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First two energy levels in 15F
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The ground state and first excited state of15F were measured by the method of elastic resonance scattering
in inverse kinematics. A secondary beam of 115 MeV/nucleon14O was slowed down to 8 MeV/nucleon and
energy bunched before stopping in a C2H4 target. The15F excitation energy spectrum was extracted from
elastically scattered protons at 0°. The 1/21 ground state resonance of15F was determined to be unbound with
respect to single-proton emission by 1.5160.11 MeV, corresponding to a mass excess of 16.8160.11 MeV.
The 5/21 first excited state resonance is unbound by 2.85360.045 MeV leading to an excitation energy of
1.3460.15 MeV. A comparison with systematics of single-nucleon separation energies and theoretical models
suggests that11N should be unbound by about 1.560.15 MeV.
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I. INTRODUCTION

The emergence and disappearance of~sub!shells is a cru-
cial observable in the understanding of nuclear structure
one approaches the driplines. The breakdown of theN58
shell closure near the neutron dripline has been establis
for 12Be @1# and 11Li @2#. The ground states of these nucl
exhibit significant (1s,0d)2 contributions in addition to the
normal (0p)8 configuration. The existence of a shell closu
can also be deduced from the presence of a drop in
nucleon separation energy for nuclei with constant isos
@3,4#. Figure 1~a! displays the relevant neutron separati
energies (Sn) for the neutron-rich nuclei near theN58 shell.
For nuclei with an isospin ofTz51/2, the one-neutron sepa
ration energy drops between13C and 17O, while it increases
monotonically with neutron number for theTz53/2 isospin
nuclei. The increase in separation energy from11Be to 15C
indicates the disappearance of theN58 shell closure@4#.

Similar observations should also reveal any changes
the shell structure of the mirror nuclei at the proton dripli
@3#. The situation for theZ58 shell differs from theN58
shell because the relevant nuclei forTz523/2, 11N and 15F,
are already unbound. The first experiment on11N detected
the p1/2 first excited state@5#. The existence and location o
the s1/2 ground state was only inferred from the mirr
nucleus11Be, leading to an adopted value for the mass
cess of 24.8960.2 MeV corresponding to a one-proton d
cay energy~inversion of the separation energy! of 1.90
60.2 MeV @6#. Since then, several different experimen
have ascertained the energy of the unbounds1/2 ground state
@7–11#. These recent experiments on11N yielded signifi-
cantly reduced proton decay energies making11N less un-
bound than15F. This leads to a drop in the one-proton sep
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ration energy atZ58, in direct contrast to the mirror nucle
In Fig. 1~b!, the one-proton separation energies (Sp) for Tz
523/2 nuclei are plotted~triangles represent the five rece
values for the11N proton decay energy!. The slight drop in
separation energy might imply the continued presence of
Z58 shell. However, the level inversion from ap1/2 to as1/2
ground state in11N shows that the shell closure has inde
disappeared. This discrepancy could be resolved if11N had a
larger one-proton decay energy or that of15F was smaller
than previously reported.

The first experiments on15F observed thes1/2 ground
state in addition to thed5/2 first excited state@12,13#. The
values reported in Refs.@12,13# lead to an adopted value fo
the one-proton decay energy of 1.4760.13 MeV @14#. Up to
now, the ground state of15F has not been revisited. Th
unresolved question about the relative position of the11N
and 15F ground states and the marginal statistics in the m
surement of the latter warranted a new investigation of15F.
In the present study, we utilized a secondary beam of14O to
populate the first two energy levels in15F with the method of
elastic resonance scattering in inverse kinematics.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Coupled Cyclot
Facility of the National Superconducting Cyclotron Labor
tory at Michigan State University.16O nuclei accelerated by
the K5003K1200 coupled cyclotrons to 155 MeV/nucleo
bombarded a 1900-mg/cm2-thick beryllium production tar-
get. The secondary14O beam was selected by the A190
fragment separator@15#. An achromatic 971-mg/cm2 acrylic
wedge at the midfocal plane was used to achieve better
topic separation producing an 85% pure14O beam at 115
MeV/nucleon with a 15% contamination of13N. For elastic
resonance scattering in inverse kinematics, the projec
were stopped in a polyethylene reaction target. The seco
ary beam had to be slowed down significantly to energ
below 10 MeV/nucleon which was achieved by a 550
mm-thick aluminum energy degrader located at the objec
the analysis beam line of the S800 spectrograph@16#.

,
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A monoenergetic wedge made from a curved alumin
foil with an effective thickness of 93.6mm was placed at the
dispersive plane of the analysis beam line to reduce the l
energy spread caused by the degradation of the beam. F
particles pass through more matter than slower partic
causing the energy spread to narrow to a fraction of its or
nal size. This method is also referred to as energy bunch
@17#. A nearly monoenergetic beam of 10.71-MeV/nucle
14O with a spread of only 0.084 MeV/nucleon or 0.8%,
reduction of a factor of'4 compared to the beam in front o
the wedge, was achieved. Figure 2 shows this method f
more intense high-energy secondary15O beam.

A 75-mm silicon detector was inserted in front of th
target to identify and discriminate against beam conta
nants. This further reduced the energy of the14O entering the
polyethylene target to 7.98 MeV/nucleon with a spread
0.12 MeV/nucleon or 1.5%. The secondary beam intensit
the reaction target averaged 23103 particles per second
Transmission efficiency for this setting was not measure

Figure 3 shows the experimental setup. The14O projec-
tiles were stopped in a 181.3-mm polyethylene (C2H4 ,r
50.933 g/cm3) target rotated 25° for an effective thickne
of 200 mm. Elastic scattering occurs at decreasing energ
as the projectile slows down inside the target. The elastic
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FIG. 1. Single-nucleon separation energies.~a! Sn for neutron-
rich Tz51/2 ~circles! andTz53/2 ~squares! nuclei. TheN58 shell
closure has clearly disappeared for theTz53/2 line. ~b! Sp for
proton-richTz521/2 ~circles! andTz523/2 ~squares! nuclei. Tri-
angles represent the most recent values for11N as reported in Refs
@7–11#.
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scattered protons had sufficient energy to leave the target
were detected at 0° (180° in the center of mass! in a DE-E
telescope consisting of 75.3-mm and 1000-mm silicon detec-
tors. The bore diameter of the preceding quadrupole mag
limited the range of possible angles onto the target to 7°

III. DATA ANALYSIS

The detectors were calibrated usinga sources and proton
scattered off the13N contaminant in the beam revealin
known excitation levels in14O. Incoming 14O and 13N pro-
jectiles were separated by time of flight measured betw
the silicon detector in front of the target and the cyclotron
A 12-ns difference between the two nuclei was sufficient
gate on either (14O1p) or (13N1p) events. Figure 4 shows
the proton spectrum in coincidence with incoming13N nu-
clei and the corresponding14O level scheme. Two odd-parity
states at excitation energies of 6.27 MeV (32) and 6.79 MeV
(22) are clearly visible. In addition, the broader peak
higher energies corresponds most likely to the 21 state at
7.77 MeV. Odd-parity states are more strongly populated
proton scattering since anl 52 proton can easily couple to
the ground state of13N forming either the 22 or 32 state

FIG. 2. Energy bunching of high-energy secondary15O test
beam using a 312-mm monoenergetic Al wedge.~a! Gaussian dis-
tribution representing the 86-MeV/nucleon beam before a 6000-mm
Al degrader.~b! Measured distribution of 28.8-MeV/nucleon bea
with a spread of 3.4% before the monoenergetic wedge.~c! Final
measured distribution of15O beam with 20.3 MeV/nucleon and
spread of only 1.0%.

Detector Target ∆ E-E
Si Si

75 mµ  200 mµ 75/1000 m

14O protons

cm0 5 10 15

C H42

FIG. 3. Experimental setup.14O nuclei pass through a thin sili
con detector and get stopped inside a polyethylene (C2H4) target
with an effective thickness of 200mm. Protons are scattered an
then detected at 0° by a siliconDE-E telescope.
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@18#. Other energy levels within the region of interest do n
have simple single-particle configurations and are there
suppressed.

Measured proton energies had to be corrected for the
ergy loss inside the target after the scattering reaction. S
tering at higher energies occurs further from the back of
target, while scattering at lower energies occurs closer to
back as the projectile comes to rest. Thus, higher-energy
tons pass through more material compared to lower-ene
protons as they exit the target. For example, a 3-MeV pro
~in center-of-mass frame! travels through 52mm to exit the
target, losing 22 keV of energy. By comparison, a 2-M
proton exits through 31mm of the target material and lose
18 keV. The corrected proton energy measured in the la
ratory can then be directly converted to decay energy~energy
above the proton separation energy of15F):

Edecay5
M ~14O!1mp

4M ~14O!
Ep .

The low-energy cutoff of the total energy plot is dete
mined by the protons that stop in theDE detector. For these
events no particle identification was possible. At higher
ergies, the spectrum is limited by protons that do not stop
the E detector.

In addition to the polyethylene target, data were a
taken with a pure carbon target in order to subtract ba
ground events from protons that scattered off the carbon c
tent in the polyethylene~Figs. 4 and 5!. Figure 6 shows the
final 15F energy spectrum~solid circles! after subtraction of
the carbon contribution. The spectrum looks qualitativ
similar to the data taken for11N with the same method@7,8#.
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FIG. 4. Excitation spectrum of14O. The bold line correspond
to the experimental data using the polyethylene target while the
line represents the background data with the carbon target. Pr
energy measured in the lab is labeled on the topx axis and the
calibrated energy above proton decay~center of mass! on the bot-
tom. The inset shows the14O level scheme with the decay energ
scale next to it.
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At low energies the tail of the Coulomb scattering is visib
A broad peak emerges at'1.5 MeV and a sharp peak i
located at 2.8 MeV.

The relative energy uncertainty is estimated to be 50 k
which is dominated by the angular and energy straggl
~calculated by LISE@19#, energy loss according to Ziegle
@20#! accounting for roughly 1.5% and 0.3%, respectively,
the scattered proton energy. The 1.5% uncertainty also
cludes the effect due to the angular acceptance after the
get of 8.5°. This angular acceptance had no effect on
position of the cross section maxima.

IV. RESULTS AND DISCUSSION

The data were compared with results from poten
model calculations using the programVLADCS @21# that in-
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FIG. 5. Excitation spectrum of15F. The bold line represents th
experimental data taken with the polyethylene target while the
line corresponds to the data from the carbon target measureme
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FIG. 6. Fitted excitation spectrum of15F. The solid line corre-
sponds to the cross section curve for both resonances together
dotted and dashed lines characterize the single cross section c
for the s1/2 andd5/2 states, respectively. Our data points are sho
as solid circles with statistical error bars.
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corporates a standard Woods-Saxon~WS! potential with
Coulomb and spin-orbit terms added. It provides the rela
cross sections for single-particle resonances as a functio
proton scattering energy, taking interference effects into
count. This simulated cross section distribution is direc
comparable with our measured energy spectrum.

The solid line in Fig. 6 corresponds to a fit using t
parameters listed in Table I. The result of the simulation w
folded with the experimental energy spread using a Gaus
distribution with 50-keV width. Including the experiment
energy spread had only a negligible effect on the ove
shape of the spectrum. Individual contributions from thes1/2
andd5/2 states are shown as dotted and dashed lines, res
tively. The very broad shape of the first resonance confi
the s1/2 nature of the ground state. Interference between
two positive parity states accounts for the relative ene
shift especially visible for thed5/2 state.

The maximum of the cross section is at a decay energ
1.5160.11 MeV for the ground state and at 2.85
60.045 MeV for the first excited state. The latter corr
sponds to an excitation energy of 1.3460.15 MeV. These
values are in agreement with the previous measuremen
15F @12,13# and the adopted value for the mass of15F @14#.
The uncertainty of the maximum cross section value of
ground state is dominated by the broad nature of the s
and statistics, while for the first excited state it is domina
by the uncertainty of the energy calibration. The width f
width at half maximum of the first excited state is 340 ke
As pointed out by Benensonet al. @13#, the width of the
ground state is hard to quantify due to the missing ang
momentum barrier of thes1/2 state which results in a larg
tail towards higher energies. Nevertheless, we determ
the full width at half maximum for thes1/2 resonance to be
1.2 MeV.

While nucleon separation energies for bound nuclei a
states are well defined, there are different theoretical m
ods to define the separation energy of unbound states or
nances. Table II displays the various values of the de
energies of the first two energy levels in15F that we deduced
from our experimental data usingVLADCS. The first column
lists decay energies determined by the maxima of the c
sections. The values extracted using theS-matrix pole and
the 90° crossing of the phase shift~second and third col-
umns! agree with the maximum of the cross section valu
within the uncertainties. Only the method of extracting t
resonant energy from the maximum of the partial wave fu
tion at a radius of 1 fm~last column! yields a significantly

TABLE I. Parameters for the potential model fit.

VWS (d5/2) 249.06 MeV
VWS (s1/2) 248.01 MeV
VLS 4.50 MeV
r 0 (WS) 1.25 fm
r 0(LS) 1.25 fm
r 0 (Coulomb) 1.25 fm
d(WS) 0.75 fm
d (LS) 0.75 fm
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smaller value for thes1/2 resonance energy.
Since our current measurement confirms the position

the 15F ground state and first excited state, the percei
contradiction between the vanishing of theZ58 shell clo-
sure and the apparent presence of a drop in the proton s
ration energy for theTz523/2 isospin nuclei shown in Fig
1~b! must be resolved differently. Before discussing the la
variance of experimental results for the ground state of11N,
we investigate a few theoretical predictions for the masse
11N and 15F.

The isobaric mass multiplet equation cannot be used f
comparison of 11N and 15F, because theA515, T53/2
quartet is incomplete@22#. The 1/21 analog state in15O has
not been identified.

Several theoretical models with parameters fitted to
mirror nuclei 11Be and 15C predict similar one-proton sepa
ration energies for the ground states of11N and 15F. Grevy,
Sorlin, and Vinh Mau@23# calculate a decay energy of 1.
MeV for both nuclei using a potential model with an ext
surface term. Computations we completed using a sin
particle model yield 1.43 MeV and 1.38 MeV for the groun
states of11N and 15F, respectively. While these calculation
yield slightly lower energies than our measured value for
15F ground state, both predict that11N and 15F should have
similar proton separation energies.

Further support for the decay energies of the11N and 15F
ground states being nearly equal can be deduced fro
simple extrapolation first used by Talmi and Unna for t
mirror nuclei m11Be and 15C @24#. They implemented this
extrapolation to explain thep1/2-s1/2 andd5/2-s1/2 level inver-
sions in these nuclei. This method postulates a linear
crease in thes1/2 energy level with respect top1/2 or d5/2 as
the nucleon number decreases. The reasons for these i
sions are certainly much more complicated than expresse
this extrapolation@1#, nevertheless it predicted the corre
decay energies to within 110 keV.

This technique can be applied to the mirror nuclei11N
and 15F as shown in Fig. 7. The level positions for12N and
16F were determined from the average of the two ana
states weighted by (2j 11). After the inversion energy to the
s1/2 levels is known, a simple subtraction from the mo
accurate measurements of the first excited states leads t
energy of the related ground state. A linear extrapolat
from 13N and 12N to 11N predicts thes1/2 state to be 727 keV
below thep1/2 state, for a decay energy of 1.37 MeV. Sim
larly, for 15F thes1/2 state is estimated to be 1.40 MeV belo
the d5/2 excited state, leading to a similar decay energy
1.45 MeV. It should be noted that the level inversion in t

TABLE II. 15F decay energies determined by the maximum
the scattering cross section (smax), using theS-matrix pole, the 90°
crossing of the phase shift (d590°), and from the maximum of the
partial wave function at a radius of 1 fm@Cmax(1 fm)#. Values are
given in MeV.

smax S-matrix pole d590° Cmax ~1 fm!

s1/2 1.51 1.48 1.47 1.29
d5/2 2.853 2.87 2.87 2.85
7-4
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fluorine isotopes appears first in proton-unbound16F, as the
02 and 12 (s1/2) states are below the 22 and 32 (d5/2)
states.

The theoretical predictions thus indicate that the vani
ing of theZ58 shell closure does not imply that the sepa
tion energy of the isotope just below the shell is less than
isotope just above the shell for constant isospin, contrar
the case for theN58 shell closure~see Fig. 1!. The calcu-
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FIG. 7. Talmi extrapolation for~a! Z57, and for~b! Z59. A
linear fit to thes1/2 state relative to the~a! p1/2 and ~b! d5/2 levels
illustrates that as the neutron number decreases so does the d
ence in energy between these states. For the even-mass nuc~a!
12N and ~b! 16F, the pairs of relevants1/2, p1/2, and d5/2 analog
levels weighted by (2j 11) were used to calculate the average p
sition for the linear fit.
i-

03460
-
-
e

to

lations predict that the separation energies are nearly eq
With the present confirmation of the mass of15F these cal-
culations can then be used to deduce the ground state of11N
to be unbound by 1.560.15 MeV.

As we have pointed out, it is not always trivial to compa
experimental values of nucleon separation energies of
bound states since various methods can be used to ex
these values. This is also the case for the reported exp
mental decay energies of11N plotted in Fig. 1~b!. The most
recent values for the11N decay energy, 1.4760.4 MeV @9#,
1.6360.05 MeV @10#, and 1.3160.05 MeV @11#, all refer to
the maximum of the resonant scattering cross section, an
gous to the first column in Table II. Results reported by A
elssonet al. (1.3060.04 MeV @7#! and Markenrothet al.
(1.2720.05

10.18 MeV @8#! are deduced using the maximum of th
partial wave function at 1 fm, yielding a lower value for th
decay energy as compared to the maximum of the scatte
cross section~as observed for15F in Table II!. A closer look
at the data of Refs.@7,8# reveals that the cross section max
mum for thes1/2 resonance is indeed at a higher energy th
the quoted values of 1.27 MeV and 1.30 MeV, namely
roughly 1.40 MeV. Considering this, all of the previous
reported values except for the most recent measuremen
Guimarãeset al. @11# agree with the presently deduced val
for the ground state energy of11N.

V. SUMMARY AND CONCLUSIONS

The mass and first excited state of15F were measured
using the method of elastic resonance scattering in inve
kinematics.15F is unbound with respect to one-proton dec
by 1.5160.11 MeV corresponding to a mass excess
16.8160.11 MeV. The first excited state was measured at
excitation energy of 1.3460.15 MeV, unbound by 2.853
60.045 MeV. These values agree with the two original m
surements of15F @12,13#. Considering the systematics o
single-nucleon separation energies for constant isospin
well as various theoretical calculations, both11N and 15F
should have nearly equal proton separation energies de
the level inversion in11N establishing that theZ58 shell
vanishes. By confirming the mass of15F it is suggested tha
11N is unbound by 1.560.15 MeV.
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