50 keV in the
lower energy range. Despite this uncertainty, the shape of the
spectrum from each of the two runs is very similar. The second
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400
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05 10 15 20 25 30 35 40
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FIG. 6. The comparison of results from three different labs using
the same p('*0, p)'*O reaction.
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TABLE 1. The R-matrix parameters for '°F from

p(*O,p)**0.

E1/2+ 1.23 £ 0.05 MeV
F1/2+ 0.5 — 0.84 MeV
E5/2+ 2.81 +0.02 MeV
I's />4 (observed) 0.30 £+ 0.06 MeV

run also exhibits what appears to be a higher background at
higher energies. This may reflect beam contaminants.

An '*0O+4'2C background run is also shown in Fig. 4 for
a 14 pum nickel degrader backed by a 28.0 mg/cm? carbon
foil. This spectrum has been nominally energy calibrated and
analyzed in the same way as the second '*O+p run. The
overall yield has been determinated using estimates of the *O
beam intensity during these runs; this is accurate to only about
50%. The energy calibration should also include a different
correction to account for the different target. However, since
the background is a smooth featureless function, precise
calibration is unnecessary.

Figure 5 shows an excitation function for elastically
scattered protons on '“O from the March run, which is
preferentially used in the analysis because of its superior
energy calibration. The background from '*O--carbon has
been subtracted from this '*O-polyethylene run.

The “O+p scattering excitation function was fitted with
two R-matrix resonances, a 1/2% ground state (£ = 0) and a
5/2% first excited state (£ = 2). This fit is shown in Fig. 5.
Because of possible background at higher energies, the fit was
made only between 1 MeV and 3.2 MeV. The fit has been
convoluted with a nominal experimental resolution of 60 keV
in the center of mass frame, though the exact resolution has
little effect on the fit. Also shown are the separate contributions
from each state, calculated by setting the reduced width of the
other state to zero. Table I lists the best overall fit parameters.
The minimum x2 was 27.9 (with 16 degrees of freedom).

The channel radius, used in defining the R-matrix hard
sphere phase shift and penetration factors, was set equal to
4.26 fm, corresponding to 1.25(A'/3+4-1) for 14O+ p. If allowed
to be a free parameter, it was found to fit at 4.59 fm with a
slightly better y2of 26.8, and overall it lay within a range of
roughly 3.5-5.5 fm. Variation in this range did not produce
changes in the best fit parameters larger than the uncertainties
given in Table I. Varying the angle used in the calculation,
from 6. ,,, = 180° to 170°, the maximum angular range of the
detector, also produced only small changes in the parameters.

Due to the uncertainty in the exact amount of '*O+-carbon
background to subtract, this correction was varied by plus or
minus 50% to investigate its effect on the best fit parameters.
This is incorporated into the errors given in Table I, as are
uncertainties in the energy calibration.

Other spin assignments were also investigated. The only one
giving a possible, though poorer, fit was the assignment of the
first excited state to be 3/27, the other £ = 2 possibility. This
fit was notably worse than that with the preferred assignment
of 5/2F, giving a best x? of 39.2 versus 27.9. Reasonable
fits could not be obtained with other choices of the angular
momentum.
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The excitation function was measured to about 5 MeV,
and there is no evidence of further resonances. However, the
R-matrix calculations show that scattering from a '>F mirror
analog of the 1/2~ second excited state in '3C at 3.103 MeV
would have only arelatively small effect, and such a state could
easily be hidden in the data. Better understanding and control
of the background would be needed to identify or exclude such
a state.

A comment should be made on the observed width of the
broad ¢ = 0 ground state. As seen from the definition of the
observed width in Eq. (6), for large values of yfd S/dE,
the observed width reaches a maximum of 2P,(dS/dE)™",
independent of the reduced width. This limit is 0.84 MeV for
the ground state. Near this limit, the behavior of the partial
wave is determined mainly by the energy dependence of the
penetration and shift functions, and by interference with the
Rutherford scattering component. The best fit occurs at this
limit, but reasonable fits are obtained for observed widths down
to about 0.5 MeV.

14

V. DISCUSSION

These data can be compared with two other recent mea-
surements of the '*O+p spectrum.! Figure 6 displays the
final excitation function of a NSCL group [16], as well as the
fitted result for 6., = 180° from a Texas A&M University
group [22] (this fit is based on data from other angles, but it
reasonably describes the 180° data in that work). Also plotted
is the R-matrix fit from Fig. 5.

There is some disagreement among the three experiments.
Our result agrees reasonably well with Ref. [22] as to the shape
and position of the excited state, while showing systematic
disagreements with the data of Ref. [16]. The current work
disagrees with both previous measurements as to the position

'Comparisons to all prior past results for '°F, which are complicated
by the various possible definitions of the excitation energy and width
of the broad states, are given in Ref. [13].
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of the leading edge of the ground state resonance, placing this
edge roughly 150 keV lower. This shift is larger than can be
accounted for by the estimated energy uncertainties.

When experiments probe nuclei toward and beyond the
driplines, the magic numbers may disappear and new magic
numbers may emerge [6,7,16,17]. The systematics of neutron
separation energies has been used to study the shell structure
along the neutron dripline. There is evidence showing the
disappearance of the N = 8 shell closure when close to
the neutron dripline [16,17,34]. As shown in Figure 7(a)
for T, = 1/2 nuclei, shell closure is observed from the sharp
drop between N =7 and N =9 nuclei in the plot of one
neutron separation energies versus neutron number. However,
there is no such drop for the T, = 3/2 series, indicating the
disappearance of the N = 8 shell.

Similarly, the systematics of proton separation energies
can be used to study proton shell structure. It is arguable
whether the disappearance of the Z = 8 shell closure happens
when close to the proton dripline. Figure 7(b) shows proton
separation energies for odd Z, even N nuclei with isospin
—1/2 and —3/2. The shell closure in T, = —1/2 nuclei can
be clearly seen. Two different proton separation energies
for '>F are shown in this figure for the T, = —3/2 nuclei:
—1.23 MeV (dotted line) from this work and —1.48 MeV (solid
line) from the most recent compilation [35]. For T, = —3/2
nuclei, it depends on which S, for I5F is chosen, as to whether
the (small) discontinuity vanishes. Our data would indicate the

PHYSICAL REVIEW C 72, 034312 (2005)

disappearance of the Z = 8 shell for proton-rich nuclei which
are beyond the dripline.

VI. SUMMARY

Since the first successful delivery of 'O as a radioactive ion
beam at the 88-Inch Cyclotron, several 404+ p runs have been
performed. Excellent energy calibration was obtained using
the "N+ p reaction in inverse kinematics and comparing the
results to those obtained in prior experiments with normal kine-
matics. The differences between *N+'H and '*O+'H in the
stopping power function have been evaluated for better energy
calibration of the latter. After careful calibration, the energy
levels of 'SF were fitted with an R-matrix calculation. Spins
and parities were assigned to the two observed resonances.
This new measurement of the '>F ground state supports the
disappearance of the Z = 8 proton magic number for odd
Z, T, = —3/2 nuclei.
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