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Identification of a new low-lying state in the proton drip line nucleus **Na
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The second excited statdT=1/2", £=0) of the proton-rich nucleu$®Na has been observed for the first
time using the elastic scattering reactibi(*®Ne,*H)*®Ne. An intense (& 10° pps) '®Ne 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 draiatrix fit. We find that the second excited state
in ®Na lies at the center-of-mass eneigy,, = 1.066+ 0.003 MeV with respect to th&Ne+ p threshold, and
has a proton widtd’,=101+3 keV. The Coulomb shift between the 1/mirror levels in*°0 and **Na is
0.73 MeV, among the largest values currently observed in light exotic nuclei.
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[. INTRODUCTION J7™=1/2" [1]. The parameters of the ground and the first
excited states, whose predicted widths are of the order of eV

The structure of nuclei near the drip lines is one of the[1], could not be obtained by the present technique and their
major current interests in nuclear physics. Proton-rich lightneasurement was therefore beyond the scope of this work.
nuclei are a remarkable case since the level scheme is not The experimental method is described in Sec. Il. The data
known for many Species_ For examp]e, almost no SpectroanalySiS is presented in Sec. lll, followed by the conclusions
scopic information is available o#Na, which is proton un- in Sec. IV.
bound by 32113 keV [1]. Even though it is not far from
stability, very little is known experimentally about its struc- Il. EXPERIMENTAL METHOD
ture and level scheme: there are no spin assignments, and
only the location of the ground state and of the first excited
state have been determined by nuclear reactions involvin
stable beam§2,3]. The ®Na nucleus has also some interest
for nuclear astrophysics. THENe(2p, y)*Mg reaction may
play a role on long-lived waiting point isotopes near the

We have used the inverse elastic scattering technique by
ombarding a proton-rich target with‘@Ne beam at differ-
nt laboratory energies. The elastic scattering technique has
been widely applied in the past for nuclear spectroscopy
studies[6—9]. It makes use of the sensitivity of the protons
. . to the presence of a resonant state in the compound nucleus.
proton drip lines for the'p-process reaction flow, although \ynen the resonant state is scanned with the appropriate ion
very high densities would be requirgd]. However, only the oo and target, the recoil proton spectra show spectacular
Q value of the*®Ne(p,p) **Ne reaction is of relevance as the changes when detected at forward laboratory angles. These
width of its resonances does not enter the reaction rate b%‘pectra contain precise information on the resonance energy,
cause production and decay 6fNa are in an equilibrium  angular momentum, and width provided all experimental ef-
[5]. fects, mainly the energy resolution and angular resolution of

The intense low-energy®Ne radioactive beam at the the detectors, are properly taken into accoui.
Louvain-la-Neuve CRC-RIB facility has made possible the Post-accelerated radioactive beams BNe&*™ at Ej,
study of the low-lying states of°Na. The aim of the present =21 and 23.5 MeV, and®Ne*" at E,,,=28 MeV, respec-
experiment was to measure the location and the width of théively, were provided by the CYCLONE110 cyclotron. The
second excited state dfNa, which according to the mirror 8Ne atoms were produced through tHE(p,2n)8Ne reac-
nucleus®O (E,=1.4717-0.0004 MeV) should have a spin tion by bombarding a LiF target with an intense 30-MeV
proton beam produced by the CYCLONE30 cyclotron and
were ionized to the 2 or to the 3" state in a ECR source,

*Permanent address: NIPNE, P.O. Box MG-6, Magurele-before being post-accelerated. A detailed description of the

Bucharest, Romania. production of the'®Ne radioactive beam can be found in
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Ref.[11]. The average intensity of th®Ne beams on target ‘ (a)
was of the order of %10 pps, which was maintained for 450
periods of several days, allowing us to obtain excellent sta-
tistics for each of the three beam energidise statistical
error of the proton events per energy bin of 25 keV at each
angle ranges between 1% and 8% for all enejgiHse target
consisted of a 0.5-mg/chpolyethylene (CH),, foil with a
very thin Au coating evaporated on the upstream face of the
target. We obtained a target thickness of (52M) ng/cn?

by measuring the energy loss of the 28-Mé¥Ne beam
[12]. The target thickness and the three different beam ener- 300
gies have been chosen such that the energy range of interest 800 (0)
could be scanned and the expected interference pattern could E,gne = 23.5 MeV

clearly show up. A thicker (C}), target could be used to

scan the energy range of interest using a single beam energy. o
However, the energy straggling of the beam and of the recoil  §
protons would have been larger, introducing an additional 8
uncertainty in the data. The thickness of the Au layer, used

for normalization purposegsee beloy, was obtained by 200 +
bombarding the targets with a 5.6-Me\Li beam. The scat-
tered ’Li on Au and the recoil protons from th&H(’Li, 1H) § . . . .
reaction were detected simultaneously in a PIPS detector lo- 0 1 2 3 4 5
cated at 60° with respect to the beam axis. The number of Au Laboratory proton energy (MeV)
atoms in the targell 5, can be calculated from the relation

400 .
recoil protons

350 " recoil ’C

TOF (channel number)

600 g, =49°

400

FIG. 1. () Summed TOF spectra #@,,=4.9° obtained with a
Cp (daldQ)ip 23.5-MeV ®Ne beam on a “nominal” O.5-mg/cﬁ1polyethylen§
= p? (da’/T)-' (1) target. The recoil protons are marked by a selection on the figure.
Li Li+Au (b) The proton signal is shown as a function of the proton labora-
tory energy.

NAu

whereN,, is the number of H atoms in the targ&t, andC;

are the number of detected recoil protons and scattered Lj,,m obtained with a 23.5-MeV¥8Ne beam on a 0.5-mg/dm

respectively, anddo/dQ).p, (do/dQ)iisa, are the dif- oo ethylene target during 2 days of running time. The spec-

fggenn:;ml_ jCross  sections for "HCLIL"H)'LT -~ and  4m was obtained by adding the calibrated singles spectra
Au("Li, Li) *"Au, respectively. TheH("Li, H)'Licross  fom several LEDA strips at the smallest measured labora-

section value was obtained from literatur3]. We have tory anglef,,=4.9°. This spectrum corresponds also to the

assumed ~a pure Rutherford cross —section fohie with lowest accumulated statistiésmallest solid

"Au(’Li, "Li) **"Au. We derived a Au layer thickness of angle. The recoil protons, marked by a selection on the fig-
8.00.5 ,ug/_cmz. i ure, are well separated from the recoif€, not completely

The recoil protons were detected in two LEDA segmentedstopped in the mylar foil, and the uncorrelatgd back-
silicon detector arrayfl4] situated at about 62 and 12 cm ground. In Fig. 1b), only the proton signal is shown as a
from the target. Due to the kinematical variation of the recoil¢,tion of the proton laboratory energy. The interference
proton energy with laboratory angle, only the 20 most for-paterm petween awave resonance and the Rutherford con-
ward angles were used aWp=4.9°-11.7° @cm  tribution is clearly present. Similar spectra were obtained at
=170.2°~156.6°) .and Oran= 22'60,_29'90 Ocm  all measured angles and at beam energies of 21.0, 23.5, and
=131.0°~120.2°), with angular resolutidb,,=0.2° and 28 o MeV, covering laboratory proton energies from 2.1 to

0.9°, respectively. An 1gm-thick Mylar foil was situated 5 5 pev. Data obtained at overlapping energy regions are in
in front of all LEDA sectors, except one, to stop the high gycellent agreement.

energy scattereéfNe and most of the recoiletfC particles,

and therefore to reduce the data acquisition de_ad_time. The 1. DATA ANALYSIS AND DISCUSSION
“uncovered” LEDA sector was used for monitoring the _ _ _
number of incoming beam particles by detecting tisle In reverse kinematics, the c.m. energy,, is related to

ions scattered on the thin Au layer, assuming a purely Ruththe laboratory energy of the protorts,, recoiling at the

erford elastic cross section fdf’Au(*Ne,*®Ne)'%Au at the  laboratory angléd,, by

measured energies. The advantage of this method is that one

obtains an intrinsic normalization simultaneously to the re- E —Ex Mp+1

coil proton measurement. cm: 4M, coL0,,,’
For each LEDA strip, not only the energy but also the

time-of-flight (TOF) of the particle with respect to the cyclo- whereMy, is the mass number of the beam. The tranforma-

tron rf were recorded and displayed in a two-dimensionation of the scattering angle and the differential cross section

spectrum. Figure (&) shows a typical two dimensional spec- to the c.m. frame is given by

2
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Ocm=mT—203 ) 500

- 0 (a)
and 400 | O.m =170.2 "y
do do 800
m(Ec.ma Ocm)= dTlab(Elab- B1ap)/4 COSO)a.  (4) 200
The proton spectra are slightly degraded by two experi- 100
mental effects(i) the opening angle of the detectors,y), . .
introducing an uncertainty in the proton enemyi , , given 0
by [7] 07 08 09 1 11 12 13 14 15
)
AE9=2Eptam9|abA O1ab» (5) S 500
) _ _ E O, =156.6° (b)
and (i) the energy straggling of the protodeE,qin the s 400 [

target and in the mylar foil used to stop the heavier ions. A-
good estimate oA Eg,4is obtained by using the Bohr for-
mula[15]. The total energy broadeningd\E) is obtained by
adding quadraticallAE, andAEgy,4 Typical values oAE
are 12 keV for a laboratory angle &f,,=4.9°, 17 keV for
Olab=11.7° (AEgaq is the most important contribution in
both cases and 40 keV for6,,,=29.9° (AE, is the most
important contribution

From the recoil proton spectra we have obtained differen-
tial cross sections, for each of the 20 laboratory angles anc 500
for c.m. energies in the rande, ,=0.7-1.5 MeV, by cor-

300 |

200 |

100

differential cross sect

recting the number of counts for the solid angle of the detec- 400

tors, the number of protons in the target, and the total num-

ber of incident beam particlésbtained by the normalization 300

on Au, as explained aboyeCorrections for energy loss in

the target and in the mylar foil have also been applid. 200

Figure 2 shows the differential cross section versus c.m. en 100

ergies for three typical c.m. angléa) 170.2°, (b) 156.6°,

and(c) 120.2°. The total error includes the statistical error 0 — —

and the uncertainties due to the normalization and the energ 07 08 09 1 1.1 12 13 14 15

calibration. The dotted curve is the Rutherford cross section.
We have used th&matrix formalism[16] to fit the dif-

ferential cross sections in the 120.2°~170.2° angular_ range piG. 2. Elastic cross section versus c.m. energies for the system
and the 0.7-1.5-MeV c.m. energy range. In tRematrix 18Ne+ p for c.m. anglega) 170.2°,(b) 156.6°, andc) 120.2°. The
theory, the nuclear phase shift is defined by thicker solid curves ar®matrix fits (a=5 fm) with parameters of
Table I, that includes an energy correction for opening angle and
beam straggling. The thinner solid curve are the fits obtained with-

¢ ] out AE folding. The dotted curves are the Rutherford cross sec-
wheres,s and 85 are the hard-sphere and tRematrix phase  tions.

shifts, respectively. Here, we have used hard-sphere phase
shifts for all partial waves{ values up t ,,,,= 2 have been
taken into accountexcept for€ =0, where we have applied
the R-matrix phase shift given by

c.m. energy [MeV]

8'= 615t Ok, (6)

with a Gaussian distribution, with a full width at half maxi-

mumAE, which was set equal to the total energy broadening

as calculated above.

We have tested the sensitivity of the fit to tRematrix

7) channel radius by performing global fits for three different
valuesa=4,5, and 6 fm. The results of these fits are pre-
sented in Table I. The quoted errors include an uncertainty of

whereP, and S, are thef =0 penetration and shift factors, 3 keV due to the data bining. We have adopted the values for

respectively, andR® is the R-matrix defined with a single a=5 fm, which provides the lowesy?/N value, y?/N

pole. The fitted parameters are the pole parameters converted0.44 for Egx=1.066-0.003 MeV andl',=101+3 keV.

to the resonance enerdsg and the proton widtH", of the =~ The small errors are due to the strong sensitivity6fwith

1/2" state in'®Na (in R-matrix notation Eg andl'p are “ob-  respect tdeg andI’,. The thicker solid curve in Fig. 2 is the

served” parametejsin order to account for the experimental R-matrix fit (a=5 fm) for the adopted value§able |) and

effects described above, we have convoluted the calculatioriacludes the correction for opening angle and beam strag-

PoR?
59%= arctano—o,
1- SR
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TABLE |. Results of theR-matrix fits (N=367).

a=4 fm a=5 fm a=6 fm

Er (MeV) 1.067+0.003 1.066:0.003 1.064:0.003

I, (keV) 104=3 101+3 95+ 3
X2IN 0.53 0.44 0.49
65 (%) 29.8 229 216

gling discussed above. The thinner solid cufueresolved
for (a)] corresponds t& E= 0. R-matrix fits using other spin
assignments strongly disagree with the experimental dat
The dimensionless reduced Widﬁi represents more than
20% of the Wigner limit. This value is similar to or even
larger than the reduced width é=0 states in other nuclei
such as N (E,=2.37 MeV, #2=21.8%) or O (E,
=5.17 MeV, 65=21.4%).

The isobar dlagram for the mirror nuclé&lO and *Na is
shown in Fig. 3, including the new 1/2state in°Na. The

E, (MeV) E, (MeV)
----------- ¥0+n
o
apF——— 3t 3L
7/2*
2 2
1.472 1o
A \_
0.745 172*
o [0.096 3/2* o 120 (327)
5t — (5/2")
0321 . "ENe+p
190 19N a

FIG. 3. Isobar diagram fot°0 and **Na.
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large 02 value is also consistent with the important Coulomb
shift (shown by an arrow in the figureln 1°0, the excitation
energy of the mirror state 5,=1.472 MeV[1] whereas itis
E,=0.745-0.013 MeV for °®Na. This Coulomb shift
(~0.73 MeV) is among the largest values observed in light
nuclei. It is typical of deformed states, found in nuclei near
the drip lines.

IV. CONCLUSIONS

Using a low-energy'®Ne radioactive beam and a thin

golyethylene target we have measured the elastic scattering

reaction 'H(*®Ne,'H)'®Ne. From a globaR-matrix fit for
c.m. energiesE. ,=0.7-1.5 MeV and c.m. angleg.,
=120.2°-170.2°, we have determined the energy and the
width of the 1/2 state in*®Na, Eg=1.066+0.003 MeV and
I',=101*+3 keV. This state corresponds to the mirror of the
E =1.472 MeV state in*®0. We find a very large reduced
Wldth typical of deformed states. Consequently the Coulomb
shift of this state with respect to the mirror one 10 is
among the largest values observed in light nuclei.
According to the mirror nucleust®O, several states
should be present in the c.m. energy range 2—-3 MeV. In
order to obtain a global picture of the low-energy states of
9Na, further investigations are planned in the near future.
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