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Identification of a new low-lying state in the proton drip line nucleus 19Na
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The second excited state (Jp51/21, ,50) of the proton-rich nucleus19Na has been observed for the first
time using the elastic scattering reaction1H(18Ne,1H)18Ne. An intense (43106 pps) 18Ne radioactive beam
was produced at the CRC-RIB facility at Louvain-la-Neuve to bombard a polyethylene target. The recoil
protons were detected at 20 different angles in the LEDA segmented silicon detector. The resulting elastic
scattering cross sections have been analyzed using a globalR-matrix fit. We find that the second excited state
in 19Na lies at the center-of-mass energyEc.m.51.06660.003 MeV with respect to the18Ne1p threshold, and
has a proton widthGp510163 keV. The Coulomb shift between the 1/21 mirror levels in 19O and 19Na is
0.73 MeV, among the largest values currently observed in light exotic nuclei.

DOI: 10.1103/PhysRevC.67.014308 PACS number~s!: 27.20.1n, 23.50.1z, 24.30.2v, 25.60.2t
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I. INTRODUCTION

The structure of nuclei near the drip lines is one of t
major current interests in nuclear physics. Proton-rich li
nuclei are a remarkable case since the level scheme is
known for many species. For example, almost no spec
scopic information is available on19Na, which is proton un-
bound by 321613 keV @1#. Even though it is not far from
stability, very little is known experimentally about its stru
ture and level scheme: there are no spin assignments,
only the location of the ground state and of the first exci
state have been determined by nuclear reactions invol
stable beams@2,3#. The 19Na nucleus has also some intere
for nuclear astrophysics. The18Ne(2p,g)20Mg reaction may
play a role on long-lived waiting point isotopes near t
proton drip lines for therp-process reaction flow, althoug
very high densities would be required@4#. However, only the
Q value of the18Ne(p,p)18Ne reaction is of relevance as th
width of its resonances does not enter the reaction rate
cause production and decay of19Na are in an equilibrium
@5#.

The intense low-energy18Ne radioactive beam at th
Louvain-la-Neuve CRC-RIB facility has made possible t
study of the low-lying states of19Na. The aim of the presen
experiment was to measure the location and the width of
second excited state of19Na, which according to the mirro
nucleus19O (Ex51.471760.0004 MeV) should have a spi
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Jp51/21 @1#. The parameters of the ground and the fi
excited states, whose predicted widths are of the order of
@1#, could not be obtained by the present technique and t
measurement was therefore beyond the scope of this wo

The experimental method is described in Sec. II. The d
analysis is presented in Sec. III, followed by the conclusio
in Sec. IV.

II. EXPERIMENTAL METHOD

We have used the inverse elastic scattering technique
bombarding a proton-rich target with a18Ne beam at differ-
ent laboratory energies. The elastic scattering technique
been widely applied in the past for nuclear spectrosco
studies@6–9#. It makes use of the sensitivity of the proton
to the presence of a resonant state in the compound nuc
When the resonant state is scanned with the appropriate
beam and target, the recoil proton spectra show spectac
changes when detected at forward laboratory angles. Th
spectra contain precise information on the resonance ene
angular momentum, and width provided all experimental
fects, mainly the energy resolution and angular resolution
the detectors, are properly taken into account@10#.

Post-accelerated radioactive beams of18Ne21 at Elab
521 and 23.5 MeV, and18Ne31 at Elab528 MeV, respec-
tively, were provided by the CYCLONE110 cyclotron. Th
18Ne atoms were produced through the19F(p,2n)18Ne reac-
tion by bombarding a LiF target with an intense 30-Me
proton beam produced by the CYCLONE30 cyclotron a
were ionized to the 21 or to the 31 state in a ECR source
before being post-accelerated. A detailed description of
production of the18Ne radioactive beam can be found

-
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Ref. @11#. The average intensity of the18Ne beams on targe
was of the order of 43106 pps, which was maintained fo
periods of several days, allowing us to obtain excellent s
tistics for each of the three beam energies~the statistical
error of the proton events per energy bin of 25 keV at e
angle ranges between 1% and 8% for all energies!. The target
consisted of a 0.5-mg/cm2 polyethylene (CH2)n foil with a
very thin Au coating evaporated on the upstream face of
target. We obtained a target thickness of (520610) mg/cm2

by measuring the energy loss of the 28-MeV18Ne beam
@12#. The target thickness and the three different beam e
gies have been chosen such that the energy range of int
could be scanned and the expected interference pattern c
clearly show up. A thicker (CH2)n target could be used to
scan the energy range of interest using a single beam en
However, the energy straggling of the beam and of the re
protons would have been larger, introducing an additio
uncertainty in the data. The thickness of the Au layer, u
for normalization purposes~see below!, was obtained by
bombarding the targets with a 5.6-MeV7Li beam. The scat-
tered 7Li on Au and the recoil protons from the1H(7Li, 1H)
reaction were detected simultaneously in a PIPS detecto
cated at 60° with respect to the beam axis. The number o
atoms in the targetNAu can be calculated from the relation

NAu5Np

Cp

CLi

~ds/dV!Li1p

~ds/dV!Li1Au
, ~1!

whereNp is the number of H atoms in the target,Cp andCLi
are the number of detected recoil protons and scattered
respectively, and (ds/dV)Li1p , (ds/dV)Li1Au are the dif-
ferential cross sections for 1H(7Li, 1H)7Li and
197Au(7Li, 7Li) 197Au, respectively. The1H(7Li, 1H)7Li cross
section value was obtained from literature@13#. We have
assumed a pure Rutherford cross section
197Au(7Li, 7Li) 197Au. We derived a Au layer thickness o
8.060.5 mg/cm2.

The recoil protons were detected in two LEDA segmen
silicon detector arrays@14# situated at about 62 and 12 c
from the target. Due to the kinematical variation of the rec
proton energy with laboratory angle, only the 20 most f
ward angles were used atu lab54.9° –11.7° (uc.m
5170.2° –156.6°) and u lab522.6° –29.9° (uc.m
5131.0° – 120.2°), with angular resolutionDu lab.0.2° and
0.9°, respectively. An 18-mm-thick Mylar foil was situated
in front of all LEDA sectors, except one, to stop the hi
energy scattered18Ne and most of the recoiled12C particles,
and therefore to reduce the data acquisition dead time.
‘‘uncovered’’ LEDA sector was used for monitoring th
number of incoming beam particles by detecting the18Ne
ions scattered on the thin Au layer, assuming a purely Ru
erford elastic cross section for197Au(18Ne,18Ne)197Au at the
measured energies. The advantage of this method is tha
obtains an intrinsic normalization simultaneously to the
coil proton measurement.

For each LEDA strip, not only the energy but also t
time-of-flight ~TOF! of the particle with respect to the cyclo
tron rf were recorded and displayed in a two-dimensio
spectrum. Figure 1~a! shows a typical two dimensional spe
01430
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trum obtained with a 23.5-MeV18Ne beam on a 0.5-mg/cm2

polyethylene target during 2 days of running time. The sp
trum was obtained by adding the calibrated singles spe
from several LEDA strips at the smallest measured labo
tory angleu lab54.9°. This spectrum corresponds also to t
angle with lowest accumulated statistics~smallest solid
angle!. The recoil protons, marked by a selection on the fi
ure, are well separated from the recoiled12C, not completely
stopped in the mylar foil, and the uncorrelatedb back-
ground. In Fig. 1~b!, only the proton signal is shown as
function of the proton laboratory energy. The interferen
pattern between as-wave resonance and the Rutherford co
tribution is clearly present. Similar spectra were obtained
all measured angles and at beam energies of 21.0, 23.5
28.0 MeV, covering laboratory proton energies from 2.1
5.5 MeV. Data obtained at overlapping energy regions are
excellent agreement.

III. DATA ANALYSIS AND DISCUSSION

In reverse kinematics, the c.m. energyEc.m. is related to
the laboratory energy of the protonsEp , recoiling at the
laboratory angleu lab by

Ec.m.5Ep3
Mb11

4Mb cos2u lab

, ~2!

whereMb is the mass number of the beam. The tranform
tion of the scattering angle and the differential cross sec
to the c.m. frame is given by

FIG. 1. ~a! Summed TOF spectra atu lab54.9° obtained with a
23.5-MeV 18Ne beam on a ‘‘nominal’’ 0.5-mg/cm2 polyethylene
target. The recoil protons are marked by a selection on the fig
~b! The proton signal is shown as a function of the proton labo
tory energy.
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uc.m.5p22u lab ~3!

and

ds

dVc.m
~Ec.m,uc.m.!5

ds

dV lab
~Elab,u lab!/4 cosu lab. ~4!

The proton spectra are slightly degraded by two exp
mental effects:~i! the opening angle of the detectors (Du lab),
introducing an uncertainty in the proton energyDEu , given
by @7#

DEu 52Ep tanu labDu lab, ~5!

and ~ii ! the energy straggling of the protonsDEstrag in the
target and in the mylar foil used to stop the heavier ions
good estimate ofDEstrag is obtained by using the Bohr for
mula @15#. The total energy broadening (DE) is obtained by
adding quadraticallyDEu andDEstrag. Typical values ofDE
are 12 keV for a laboratory angle ofu lab54.9°, 17 keV for
u lab511.7° (DEstrag is the most important contribution in
both cases!, and 40 keV foru lab529.9° (DEu is the most
important contribution!.

From the recoil proton spectra we have obtained differ
tial cross sections, for each of the 20 laboratory angles
for c.m. energies in the rangeEc.m.50.7–1.5 MeV, by cor-
recting the number of counts for the solid angle of the det
tors, the number of protons in the target, and the total nu
ber of incident beam particles~obtained by the normalization
on Au, as explained above!. Corrections for energy loss in
the target and in the mylar foil have also been applied@12#.
Figure 2 shows the differential cross section versus c.m.
ergies for three typical c.m. angles~a! 170.2°, ~b! 156.6°,
and ~c! 120.2°. The total error includes the statistical er
and the uncertainties due to the normalization and the en
calibration. The dotted curve is the Rutherford cross sect

We have used theR-matrix formalism@16# to fit the dif-
ferential cross sections in the 120.2° –170.2° angular ra
and the 0.7–1.5-MeV c.m. energy range. In theR-matrix
theory, the nuclear phase shift is defined by

d,5dHS
, 1dR

, , ~6!

wheredHS
, anddR

, are the hard-sphere and theR-matrix phase
shifts, respectively. Here, we have used hard-sphere p
shifts for all partial waves (, values up to,max52 have been
taken into account! except for,50, where we have applied
the R-matrix phase shift given by

dR
05arctan

P0R0

12S0R0
, ~7!

whereP0 andS0 are the,50 penetration and shift factors
respectively, andR0 is the R-matrix defined with a single
pole. The fitted parameters are the pole parameters conv
to the resonance energyER and the proton widthGp of the
1/21 state in19Na ~in R-matrix notation,ER andGp are ‘‘ob-
served’’ parameters!. In order to account for the experiment
effects described above, we have convoluted the calculat
01430
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with a Gaussian distribution, with a full width at half max
mumDE, which was set equal to the total energy broaden
as calculated above.

We have tested the sensitivity of the fit to theR-matrix
channel radiusa by performing global fits for three differen
valuesa54,5, and 6 fm. The results of these fits are p
sented in Table I. The quoted errors include an uncertaint
3 keV due to the data bining. We have adopted the values
a55 fm, which provides the lowestx2/N value, x2/N
50.44 for ER51.06660.003 MeV andGp510163 keV.
The small errors are due to the strong sensitivity ofx2 with
respect toER andGp . The thicker solid curve in Fig. 2 is the
R-matrix fit (a55 fm) for the adopted values~Table I! and
includes the correction for opening angle and beam str

FIG. 2. Elastic cross section versus c.m. energies for the sys
18Ne1p for c.m. angles~a! 170.2°,~b! 156.6°, and~c! 120.2°. The
thicker solid curves areR-matrix fits (a55 fm) with parameters of
Table I, that includes an energy correction for opening angle
beam straggling. The thinner solid curve are the fits obtained w
out DE folding. The dotted curves are the Rutherford cross s
tions.
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gling discussed above. The thinner solid curve@unresolved
for ~a!# corresponds toDE50. R-matrix fits using other spin
assignments strongly disagree with the experimental d
The dimensionless reduced widthup

2 represents more tha
20% of the Wigner limit. This value is similar to or eve
larger than the reduced width of,50 states in other nucle
such as 13N (Ex52.37 MeV, up

2521.8%) or 14O (Ex

55.17 MeV, up
2521.4%).

The isobar diagram for the mirror nuclei19O and 19Na is
shown in Fig. 3, including the new 1/21 state in 19Na. The

FIG. 3. Isobar diagram for19O and 19Na.

TABLE I. Results of theR-matrix fits (N5367).

a54 fm a55 fm a56 fm

ER ~MeV! 1.06760.003 1.06660.003 1.06460.003
Gp ~keV! 10463 10163 9563
x2/N 0.53 0.44 0.49
up

2 ~%! 29.8 22.9 21.6
n-

01430
ta.

largeup
2 value is also consistent with the important Coulom

shift ~shown by an arrow in the figure!. In 19O, the excitation
energy of the mirror state isEx51.472 MeV@1# whereas it is
Ex50.74560.013 MeV for 19Na. This Coulomb shift
(;0.73 MeV) is among the largest values observed in lig
nuclei. It is typical of deformed states, found in nuclei ne
the drip lines.

IV. CONCLUSIONS

Using a low-energy18Ne radioactive beam and a thi
polyethylene target we have measured the elastic scatte
reaction 1H(18Ne,1H)18Ne. From a globalR-matrix fit for
c.m. energiesEc.m.50.7–1.5 MeV and c.m. anglesuc.m
5120.2° –170.2°, we have determined the energy and
width of the 1/21 state in19Na, ER51.06660.003 MeV and
Gp510163 keV. This state corresponds to the mirror of t
Ex51.472 MeV state in19O. We find a very large reduce
width, typical of deformed states. Consequently the Coulo
shift of this state with respect to the mirror one in19O is
among the largest values observed in light nuclei.

According to the mirror nucleus19O, several states
should be present in the c.m. energy range 2–3 MeV.
order to obtain a global picture of the low-energy states
19Na, further investigations are planned in the near futur
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