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The level structure of the unbound nucleldsl has been studied bY’C+ p elastic resonance scattering in
inverse geometry with the LISE3 spectrometer at GANIL, usinfG beam with an energy of 9.0 MeV/
nucleon. An additional measurement was done at the A1200 spectrometer at MSU. The excitation function
above the'®C+p threshold has been determined up to 5 MeV. A potential-model analysis revealed three
resonance states at energies 12 MeV (I'=1.44+0.2 MeV), 2.01" 322 MeV (I'=0.84+0.2 MeV), and
3.75+0.05 MeV (I'=0.60+0.05 Me\) with the spin-parity assignment&=1* 1~ 5% respectively. Hence,
1IN is shown to have a ground state parity inversion completely analogous to its mirror gAB@eA narrow
resonance in the excitation function at 4:33.05 MeV was also observed and assigned spin péﬁty

PACS numbsg(s): 21.10.Hw, 21.10.Pc, 25.40.Ny, 27.20

[. INTRODUCTION simple reactions involving radioactive nuclei. An example is
given in this paper where elastic resonance scattering of a
The exploration of exotic nuclei is one of the most in- °C beam on a hydrogen target was used to study the un-
triguing and fastest expanding fields in modern nuclear physeound nucleus!N. With heavy ions as beam and light par-
ics. The research in this domain has introduced many newicles as target, the technique employed here is performed in
and unexpected phenomena of which a few examples ai@verse geometry. The use of a thick gas target instead of a
halo systems, intruder states, soft excitation modes, and rasolid target is another novel approach. This technique has
B-delayed particle decays. To comprehend the new featurdseen developed at the Kurchatov Instit{iig where it has
of the nuclear world that are revealed as the driplines arbeen employed to study unbound cluster states with stable
approached, reliable and unambiguous experimental data abeams[2]. The perspectives of using radioactive beams in
needed. Presently available data for nuclei close to the drignverse kinematics reactions to study exotic nuclei are dis-
lines mainly give ground-state properties as masses, grourglissed in Ref[3] and the method was used in Réf].
statel ™, and p-decay half-lives. Also information on ener- Resonance elastic scattering in inverse kinematics using ra-
gies, widths, and quantum number$ of excited nuclear dioactive beams and a solid target has been used at Louvain-
levels are vital for an understanding of the exotic nuclei butla-Neuve[5,6].
are to a large extent limited to what can be extracted fm This experiment is part of a large program for investigat-
decays. Nuclear reactions can give additional information, inng the properties of halo states in nudléi. A well studied
particular concerning unbound nuclear systems. Howevehalo nucleus is''Be where experiments have demonstrated
the exotic species are mainly produced in complicated readhat the ground state halo mainly consists of ap.lneutron
tions between stable nuclei. These processes are normally faoupled to the deformet’Be core[8,9], in contradiction to
too complex to allow for spin-parity assignments of theshell-model which predicts that the odd neutron should be in
populated states, and hence are of limited use for spectr@ Op,,, state. The @, level is in reality the first excited
scopic investigations. Instead of using complex reactions bestate, while the ground state is &;% intruder level[10].
tween stable nuclei, the driplines can be approached ihis discovery has been followed by numerous papers inves-
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stigating the inversion, e.g., Ref$11,12. The mirror  where
nucleus oft'Be, !N, should have @ " ground state with the
odd proton being mainly in thesl,, orbit, if the symmetry zZ
of mirror pairs holds. However!N is unbound with respect ACO)= 20 SIR(012)
to proton emission which means that all states are resonances
that can be studied in elastic scattering reactions. The first ” i st of 5=
experiment devoted to a study of the properties of the low- + ﬂgo [(I+1)(e” —=1)+1(e” —1)]
energy structure of'!N used the three-nucleon transfer-
reaction **N(®He *He)!'N. The results indicated a resonant x e291P| (cosf) 2
state at 2.24 Me\[13] which was interpreted as the first
excited; ~ state rather than th®" ground state. and

In this paper we present excitation functions at laboratory
(lab) angles of 0° measured at GAN[4] and MSU, and at P = . o
12.5° with respect to the beam direction measured at B(9)= ﬂE (e?% —e? )e?1Pl(cos),
GANIL. A thorough analysis, using a potential model as well 1=0
as a simplifiedR-matrix treatment, gives unambiguous deter-
mination of the quantum structure of the three lowest resoWheree
nances in thé’®C+p system.

olitl o) N[ Usir?(6/2)]

291 js defined by

_ T+1+i/k)

2i0’|_
T(+1-i/k)

)
Il. ELASTIC RESONANCE SCATTERING:

METHOD AND FORMALISM . .
The symbol* denotes states with=1+1/2, z is the proton

The first description of elastic resonance scattering wagharge Z is the charge of the zero-spin particle, gmds the
given by Breit and Wignef14], and it is now a theoretically reduced mass of the system. Furtherlefines the relative
well understood reaction mechanigitb,16. Traditionally,  velocity between the particlek is the magnitude of the
elastic resonance scattering experiments have been pegave vector,o, is the Coulomb phase shift, arfe}(cosé)
formed by bombarding a thin target with a light ion beam,and P{(cos#) are the Legendre polynomials and associated
narrow in space and time. To obtain an excitation function_egendre polynomials, respectively.
the beam energy then had to be changed in small steps of the The first term inA(6) represents the Coulomb scattering.
order of the experimental resolution. The need for a radioacThe other terms i\(#) andB(#6) express scattering due to
tive target severely limits the applicability of this method to nyclear forces. The phase shift is the sum of the phase

investigations in regions close 16 stability. However, itis shift from hard sphere scattering ¢, and the resonant
possible to produce dripline species in simple reactions innyclear phase shif, :

volving radioactive nuclei. When using this approach, the
beam_ is qor_npo_sed of radioactive |ons_and _the target of _Ilght ST=B"—gf,, S =p —d. (4
nuclei, eliminating the need for a radioactive target. Since
this is the inverse setup to the one traditionally used in scat-

- . . . The differential cross section has its maximum in the vi-
tering gxpgnments, the method is usually denoted as elaStE%nity of the position where the phase shift passes through
scattering in inverse geometry.

The advantage of using gas instead of a solid target i n+ 1) . Therefore, a frequently used definition of the reso-

; 1 .
twofold. First, the thickness of a gas target can be change alr:acteoes?;e (;g/yréssxr:aer:f:ég;tze)r;:]'gsaielggf clxlt/\;ﬁ g?gl%é.
ggggggﬁ/ﬁﬁ taa?r(g]e?&il:”\geg h%dr{quosggr?eghui g?ﬁeptr)i?;:rs‘;wzq > simplified. At this angle, onlyn:(_) substates contribute to
: haR ; o e cross section and both potential and Coulomb scattering
eters of radioactive ion beaniRIB’s) are limited; the spread are minimal. An advantage of the inverse geometry setup is
in both energy and space are much larger than what can q possibilitgl to measure at 180° c.m
obtained for stable beams, and the intensities are of course T
much smaller. As will be seen below, the beam properties are
not of great importance in the experimental approach used A. Kinematical relations
here. Elastic resonance scattering is characterized by large \we define the laboratory energies of the bombarding par-
cross sections and is therefore well suited for use with lowyjcles before the interaction in inver$g) and conventional
intensity RIB’s. These and several other features of the elagT) geometry as€€, and T,, respectively. The notation used
tic resonance scattering in inverse geometry on thick targetgainly follows Ref.[17], primed energies being in the c.m.
will be illuminated in the following subsections. system. In the followingm andM denote the masses of the
The expressions for elastic cross section in the case qfynt and heavy particles, respectiveBy, andT,, define the
proton scattering on spinless nuclei, E@.and(2), can, for  |aporatory energies of the heavy particle after interaction in
example, be found in Ref16], the two systems, whil&,, andT,, are the analog entities for
the light particle. The scattering angle in the laboratory sys-
d_U:|A( 0)12+ |B(6)|2 (1) tem is writtené,, The relations between laboratory energy
dQ ' of the beam and the c.m. energy of the heavy nucleus are
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greater than the range of the beam ions. Charged-particle
detectors are placed at and around the beam direction, i.e.,
from LISE3 180° c.m., as shown in Fig. 1. As they are continuously
S | | IS | | s SRS slowed down in the gas, the beam ions effectively scan the
\‘j\*_ \)_12'5 energy region from the beam energy down to zero, giving a
Kapton \ continuous excitation function in this interval. When the en-
foil yd ergy of the heavy ion corresponds to a resonance in the com-
movable pound system, the cross section for elastic scattering in-
creases dramatically and can exceed 1 b, making it possible
FIG. 1. A schematic view of the scattering chamber and Sit0 neglect the nonresonant contributions which are on the
detectors. The 12.5° detector has this angle to the middle of therder of mb. For the ideal case of a monoenergetic beam,
chamber. The interaction position and the corresponding angle areach interaction point along the beam direction in the cham-
calculated for each event when analyzing the data. ber corresponds uniquely to one resonance energy and, as we
study elastic scattering, to a specific proton energy for each
2 given angle. Because the distance from the detector is differ-
5 ent for each proton energy, the solid angle also varies with
proton energy and is quite different for low- and high-energy
The expressions for the lab energies of the light particle resonances.

secondary beam gas Si-detectors

0. source

, mM , m
Tu=Tormmz < Ev=Fo| gim

that will be detected after scattering: The high efficiency of the method is mainly a result of the
) large in\;e;tigigtle\:/ld sner%y IFr]egion. IfI we compare tr&% sggnned
m . region of 5— eV with the typical energy stepefl0—
Tm=To| y5m/ (COSian™ VKE=sir? =) ke%/ in conventional scatterir?g? measurgr)]/wentg, the gain is
250-1000 times.
4mM
SEm= E0(|\/|+—m)2 COS’ flap.- (6) C. Energy resolution

The initial energy spread of olC beam was 1.5% of
the total energy, which naturally increased along the beam
path in the gas. The energy spread of the beam results in
excitation of the same resonance at different distances from
the detector. Assuming thatE is the energy spread at some

In the equation aboveK is the ratio of the masse€(/T,
=M/m=K since E\,=Ty,). Inserting 6,,,=0° in Eq. (6)
leads to the following ratio between the energy of the mea
sured particle in conventional and inverse geometry:

E, K2 point in the gas, this distance intervak is given by
T, tarer t " L AE o
X= =,
As seen from Eq(7), the detected energy of the light par- (dE/dx)M

ticles is close to 4 times higher for inverse kinematics 3% here dE/dx), is the specific energy loss of the beam
M

compared to .the c_onventlonal geometry at the same c. uclei in the gas. Due to the protons energy loss in the gas,
energy. This is an important gain for the study of resonan he measured proton energies corresponding to the same

states near the threshold. The excitation energy inhhe resonance are slightly different. The resulting spread of pro-

+m cpmpound §ystem IS optalned as the sum of the ©Mon energies corresponding to the intervalx will be
energies for particlesn and M:

(B,

® ¢ =8 8wy (1)

M
TEX: TO—@ Eex: Eo— .
M+m M+m
(Ij-|ere, dE/dx),, denotes the specific energy loss of the recoil
nuclei (protong in the gas. Taking into account the different
velocities of the beam ions and the scattered protons as well

as the Bethe-Bloch expression for specific energy loss, one

Using Eq.(6), this can be expressed in terms of the measure
particle energyE,,. In the case of inverse kinematics, the
excitation energy of the compound system becomes

M+m finds
Eex:4M Cog ( 9|ab) Em ’ (9) AE 22
£e~— 5. (12
Because of the low energies involved, a nonrelativistic ex- 4 7

pression can be used. In the case of'°C+p interaction, Eq.(12) becomese

~AE/144. Hence, foAE=5 MeV a lab energy resolution

of 35 keV is expected. The effective c.m. energy resolution
The basic experimental setup consists of a radioactive iowill be about four times better than the resolution in the lab

beam which is incident on a scattering chamber filled withframe, see Eq(7). Thus it is clearly shown that the energy

gas. The thickness of the gas target is adjusted to be slightlspread of the radioactive beam does not restrict the applica-

B. General setup of elastic scattering in inverse geometry
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bility of the method. Many other factors influence the final Ill. EXPERIMENTAL PROCEDURE
resolution, for example the size of the beam spot and detec-

tors, the detector resolution, the angular divergence of the I experrllment Wai perfqrmid _llj_smg hthe LlSFf'
beam, and straggling of light particles in the gas. These fac2Peclrometer at the GANIL heavy-ion facility. The Second-
C beam was produced by a 75 MeV/nucletie

tors can be taken into account by Monte Carlo simulations2’Y = _ : O _
In reality, an effective energy resolution of 20 keV in the beam with an intensity of  10'?ions/s which bombarded a

c.m. frame is feasible. At angles other than 180° the resolu8 MM thick, rotating Be target and a fixed 40 Ta target.

tion deteriorates, mainly due to kinematical broadening offhe *°C fragments were selected in the LISE3 spectrometer,
the energy signals for protons scattered at different anglesising an achromatic degrader at the intermediate focal plane
This contribution to the resolution could be reduced by track{Be, 220um thick) and the Wien-filter after the last dipole.

ing the proton angles. The 50 cm long scattering chamber was placed at the final
focal plane. Immediately before the &0n thick kapton en-
D. Background sources trance window, a PPAQparallel plate avalanche counker

registered the position of the incoming ions. The intensity of

A cornerstone of the described experimental approach i ndarv beam. m red by the PPAC. w roxi-
that elastic resonance scattering dominates over other po € sle conaary beam, measure h y the , Was a?.? 0
sible processes. The competing reaction channel which hégatey 7000 ionsfs, and due_ to the degrader_and Wien liter a
to be treated for each specific case is inelastic resonance. Y IOWf (t.‘ihegrsg Aocf: C?T;am'ntat'oq wasdz_ichle\r/]ed. T_he Ieff"
scattering, as it is a resonant process which produces ﬂféency ot the atthis intensity and ion charge 1S close

0 i X
same recoil particles as the elastic scattering. However, thé)btla?r? 2 blvct]lljctz 'Z‘%';isslggggzsto_?ﬁ: g::ztlfeljﬁc cczﬁgpr:br::engs
elastic and inelastic resonance scattering reactions can lg ) 9

distinguished from each other. The energy of the scatterelrie:mvi\gth1OCCH‘;O%ZS’TahC:nga§S raeéglucrke F:/(g{sr;é".il;gfet df(iz) tgiG
nuclei from inelastic resonance scattering at 0° is given by, 9 : gas p J

Eq. (13 if E*/Eg<1, whereE* is the excitation energy of =5 ’.“batr)' wh|_ch tV\'Ian th? pfr(tar?sure tre(?l:jlr?d to Sf?p t:e n-
the beam nucleufl7] coming beam just in front of the central detector. It is desir-

able to stop the beam close to the detectors in order to avoid

mMm E* M+m loosing any protons scattered from a possible low-lying reso-

Em~4(M+—m)z(Eo— > m (13 nance in'!N. In the far end of the chamber an array of Si
detectors was placed. The detectors had diameters of 20 mm

Comparing this with Eq(9), one sees that the energy of and thickness of 2.5_0 mm, corresponding_to the range of 20
heavy ions has to be larger by an amodrfor the inelastic MeV protons. The time between the radio frequertByF)

scattering to obtain the same energy of a light recoil from thérom the cyclotron and the PPAC gave one time-of-flight
elastic and inelastic scattering reactions, whés defined in ~ Signal, while the time difference of the PPAC and detector

Eq. (14): signal gave additional TOF information. The complete setup
is shown in Fig. 1.
E* M+m As a first measurement, a low intenstic beam was sent
% "m (14 into the evacuated scattering chamber to get the total energy

and spread of the secondary beam after the foil, and this was

For the1%C+p case, wher&*[1°C(2;)]=3.35 MeV, Eq. determined to be 90 MeV with a FWHM1.5MeV. For
(14) shows that the inelastic resonance scattering should takeckground measurements, the scattering chamber was filled
place at about 20 MeV higher energy than the elastic one foith CO, gas at 4585 mbar and bombarded wittfC and
the two processes to mix in the elastic scattering excitatio 'C beams, respectively. For our purposes, we assume that
function. The inelastic resonance reaction thus has to tak€O and’C behave similarly in proton scattering reactions.
place further from the detectors, closer to the entrance winThe measurements with the ¢@arget would reveal any
dow, in order to produce a scattered particle with the saméackground stemming from the carbon nuclei in the,CH
energy as the corresponding elastic process. The two prdarget gas or from the kapton window. Beam contaminations
cesses in question hence can give the same energies of theuld also be present in these runs, and those background
recoil protons but their time of flightTOF) (window-  sources can subsequently be subtracted from the experimen-
detectoy will differ. The time difference between the two tal excitation functions.
types of events will be on the order of a few ns, and can thus The standard beam diagnostics observed admixtures of
be separated in the analysis. No such events were seen in omrand®Li with the same velocity as thEC secondary beam,
data. while no contaminant particles could be seen in e

Other scattering reactions contribute very little to thebeam. The'°C+CO, spectrum showed no prominent struc-
spectrum, especially at 180° c.m., the exception being lovwure and was found to contribute less than 10% to the total
energies where the Coulomb, scattering cross sections iwross section. This background spectrum was subtracted
crease. However, this scattering is well understood and caifiom the 10C+CH, spectrum before transformation to the
be included in the data treatment. Additional sources oft.m. system.
background arg particles from decaying radioactive ions in  Since!°C is ag™ emitter with a half-life of 19.3 s, it is
the gas, beam ions which penetrate the gas target, and parecessary to discriminate the positron signals from the pro-
ticles scattered in the entrance window. tons. This was done by selecting the protons in a two-
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FIG. 2. Experimental spectrum of protons from the scattering of . - a
12C. The energy is given as c.m. energy*®fl. The peaks are fitted ol . oM, L L
with two coherently added resonances as described in the text. 0 1 2 3 4 5

dimensional spectrum showing TQPPAC to Si detector Ecm. (MeV)

VErsus detected energy, where the_p05|_trons are cl_ear_ly dis- FIG. 3. The excitation function ot!N is shown after back-
tinguished from protons both by their uniform time distribu- . . )
fi d thei . 193 MeV. A it ground subtraction and transformation to the c.m. system. The filled
lon an eIr maximum energy of 1. ev. A posi ron]plack circles represent the GANIL data, and the white squares show

with energy in this |nter.val has 6,‘ maximum energy loss Olihe result of the MSU experiment. The inset shows the raw data in
1.25 MeV in 2.50 mm Si, which simulates a scattered protone jah system. The upper scale in the inset is a rough calibration to
energy of 0.344 MeV in the excitation function ON. Since ¢ . energy, shown for comparison, while the lower scale is the
the positron energies are small enough to lie in the energyetected proton energy.

range of Coulomb scattered protons, cutting away all events

g?(;?%tgseitr;ﬁﬁ?/;: iessSneoetnd:it?gzt?ﬁsgteizrzesitér.lgsParts of th%educed, mainly determined by the detector resolutions and

In this paragraph we justify our ignoring the backgroundProton straggling in the gas.

contributions to our spectra from inelastic scattering' The experimental proton spectrum was, after subtraction
on hydrogen with excitation of the particle stablé Rvel at of the measured carbon background, transformed into differ-

3.35 MeV in*°C. The contribution from inelastic scattering intla_l cross section as a function of the excitation energy of
N, in the following referred to as the excitation function of

has been estimated using available data on inelastic scattey;

ing of protons on a%e target[18] and a DWBA extrapo- N. Since each interaction point along the beam direction
lation to the whole investigated interval of energies. Thigldeally corresponds to a specific resonance energy, the mea-

shows that the contribution from inelastic scattering does no?ured proton energy can, after correction for its energy loss
exceed 1% of the observed cross section. in the gas, be used to find the resonance enerdyNrin the

The energy calibration of the Si detectors was done with &M systemaThe inset in Fig. 3 shows the experiznf)n:cal datha
triple a source £44Cm. 241Am, and?%Pu) which was placed S Measured proton energy versus counts at 0° before the

on a movable arm inside the chamber. Another calibrationCOéctions for solid apgle was made. Comparing this pic-
and at the same time a performance check of the setup, W&éres to the one obtained after transformatmn to the c.m.
done by investigating known resonances$iN. The primary system clearly shows'the effect of d|ffer|ng So.l'd anglgs for

12C peam, degraded to 6.25 MeV/nucleon, was scattered 0Qillfferent proton energies. The cross sections in the high en-
the methane target using a gas pressure of-Zbar. The ergy part increases relatlv_e to the_ low energy part, as is
resulting proton spectrum clearly shows the two closely |y_clearly seen when comparing the inset to the transformed

ing resonances i°N (3.50 MeV, width 62 keV, and 3.55 sp(IeEcttrumt.ln Ft'ﬁ s. tion from the data is straightf
MeV, width 47 keV[19]), as can be seen in Fig. 2. xtracting the cross section from the data is straightfor-

These resonances are overlapping and the width of th‘é’ard’ and the transformation to c.m. is done using &):
peak is 50 keV. The solid curve in Fig. 2 is a fit obtained by

coherently adding two curves in order to take interference d 1 d
into account. Thé * resonance at 3.55 MeV has single par- (_U) S (_U> _ (15)
ticle (SP nature[19] and was described using the potential dQj ~ 4cos6,p) \dQ/

model outlined in Sec. IV, while a Breit-Wigner curve was

used for thel ~ state at 3.50 MeV. The resonaht state in

13N, 420 keV above thé’C+ p threshold, is not seen as it is The relation between the scattering angle in the lab and c.m.
overlapping the Coulomb scattering which dominates belowsystems is simplyd, ,=180°—26,,,. The excitation func-
0.5 MeV. From the calibration measurements describedion obtained after background subtraction and transforma-
above an energy resolution of 100 keV in the lab frame wagion into the c.m. system is shown in Fig. 3. The more de-
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tailed analysis now performed revises the absolute cross TABLE I. The sets of potential parameters used to obtain the
section to a larger value from what was previously publishedest fits of the experimental data, and the resulting resonance pa-
in Ref.[4]. rametersV,;=5.5MeV is kept the same in all fits. The change of
A second independent measurement 8C+p elastic this parameter gave olnly mirror mpdifications. The pargmbter

scattering using the same method was made at NSCL whegdven in the descriptions below is the value used fi(E)

the A1200 spectrometer delivered tHE beam. The experi- = P/(4.5-E). (@ ro=1.2 fm, only varyingV, (b=1.25). (b) No
mental conditions were the same as in the GANIL experi/€Ve! inversion b=1.25). (c) The best fit to the data,=1.4 fm
ment, except that at NSCL AE-E telescope was placed at 2" Yaryinga andV; (b=1.25). (d) ro=1.2fm, varyinga andV,

0° and no Wien-filter was used. The energy of i beam  (°=24)- (€) The parameters used in Rga] (b=0). (f) The pa-
| rameters used to obtain the widths in the single particle limit.

after the foil was 7.4 MeV/nucleon and the beam intensity
was 2000 pps. The data from these two experiments are

AR . Potential parameters Resonance
overlaid in Fig. 3 where it is seen that the structures and the Vv frr a a E I
: H H | 0sllisylc 0 Is r r
absolute cross sections coincide. (MeV) (fm) fm)  (m)  (MeV) (MeV)
IV. ANALYSIS AND RESULTS @

ls, —66.066 120  0.53 053  1.30 1.24
The excitation function, shown in Fig. 3, reveals structurepp,,  —42.336 1.20 053 053 196 065
in the region from 1 to 4 MeV that could be due to interfer-gp,,  —42.084 1.20 053 053 1.06
ing broad resonances. A reasonable first assumption is th@ElBIZ —78.792 1.20 053 0.53 4.40 0.90
the structure corresponds to the three lowest staté$Nn 0ds,  —64.092 1.20 053 053 372 061
This assumption is justified by the closed protp, sub- (b)
shell in1°%C and agrees with the known predominantly single, ¢ —45.360 1.40 0.65 030 170 3.49
particle nature of the lowest states tBe [20], the mirror vz _33.474 1.40 028  0.30 111 o1l
nucleus of!N. Taking this as a starting point, we assumeogl/2 —32340 1.40 053 030 —1.22 '
that the observed levels MN are mainly of SP nature. The 0d3/2 —58-086 1'40 0'53 0'30 '4 45 1.3
SP assumption validates the use of a shell-model potential @ds’z _45'570 1'40 0'35 0'30 3'75 0.60
describe the experimental data '9N. 5/2 ' ' © ' ' ' '

1sy —47.544 1.40 0.65 0.30 1.27 1.44

A. Analysis of the three lowest levels intN Opy,  —31.500 1.40 055 0.30 201 084
The !N states are all in the continuum and the aim of theOpz,  —32.592 1.40 053 0.30 —1.33
analysis was to obtaih™ and other resonance parameters afdd;, —57.960 1.40 0.53 0.30 4.5 1.27
it can be done in the framework of the optical model. Be-0ds,, —45.570 1.40 0.35 0.30 3.75  0.60
cause of the absence of other scattering processes than the (d)

elastic scattering channel, no imaginary part is included ins;, —56.280 1.20 0.75 0.30 132 176
the potential. The potential has a common form consisting 0bp,,,  —42.420 1.20 0.55 0.30 214  0.88
a Woods-Saxon central potential and a spin-orbit term wittpp,,  —42.210 1.20 053 030 —1.33

the form of a derivative of a Woods-Saxon potential. Thegq,, —78.960 1.20 053 0.30 5.0 1.39
Woods-Saxon(ls) term has the usual parameterg(Vis),  od;, -62.874 120 050 030 379  0.59
ro(ris), andag(a;s) for well depth, radius, and diffusity, ©

respectively. Centrifugal and Coulomb terms were also in-lsu2 —66.066 1.20 053 053 130 1.24
cluded in the potential. The Coulomb term has the shape of 6pl/2 —42.084 1.20 053 053 204 072
uniformly charged sphere with radiug. The full potential Opys  —42.084 1.20 053 053 —1.06

is given in Eq.(16), where u is the reduced mass of the od 64.092 1.20 053 053 987 453
system and\ . denotes the pion Compton wavelength: Od:i —64.092 1'20 0'53 0'53 3'72 0.61

V| V|S()\7T/2’7T)2 (f)
Vo=Tgrrorm T 15— 1s,, —46.074 140 070 0.30 127 1.56
Is Op;, —30.492 140 070 030 201 1.09
e(r—Ri9/a I(1+1)A2 Opy, —32550 140 053 030 —1.31

x(l+e(r7R|S)/a|S)2+ 212 +Ve, (16 o0dy, -57.960 140 053 030 450 1.27
0ds, —42378 140 070 030 375 1.08
zZ € r2
3 O r<Rg,

2 dmegR, Rg As a starting point, standard values of the potential pa-
V= 278 rameters were chosd1] and the well depths were varied
—: >R, separately for each partial wavé=(0,1,2), see Table(d).
r The cross section of the experimental data at 180° was found
to be larger than predicted by the potential model. As can be
Ro=roAY3, R.=rAY3 R =r,A¥% seen in the experimental spectrum, Fig. 3, there is substantial
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1200 T . . . . ' ' T T ' ' i ]
0 1 1200 :
O MSU experimental data 1
1000 ® GANIL experimental data -
— total fit 1000 -
-=-== fit without f{E)
% 800  —— only flE) ] o 800 [
-CE> ]
o 600 | . £ 600
g . g
3 ] 3
400 | . 400 -
N3 200 |
200 - 9]
/]
7 ] 0
0 puN— E L 0
0 05 1 15 2 25 3 35 4 Eem. (MeV)

E MeV . . .
om. (MeV) FIG. 5. A typical fit of the experimental data when tbé state

FIG. 4. Experimental excitation function 3N together with IS assumed to be the ground state . It is evident that the
the best fit from the SP-model program. The energy is given a§Xcitation function is not well described. Putting thetate this low
excitation energy ofIN. The fit is made using a potential with makes it too narrow, at the same time as $rstate becomes very
parameters shown in Tabléc). The underestimation of the cross Proad since it is now well above the Coulomb barrier.
section around 1.8 MeV is the only failure of the potential model.
This part is better described when the influence of higher reso
nances is taken into account, see Fig. 9.

corresponding phase shifts are shown in Fig. 7. The most
common definition of resonance energy is where the phase
shift &, passesr/2. As is seen in Fig. 7, the phase of thé
fesonance, which is the broadest level, does not res2h
Therefore, we have defined the resonance energy as where
dhe partial-wave amplitude calculated at=1fm has its

The underestimation of the potential model can thus b , L , i
attributed to influence of higher lying resonances. To simuMmaximum. The width is defined as thes fWHM of the partial
ave. One can note that for the and2™ levels, the same

late the presence of those highly excited states, an amplitud’é - 2 Sl
f was added to the amplitude calculated from the potentigféSonance energies are obtained by our definition &nd
model. The form of this extra amplitude wés b/(E,—E) = /2. All attempts to change the resonance spins gnd pari-
whereE, was taken as a consta@5 MeV) andb was used  U€S OF the order of the levels resulted in obvious disagree-
as a parameter. As is seen in Fig. 4, the introduced amplitud@€nt with the experimental data. We thus conclude that the

is small in comparison with the measured cross sections, blﬂ?amblguous spin-parity assignments for the lowest states in

1+ : ; 5+
it nonetheless was useful in the fitting procedure. A more N ar€ @z~ ground state, a first excitegl” level and a3
sophisticated way to include the influence of higher resoSecond excited state. All further fitting procedures were per-

nances is to use @R-matrix procedure, and some attempts in formed with the aim to obtain more exact data on the posi-
this way were also made, see Sec. IVB. tions and widths of the resonances.

The best fit for conventional parameters values, only 1000
varying V, is obtained for the level orderingsl,, Opy,

amount of cross section above 4 MeV, indicating additional
resonances in this energy region.

T - T

. " . — total fit

and (s, and the corresppndmg parameters are given in [ swave ]
Table Ka). The curve resulting from these parameters does 800  —— pwave .
not differ significantly from the one obtained using the pa- [ - d wave E(0d, ,)]
rameter set Tablg(d). = ~

A potential with conventional parameters and the same £ 990
well depth for alll will generate single particle levels in the o
order Q4», 1s;», and s, above the @5, subshell. How- E 400 |-

ever, all attempts to describe the experimental data keeping
this ordering of the levels failed. A typical example of a
calculated excitation function with this level sequence is 200 -
shown in Fig. 5, with parameters in Tabld). This result is
not surprising when considering the well known level inver-
sion in !Be. 0
For the potential in Table(¢), the cross section of each E. (MeV)
partial wave is shown in Fig. 6 together with the total calcu- o
lated curve. Comparing the partial cross sections with the FIG. 6. The partial waves,,, py», andds, together with the
total cross section, it is clear that interference between theétal calculated excitation function for the best fit to the experimen-
partial waves determine the shape of the total curve. Theal data[Table Kc)].
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160 . . T T . TABLE II. Reduced widths for the observed states obtained
[ . swave from the ratio of the widths from parameter sét$ (experimental
140 - _ _ p wave ,.-" ] widths) and (f) (single particle widthsin Table I.
120:_ """" d wave /”——__’."'-—__—_ - -
: , / Level | Reduced withl" ¢, /I'sp
i / {
§100 C 908 / 1 12 0.92+0.2
2 a0 o _II_ _—— ; ] 12" 0.77+0.2
© [ o) T~ 5/2" 0.56+0.2
60 [ ;] i R 3/12° 0.15+0.2
[ y ]
40 | '/ / H ]
[ ! / .
20 [ / / i 1 [14]. In our case we have a way to give a more exact evalu-
: / s ation of the reduced widths as the ratio of the widths ob-
ol L= TENEL ' . tained from the shell-model potential that fits the datable
0 1 2 3 4 5 I(c)] to the widths calculated from a true shell-model poten-
Ec.m. (MeV) tial. These ratios are free from the uncertainties related with

) ) different definitions of the level widths. Since the true shell
FIG. 7. The phase shifts from the theoretically calculated cuVe o del potential is not known fo'N, and we approximated
which is the best fit to the experimental dgfable Kc)]. this potential with the parameters ,shown in Talil.|

) ) ) ) Justification for using this particular set as shell model
A disadvantage of the potential model is that it producesgtential is that it simultaneously reproduces the level posi-

resonances with single-particle widths. In general, the naturgyns in both!Be andN and gives a width of thé * state
of the states is more complicated and their widths can b, is larger than for the parameters in Tall®.I The re-
smaller than what is predicted by the potential model. Toy,ced widths obtained in this way are given in Table II.
investigate how changing the resonance widths would affect ¢ potential parameters for the fit of the data at 180°
the overall fit, we changed the radius parame@erand fittgd [parameter sefc) in Table [] were used to describe the ex-
new well depths to get the best possible agreement with thgitation function obtained by a detector at 12.5° relative to
data. It was evident that thse widths obtained wigk=1.4 fm  the center of the chamber. The experimental data from this
are too large for thg¢ ™ and3" resonances, while,=1.0fm  ¢ase are shown in Fig. 8 together with the theoretical curve
makes thelse levels too narrow. _without the scaling amplitude Comparing the experimental
As the 3" state is least affected by the change of radiusexcitation functions in Figs. 4 and 8, rather big differences
the conclusion for this level is difficult, but the largest ob- gre seen.
tained width seemed most appropriate. Therefore, the radii Thjs reflects the fact that the laboratory angle depends on
parameters, ris, andr, were chosen as 1.4 fm, and the the interaction point in the chamber. The angular range goes
well depths and diffusities were varied separately for dach from f.m=150° for protons from higher resonances to
to obtain the best fit of the experimental data up to 4 Mev.gcnggo'for low energy protons. This is taken into account

An additional argument for choosing the larger radius wasy, the calculation of the excitation function, and from Fig. 8
the fact that this parameter value gives a good simultaneous

description of the mirror pait'Be and!N [4]. The curve
obtained in this way that agreed best with the experimental
excitation function is shown in Fig. 4, and the corresponding
potential parameters and resonance energies and widths are
shown in Table (c). For comparison, the values fog=r
=r.=1.2 fm are also given in Tabl€d).

The extracted resonance parameters show a remarkable
stability against changes in the potential parameter sets,
meaning that different sets of parameters that fit the data give
similar resonance energies and widths. This is seen in Table
I, comparing different sets of parameters. The final energies 1
and widths are listed in Table IV. The error bars include 100 [
systematic errors and are dominated by a contribution from i
the spread in results from different parameter sets. Contribu- [
tions from background subtraction and solid angle correc- 0
tions will be much smaller than those sources.

The SP reduced widths could be extracted for the three
lowest levels where the only possible decay channel is one- FiG. 8. Experimental spectrum of protons in the detector placed
proton emission to the ground state Y. The values of at 12.5° relative to the center of the chamber. The full drawn curve
reduced widths are usually presented as a ratio to the Wignés the result from the potential model using the parameters given in
limit, which serves as a measure of the single particle widthrable c).

500 K ‘ . .

400 }
300

200 }

do/dQ (mb/sr)

E.m (MeV)
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TABLE lll. The resonances used in the simplifi&imatrix 1400 . . . . 7
treatment. ]
1200 | ® GANIL }-
Potential model fit o wmsu
Potential parameters Resonance - 1000 -
\4 MNo=rs=rc @o=as Er L, % 800 [
(Mev) (fm) (fm) (MeV) (MeV) £
]
12" —66.554 1.2 0.5 1.45 1.56 § 600 |-
1/2~ -41.286 1.2 0.6 2.13 0.89 400
5/2" —64.801 1.205 0.38 3.74 0.45 l
Resonances added in tRematrix fit 200 |-
32t 2 3.94 0.58
3/2~  Mirror of 2.69 MeV level''Be 4.33 0.27 0 0
+y a : 11,
(5/27)a Mirror of 3.41 MeV level'Be 4.81 0.40 E.., (MeV)
(7/27) 5.4 0.25

FIG. 9. The fit of the potential model with added resonances.
e full drawn curve includes the two known resonances'Be
plus a broad%+ level around 4 MeV and a high-spin state at 5.4

eV, which gives a good description of the full excitation function

|th|s eV|de_nt Lhat th(? p_oter}tlal r_nodell (:]escn:)e th? obsehr_v?]aﬂp to 4.7 MeV. Especially it should be noted that the theoretical
changes in the excitation function with angle, a fact whic curve now better reproduces the data at 1.6—2.0 MeV.

supports our interpretation.

&The parameters for these states are only suggestions which repro;
duce the observed cross section.

The resonance phasegs , n;” is the number of resonances,
while ¢, stands for the phase relative to the hard sphere
In an attempt to investigate the influence of higher lyingscattering andr, is the Coulomb phase of waveThe esti-
states on the cross section in the lower part of the experimenRnates of the widths of these statesliN are based on the
tal spectrum, a simplified&matrix approach was used. For known widths of the analog states itBe. Inclusion of these
Be, about ten levels are predicted in the energy region 2.¢tates already accounts for the missing cross section up to 3.7
to 5.5 MeV[22], but only four resonances have been experi{viev, but the part above 3.7 MeV is still underestimated.
mentally found[20]. The knowledge of the levels itiN is In particular, the energy region around 1.8 MeV is now
even more incomplete, and our experimental data are nQjetter reproduced, indicating that interference of higher lying
sufficient for a detailedR-matrix analysis. Therefore, the states indeed give the cross section that is not reproduced by
treatment described below was performed rather to outlingnhe potential model in this region. Inclusion of a 3/tate at
possible questions than to give definite answers. The analysig4 MeV and a high-spin state improves the description also
was made using the potential model and adding resonanceg energies above 4 MeV, as is seen in Fig. 9. The parameters
at energies above 4 MeV according to E#7): for the potential and included resonances are given in Table
d lll. The conclusion drawn from comparing the results in
—0(02180°) Tables | and lll is that the positions and widths obtained
dQ using only the potential model are rather insensitive to the
. inclusion of higher states, which only modifies the absolute
_ _ 2ip 1\ @21 o)) Cross section.
Apor 2|<;| [+ D™ —1e™a | Of the three resonances included in the calculations, only
_ the one at 4.33 MeV is distinctly seen in the excitation func-
B '_2 [I(eZiﬁf—l)e2‘<‘f’f+”l)] _ 17) tion, see F!g.l?. Its po;ition corresponds to #e state a't
2Kk & 2.69 MeV in “'Be within 150 keV, and the cross section
supports a spin of for this resonance. The obtained width of
Two known levels in''Be (2.69 MeV,T'=200 keV and 270 keV also agrees with the width of the 2.69 MeV level in
3.41 MeV,T'=125 ke\) were taken into account. The en- 'Be if decay by d =1 proton is assumed. We thus conclude
ergy of those resonances 1N were determined by calcu- that the narrow resonance at 4.33 Me\A is the mirror of
lating the Coulomb differences between the mirror nucleithe 2.69 MeV state it'Be, both having "=32~. The other
using the potential model. To fit the experimental data, thgesonances above 4 MeV are introduced in order to repro-
resonance energies were varied around the value determinddce the cross section at higher energies. The experimental
from the Coulomb-energy calculation. The values finallydata is not sufficient to give conclusive determination of any
used in theR-matrix fit are shown in Table Ill. Again, the parameters of these states, but the existence of resonances
superscript- denotes states with=1=+ 3. Apot is the poten-  above 4.4 MeV is necessary to reproduce the measured cross
tial model amplitude at 180°, using the potential in ELf).  section.

B. Analysis of the full excitation function

2
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TABLE IV. A summary of all experimental and theoretical results'oN. E, andI’, denote the reso-
nance energy and the width of the resonance, respectively. The error bars in this work include the systematic
errors(25 keV in the c.m. frameas well as the spread in results obtained for different potential parameters
that all fit the data.

Ref. 1 1- 5+
E, T, E, T, E, T,
Experimental papers
This work 1.27°5%  144+02 20058 0.84-0.2  3.75:0.05  0.60:-0.05
[13] 2.24+0.1 0.74-0.1
[23] 2.18+0.05  0.44-0.08 3.63:0.05  0.40-0.08
[24]2 1.45+0.40 >0.4 2.24-0.1 0.74:0.1
Theoretical papers
[35 1.54 0.62 2.240.1 0.74-0.1 3.74 0.3
[25] 1.60+0.22 2.1°59 2.49 1.45 3.90 0.88
[36]° 1.4 1.31 2.21 0.91 3.88 0.72
[31] 1.1 0.9 1.6 0.3 3.8 0.6
[37] 1.2 1.2 2.1 1.0 3.7 1.0

3 or thes state the results are frofi3].
®The results obtained withy=1.45 fm are presented.

V. DISCUSSION As well as for the; * and3 ~ states, the spin value for the
>* resonance does not leave any doubt that it is the mirror
o _ state of the3 ™ level at 1.78 MeV in*'Be (I'=100keV).
Table | pre;er_ns the pgrameters used in different f|ts.of thghe potential model with the parameters used ¥ and
deduced excitation function in th€C+p system. The fits given in Table (c) agrees very well for the width while the

were all made under the assumption of three low-lying resog, citation energy becomes 1.63 MeV. Still we consider this
nances. From these data we conclude that the three Iowe&g an additional support for our interpretation.

i1 m_ 1+ 1- 5+ Thic i et i
states in!N havel =37, 57, and3". This is the first time Fortuneet al. [25] have predicted the splitting between

all these states are identified in one single experiment. How0d5/2 and 1s,,, states in*!N from the systematics of this

ever, there have been indications of them in other reactiopngrgy gifference for light nuclei, mainly assuming isobaric
experiments. In the pioneering work driN by Benenson  gyin conservation. Their results can therefore be considered
et al. [13], where the”N(*He He) reaction was studied, it a5 4 direct extrapolation of experimental data. The energy
was proposed that the resonance observed at 2.24 NfeV (gifference obtained in our work\E=2.48 MeV) is close to
=740 keV) was a3~ state. This conclusion was based onhe prediction of 2.3 MeV in Ref[25]. The energy differ-

the reaction mechanism in their experiment. Our data congce petween thesl,, and p,,, was calculated using the

firms this result and both position and width are within thecomplex scaling method in Ref26] and the value of 830
experimental errors of the two experiments. The differencgy, agrees with our data which give 740 keV.

may probably be attributed to different approaches in ex-
tracting the resonance parameters. In a recent paper by
Lepine-Szilyet al. [23], a state at 2.18 MeV was observed
and interpreted as a~ state, but with a width that was We interpret the structure around 4.3 MeV as due to a
considerably narrower than in our work or that of Réf3].  sharp resonance N, which is the mirror state of the 2.69

The state at 1.27 MeV, which we interpret ag astate, MeV level in 11Be, Table III. Several different experiments
could not be seen in the two experiments in REES], [23],  (see, for example, Reff22]) give the spin-parity for this'Be
as the selected reactions quench the population of this statevel as3~. The negative parity is well established from
considerably. It could, however, be observed in an experimeasurements of theli B decay[27—-29, and by measure-
ment performed at MSU where Azhaet al. [24] studied —ments of the’Be(t,p)*'Be reaction22]. There is also good
proton emission fromt!N produced in &@Be(*?N,*!N) reac- agreement between the Cohen-Kurath prediction for the
tion. They found indications of a double peak at low energiespectroscopic factor and the reduced single particle widths of
and by fixing the upper part of it to the parameters from Refthese mirror states. We found very good agreement between
[13] they arrived at an excitation energy of 1.45 MeV. the widths if the states undergo nucleon decay Wit (j

The $* (3.75 Me\) state was discussed in R¢f]. The =32). If the states decay with orbital momentuin;2 (]
experiment presented in Re23] showed a state at 3.63 =3), the state in"'N will be at least twice as broad, and in
MeV with a width about 400 keV. The position of the reso- the case of =3 (j=3) it would be at least 3 times broader.
nance is close to ours but again the width is smaller in RefAlso, for | =3 the reduced single particle width will be too
[23]. large, contradictindg30]. Using the simplifiedR-matrix ap-

A. The three lowest resonances ifN

B. Resonances above 4 MeV
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proach, the position of thé™~ level was determined as 4.33 involved in the extraction of these results from the data.
MeV. The observed cross section for the population of thisEvaluating single-particle nucleon widths using a potential
state is also in accordance withia assignment. The calcu- model involves fewer parameters. For the lowest states of
lations further indicate that about one third of the width of “*N we obtained the reduced widths given in Table II. For
the 4.33 MeV state is due to the proton decay to the firsthe sy, state we have a reduced width sfL which, taking
excited state it°C. Even a small branch of this decay resultsthe 15% experimental error in the width into account, indi-
in a large reduced width. This indicates a large coupling ofcates that no large core-excitation admixtures are needed to
3 state to the first excited state of the core, as was recentlffescribe the ground states BN and 'Be.
predicted by Descouvemof®1]. In Ref.[4] we proposed a
different structure for thé ~ state(two particles in the & VI. SUMMARY
state because preliminary treatment resulted in a too small
width (70 keV) for the state.

In the present experiment there is an experimental cuto
at 5.4 MeV(see Fig. 3 and the excitation function increases . . S X
towards this high-energy end. This is most likely due toPart was described in a simplifig&dmatrix approach. The

higher-lying states but we cannot make any assignments f§round state and the first two excited states in the unbound

11 . _ .
them based on our data. However, the auti@d had to TECI?HS N VQ’?S found to have the spin-parity sequence of
5,5 ,and3 " which is identical to that found in its mirror

introduce a broadI{=500-1000 keV state in the energy 2 ' 2 - _ . .
region around 4.6 MeV to explain the spectrum frofN partner--Be. A narrows; ~ state at 4.33 MeV was identified

decay. They proposed the broad state to ke astate. Our 25 the mirror state of the 2.69 MeV stateliiBe. The ener-
data s;how that thé— state in 1IN is rather narroW and gies and widths of the observed states are listed in Table IV.
2 3

therefore another state has to be assumed in order to epraTrbe agreement among experiments as well as between our
the data in Ref[24]. This is also a justification for the in- results and theoretical calculations are very satisfactory.
3+ e The quasistationary character 8iN states was used to

clusion of the;™ resonance is ouR-matrix fit. _ . ; ) .
Various theoretical calculatior@r recent references see evaluate the reduced single-particle widths for the identified
tates. This result indicates small coupling between the va-

Ref.[32]) have attempted to reproduce the level sequence i ; A .
HBe. Most models emphasize the role of coupling betwee ence .”“1%'60” in the ground stael and the first exmted?
state in~"C, and the same conclusion should be valid for

. . . 10 .
the valence neuitron and the first excite &ate in' Be in !Be. The experimental technique to use elastic-resonance

generating the parity inversion. It is well known that model . ih radi Ve b h b
assumptions influence the wave functions more than theifC2te"ng with radioactive beams has proven to be a very

energy eigenvalues and thus models giving the correct levélfTicient tool for investigations beyond the dripline.
sequence predict very different core excitation admixtures.
For the ground state if'Be, the admixtures given by theo-
retical calculations vary from 7%81,33 to 75%][34]. The- The authors thank Professor M. Zhukov and Professor F.
oretical results are frequently compared to spectroscopic faBarker for valuable discussions. The work was partially sup-
tors obtained from nucleon transfer reactions. The singleported by the National Science Foundation under Grant No.
particle spectroscopic factors fdfBe have been obtained PHY95-28844. The work was also partly supported by a
from 1%Be(d,p) reactions[30]. Even if the theory of strip- grant from RFBR. S.B. acknowledges the support of the
ping reactions is very well developed, many parameters arREU program under Grant No. PHY94-24140.

The excitation function in thé°C+p system has been
ff,tudied using elastic resonance scattering. The low-energy
part was analyzed in a potential model while the high-energy
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