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The ground and first excited statesfF were studied in resonant elastic scattering using the {tGek,)
gas target method in inverse kinematics with a separd@deam. An analysis of the excitation functions of
the elastic scattering was carried out with the potential model. The quantum numbérgrbiihd stateand
5/2" (first excited statewere assigned to the lowest two stateg3R. Also, the widths and the proton decay
energies of the unbound levels were obtained. The analysis of the data indicates that a large diffuseness is
needed in the Woods-Saxon potential in order to describe single-particle features in drip-line nuclei.
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Over the past decade it has become clear that drip-lineesult, the data on the level positions and their widths differ
nuclei demonstrate a number of phenomena which are ndty more than 100 keV from the two measurements. Recently
found in nuclei close to the line of stability. One such feature“0 +p scattering was reportef®] based on results of reso-
is the change in magic numbers, which are generated by gance scattering of*O on hydrogen with the thick target
conventional Woods-Saxon potential with parameters fittegnverse kinematics methd®,10,13. An approach similar to
for stable nucle{1-3. One example is the intruder single- Ref.[9] was used in the present experiment. However, there
particle Z,, state, which appears to be the ground state iyre important differences in the details of the two measure-
1Be [4] and !N [5] instead of the f,;, State. As another i

_ ( 172 : ments. In the present work, a gas target,,Chas used in-
example, it has been predict¢t-3] that the diffuseness of stead of a solid Chitarget. The gas target results in a drastic
nuclear densities for intermediate mass nuclei increases drgecrease of the backgroutsee below Also, only the exci-
matically when approaching the neutron drip line. Thes&ation function at 180¢c.m) in arbitrary units was measured
phenomena indicate that the parameters of the shell modg{ ref. [9], while in the experiment reported here measure-
potential can be unusual for nuclei at the borders of nucleafents were made at several angles. As a result, we have a
stability. Figure 1 shows how, for a light nucleus, the ener-petter determination of the positions and the widths of the
gies of the shell model levels in a Woods-Saxon potentialeyels which allows us to make conclusions about the param-
depend on the ratio of the diffuseness to radius parameters. dters of the interaction potential betwe¥® and protons.
can be seen in Fig. 1 that th@y}, and 2,, levels approach  The experiment was performed at the Texas A&M Uni-

each other as the ratio increases. One way to explain thgsjty Cyclotron Institute. AN beam was accelerated by
phenomena observed near the drip line is that the single-

particle potential changes its shape giving way to new shell ' ' '
structure. This effect can be tested by an analysis of the
nucleon widths of the single-particle states in drip-line nu-
clei, which are mainly dependent upon the geometrical pa-
rameters of the well.

15F is a good system to check the considerations above.
The lowest states ift°F are unstable to proton decay and
should have dominantly single-particle structure. The theo-
retical predictions for the single-particle spectroscopic fac-
tors are 0.944] and 0.97[6]. The first experiments ofPF
observed the ground state and the first excited Jfat.
The spins and parities 172and 5/2 were assigned using
information from the analog nucleus®C. The '°F states
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were populated in the multinucleon transfer reaction

20Ne(3He ,8Li)15F, which had very low cross section. As a FIG. 1. Shell model neutron binding energies vs the ratio of the

diffuseness parameter to the radius of the potential. The calculations
are made for a light nucleu®\=11), starting with typical param-
etersVo=-55 MeV, V,s=6 MeV, R=roAY3 ry=rq(Is)=1.2 fm, a

*Electronic address: goldberg@comp.tamu.edu =a,=0.6 fm, and keepin@+R=const.
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the K500 superconducting cyclotron to 11.9 MeV/nucleon.
The beam bombarded a hydrogen gas target of 9 cm Iengtsr?1
at LN, temperature and 1.9 atm pressure wittan# Havar
entrance and exit windows. The recoil spectrometer MARSttributed to the higher abundance of hydrogen in,CFhe
[12] was used to filter reaction products to produce #®@  other factors are the different initial energies$® and the
secondary beam. A beam purity of 99.9% was obtained withdifference in solid angle for the elastic scattering and back-
the admixtures beingBe and protons. The excitation func- ground events. The proton spectra produced by the interac-
tion of 14O +p elastic scattering was measured in a chambetion of %O with 12C are nearly continuous, with a maximum
filed by methane gas that was placed at the MARS focaht low energies, a bit above the Coulomb barrier. These pro-
plane (Fig. 2. A position sensitive avalanche counter tons originated mainly from the highest enefd® ions prior
(PSAQ was positioned before the entrance to the scatteringo when they lost part of their energy in the target. In the case
chamber to obtain position and timing information for eachof a solid target, the solid angle for different energies‘@
particle of the secondary beam. The efficiency of the PSAGs the samgthe solid target is very thin compared to the
was 100% at the available intensity of tHé0 beam of distance to a detectprin the present experiment the solid
10%pps, so it also determined the total numbet4® events. angle is small for interactions near the front of the target and
The angular divergence of the beam was 1.2°. large for interactions near the back of it. Consequently, the
The radioactive beam entered the scattering chambdow energy protons produced by the interaction of low en-
through a 12um thick organic foil. The'*O beam energy ergy“O with hydrogen, are detected with much higher solid
after the foil was 80.6 MeV with an energy spread of 1.5%.angle than the background protons from interaction of high
The 50 cm long chamber was filled with methane gas ofenergy*“O with *2C. The detectors were calibrated using an
99.0% purity at a pressure 310 Torr. The pressure of the gag source at the beginning of the experiment, between experi-
was adjusted so that the beam stopped before the detectorental runs, and at the end. During measurements, the de-
placed at 0°. Due to the large difference in energy loss, théector at 0° deteriorated, and its data were excluded from the
recoiling protons, created by the elastic scattering®éf on  detailed analysis.
hydrogen, easily penetrated through the gas into the array of The excitation functions for the elastléO+p scattering
AE-E Si detectors. Four detector telescopes were positioneith the c.m. system are shown in Fig. 4. As can be seen in Fig.
at 0°, —7.5°, +9.2°, and +16.5° relative to the beam directiord, different regions of the excitation functions which were
at the entrance window. TWAE detectors had thicknesses of measured at the same angle in the laboratory system, corre-
75 um, and two were 1 mm thick. This allowed for a more spond to different angles in the c.m. system due to the long
precise energy calibration of the broad part of excitationpath of the beam in the gas. The structure of the curves in
function without summing two detectors in the telescopeFig. 4 is due to Rutherford scattering at low energies, a dip at
More details of the method can be found elsewherel.1 MeV due to the interference between Rutherford scatter-
[5,10,11. Particle identification of the recoil protons was ing and a broad resonance at 1.5 MeV, and a peak of a few
made byAE—-E and time of flight(TOF) analysis; time of hundred keV width at 2.8 MeV. The experimental resolution
flight being given by signals from the PSAC and detec- in the region of 2.8 MeV peak was about 25 kétie main
tors. Using the TOFAE analysis, it was possible to identify contributions are the size of the beam spot; beam angular and
the low energy protons, which stopped in thE detectors. energy spread, 18 keV; and straggling in the gas, 14)keV
In addition to the CH gas, data were obtained with GO and deteriorated at lower energies, reaching 75 keV near
gas, to subtract background events from interactions with thé MeV. Convoluting the experimental resolution function
carbon in the methane gas. Figure 3 shows the experimentalith the predicted yield curve did not produce any noticeable
excitation function for the 9.2° angle together with the re-effect in they? analysis. The absolute calibration of energies
sults of the background run. The background rate, as seen in the c.m. system is better than +15 keV, which is domi-
Fig. 3, is very small. It is much smaller then in the experi- nated by the uncertainty in the angle of the incoming beam
ment of Ref.[9], especially at low proton energy. Conse- and the uncertainty in the energy loss 60 in methane,
quently, background subtraction does not influence the prewhich was taken to be 7%. The absolute cross sections were
cision of the final results. The difference in the backgroundobtained with a precision of £7%.
level in the present work and in RgB] can be only partly The experimental excitation functions were fit by means

FIG. 3. Experimental excitation function. The background is
own with thick bars at the bottom of the figure.
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1000/ TABLE I. Parameters of the Woods-Saxon potential.
g 8001 Parameters Yo/YF 5c 15
£ 600}
a Vo -58.9 -54.15 -53.67
2 400t
B Vg 6.4 6.4 6.4
S 200f
o 1.17 1.17 1.17
0 ro(sl) 1.17 1.17 1.17
- ro(Coulomb 121 1.21 121
g a 0.64 0.71 0.735
& 400! ag 0.64 0.64 0.64
g
% 200l Nucleon binding energyMeV)
o
0 1/2* 3.270/0.105 1.218 -1.290
5/2* 4.140/0.600 0.478 -2.795
= % or thes stateV,=-53.27.
E 400
;}’ calculation was carried out to obtain the energies of the two
g 200f | lowest states i°C. This results in too much binding for the
= states in question, but, what is more important, the calculated
0 levels are nearly degenerate.

There are two options to increase the spaces between the
300y 2s,/, and I, states in the Woods-Saxon based calculation:
_% (1) increase the diffuseness paramet&) decrease the
g 200r strength of the spin-orbit potential. In the second option, the
a energy splitting between theld,, and Id;;, levels decreases
E 1001 resulting in the #l, excitation energy int°C being below

4.7 MeV. But no 3/2 level in 1°C has been identified
0

10 15 20 25 30 35 around this energjl6]. The closest level to this region with
E (MeV) an unknown s:.pin is at 5.8 MeV. Therefore, we chose to
o change the diffuseness parameter. The parameters which
FIG. 4. Excitation functions for thd%0+p elastic scattering. 9€nerate the experimental values of the excitation energies of
The solid lines are fits with the parameters shown in the fourththe first two states it°C are shown in the third column of

column of Table I. The angles indicated in the pictures are the c.mlable I.
angles for two energies, 2.8 and 1.5 MeV. The top panel shows the These potential parameters were used to fit the measured
0° excitation function. The dotted curve shows the fit assuming @€Xcitation functions. The changes in c.m. angle with excita-
1/2* ground state and 372excited state. The dash-dotted curve tion energy for each detector were taken into account. The
shows the fit assuming a 17@round state and 572excited state. parameterVy, which influences the level positions, a@ad
The second panel shows the separate contributiossa@fve (dot-  which influences the width and the position of the levels,
dashed lingandd wave (dotted ling. The dashed line in the third were varied to define a two dimensiongt area. Then a
panel shows the best fit which has a diffuseness parameter gfimple function,u(a,V,), of the level position was deter-
0.64 fm. mined and the single parameter dependencg?oivas de-
fined. The data obtained with the 0° and the largest angle
of a Woods-Saxon potential with a spin-orbit term but nodetectors were excluded from the fit. The latter was excluded
imaginary part. The initial parameters of the potential weredue to low counting statistics. Good agreement is obtained
fixed by fitting the lowest 5/2and 1/2 levels in*’O(*'F)  with all experimental excitation functions using the same set
using a “reasonable” set of paramet¢is,14, which are of potential parameters, as can be seen in Fig. 4. The new
given in Table I. The Woods-Saxon potential with this set ofresonance parameters from the fit are summarized in the
parameters generates correct energies for the ground and tlrairth and the fifth column of Table II. The uncertainties
first excited states iR’O and’F to within about 100 keV. correspond to one standard deviation of the values.
(In this approach we neglect corrections, suchpas mass Other possible spin assignments were considered for the
and magnetic moment difference. The effect of these correcstates in question but the calculations clearly showed that the
tion could indeed be about 100 kd¥5]). The potential also character of the broad structures in Fig. 4 and the interfer-
generates thds, state in'’O at 5.35 MeV excitation energy ence with the Coulomb scattering determines unique spin
which is between two known 372levels at 5.1 and assignments. The fit at different angles verifies the assign-
5.9 MeV, but closer to the levdb.1 MeV) with the larger ments made. As an illustration, a fit with a I/&sonance
spectroscopic factofl4]. After modifying theV, parameter (instead of 1/2) and a fit with 3/2 (instead of 5/2) are
to account for the removal of two protons frotfO [13], a  shown in the figure.
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TABLE Il. Parameters of low-lying resonancesitF.

Level Ref. 17 Decay energyMeV) Width (MeV)
(7] (1/2 1.6+0.2 =0.9
[8] (1/2) 1.37+0.18 0.8+0.3
g.s. [17] (1/2 1.41+0.15 0.8+0.3
[9] 1/2 1.51+0.15 1.2
This work (V) 1/2* 1.24%8 0.7
This work (6°°) 1/2* 1.45738
[7 (5/2) 2.8+0.2 0.24+0.03
[8] (5/2) 2.67+0.1 0.5+0.2
First exc. [17] (5/2%) 2.54+0.07 0.27+0.07
[9] 5/2* 2.853+£0.045 0.34
This work 5/2 2.795+0.045 0.325+0.06

Information about the low-lying states #3F is given in  higher energies. Also, the nuclear potential phase increases
Table II. The most precise results come from resonance scawith energy. Therefore the features of the resonance are
tering. Even with small beam intensities, significant im- highly distorted by the interplay of the interference with the
provements in counting statistics have been obtained in theotential scattering. It is quite possible that the resonance in
resonance scattering measurements compared to the resufitéestion would manifest a different width in a direct reaction
obtained through multinucleon transfer reactions with stabléecause of the off shell amplitude contributing to the transfer
beams. Generally the data in Table Il are in reasonable agreéf a nucleon. The calculation, which is based on the behavior
ment with the exception of the result from R¢E7] for the  of the wave function in the potential well, results in a
excitation energy of the first excited state. A more detailed’00 keV resonance width, which is closer to that observed in
comparison of the resonance scattering results of[@gand  the direct reactions.
the present work indicates a systematic difference of about In Table Il we present two results for the energy of the
60 keV in the energies of both levels. It might be due to therésonance, one corresponding to the maximum of the cross
difficulties of taking into account the large angular spread ofsection(90°) and the other corresponding to the maximum of
the O beam in Ref[9]. As can be seen in Table I, the the wave function. The calculations, based on the fall-off of
energies of the states given by REJ] are higher than the the maximum of the wave function, were used to obtain the
other results shown in the table. width in Table Il. The parameters, which were obtained by

The width of the excited state was obtained through thghe fit to the binding energy of a neutron in two lowest states
resonance fit. The uncertainty in the width determination ign *°C, and the ones obtained by the fit to the energies and
mainly due to the fact that it is large. Also, interference withwidths of the mirror levels in'>F are practically the same.
the very broad ground state adds to the uncertainty. Th&he uncertainty of the width is correlated to the precision
value for the width found in the present analysis, 325 keV, iswith which the diffuseness parametes, is determined,
in a good agreement with the result of 340 keV found in Ref0.65<a=0.82. Hence a larger diffuseness parameter than
[9], but no uncertainty was quoted there. Also the presentor the *’O(*’F) case is needed to describe the level positions
value is in good agreement with the other results presented im 1°C and*°F, as well as the widths of the particle unstable
the table. states in‘SF.

The ground state of°F is a broad resonance. Thus itis  The only other way to describe the large experimental
necessary to specify what is meant by its energy and widthwidths of the single-particle states in question is to increase
In the potential approach one can find the maximum of thaghe radius parametery. In order to describe the widthrg
resonance wave function versus energy, and the maximum ofiust be increased up to over 1.3 fm, which makes the radius
the cross section of the elastic scattering, which correspondsarameter ofF greater than that df'F and destroys the fit
to the 90° phase shift. These values are the same for a narrdw 2s;, and s, levels with the same well depth parameter.
resonance. For the case of the broad *1f&€onance, the We note that in Ref[9], the authors needed a potential with
difference is about 150 keMSimilar results for the broad a large diffuseness parametar0.75 fm, to fit the data in
1/2" levels were also obtained earlier, see RE#s9)). The  spite of a largery parameter of 1.25 fm.
same problem occurs when extracting the width. If the sepa- The results obtained for the geometry of the potential for
rated contribution of the 1/2resonance is considered, the '°F assumed that the single-particle spectroscopic faoior
width (full width at half maximum of the resonance is about the reduced widthis very close to the single-particle limit,
1.2 MeV. But the peak is highly asymmetric due to thein agreement with theoretical predictions. If the spectro-
change in sign of the interference with the Coulomb interacscopic factor is less than the single-particle limit, it would
tion. The phase shift of the Coulomb interaction subtractsmean that the single-particle width is larger than the value
from the resonance phase at lower energies and adds to it thiat was found. This, in turn, would mean that the geometry
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parameters would need even a larger change than has be2i795+0.045 MeV and its width is 325+60 keV. The data

demonstrated here. on the energies of the lowest levels ftC and'°F together
The ground and first excited states'fiF were measured with the width of the excited state i#F give strong evi-

using the thick target method in inverse kinematics. Theyence for a large diffuseness of the nuclear potential that is

analysis of the data was made in the framework of the popeeded to describe single-particle features in drip-line nuclei.
tential model. The analysis results in unique spin-parity as-

signments for the states of 1/and 5/2, respectively!°F is The authors appreciate stimulating discussions with Pro-
unbound with respect to one-proton decay by 1.29 ofessor A. Mukhamedzhanov and Professor E. Saperstein.
1.45 MeV depending on the model interpretation of the po-This work was supported by the Department of Energy Grant
sition of this broad resonande-700 ke\). The first excited No. DE-FG03-93ER40773 and the National Science Foun-

state is unbound with respect to one-proton decay bylation Grant No. PHY02-030099.
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