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The nuclear structure ofNe has been studied by tH&Ne(*HefHe)'’Ne reaction at 70 MeV. Thirteen
levels were identified if’Ne, and angular distributions have been measured for the first time for this reaction.
Based on the observed transferred angular momentum dependence of the angular distributions, a spin-parity
assignment has been made for several staté§Na. With the inclusion of the data otiNe, Tz% quartet
analog states have been completed for six levels inAthél7 isobar system. The level shifts in these 17
nuclei are analyzed in terms of the isobaric multiplet mass equéiddE ). The results of such an analysis
show a slight linear dependence of theand c coefficients of the equation on the excitation energy. The
coefficients for the positive parity states seem to follow a different systematics than the negative parity states,
suggesting that these parity-dependent level shifts are reflecting the structure change. These coefficients of the
IMME are discussed.S0556-281®8)01707-5

PACS numbdss): 21.10.Hw, 25.55.Hp, 27.26n

. INTRODUCTION energy of'’Ne. This is the first such analysis in a one mul-
tiplet system covering several excited states, and it can bring
The structure of nuclei near the drip lines is one of theyaluable spectroscopic information on the structure of
major concerns in nuclear physics. Although the proton dripa =17 nuclei.
line for light mass nuclei is well established, a detailed in-  The nuclear structure dfNe was investigated here by the
vestigation of their properties is still necessary. Also, they, aa_neutron pickup reactidiNe(*He ®He)'Ne. This reac-
discovery of extended tails of nuclear matter for Weakly,[-On has been shown to be a useful spectroscopic tool, since
bound nucllei on . neutron-riph side ha_s promptgd a seargyl, strong transferred angular momentumn) dependence, of
Iﬁ;)&vialk#;(gg? gg\?:rt; ?jt?](l)?spf:g\tlc;npg?:tendugluetl'%FAE;TSong the measured angular distributions allowed spin-pari;y as-
' signment for the statd®]. Three-nucleon transfer reactions

a good candidate for proton-halo formatidd since the pro- . tallv difficult si th i involved
ton separation energy is only 0.60 MeV. However, no strongare experimentaily dificult Since the cross sections involve
generally very small. The development of a detector sys-

experimental evidence has been observed so far. On the oth&f 9 : X
hand, the largest interaction radius observed fte [2] €M including an accurate proportional gas couf¢and a

among theA=17 isobar suggests that this nucleus couldnigh-resolution magnetic spectrograpf] has enabled mea-
have a proton halo. Thus, to get better insight into the strucSurements of extremely small cross sections of such reac-
ture of the'’Ne we studied excited states up to 6.4 MeV in tiONs.
this nucleus. The level shift of the firgt" state in''Ne is We report here on the experimental results and then on
investigated, and the systematic behavior in energy of thi¢he detailed analysis of the nuclear structure'®fe by the
state in theN=7 isotone is discussed in connection with athree-neutron pickup®He"He) reaction. Some of these re-
possible proton-halo formation. sults have been briefly reported bef¢&s.

Although a large number df= 3 states have been located  This paper is divided into the following sections. The ex-
in the other members of thie=17 multiplet, the level struc- perimental setup and the procedure are described in Sec. Il,
ture of thel’Ne nucleusT,= — 2 was almost unknown with while the experimental results and the analysis in terms of
the exception of a few excited states that had been previousthe distorted wave Born approximatioDWBA) are re-
suggestefi3,4]. Thus, the inclusion of the present data on theported in Sec. Ill. The interpretation of the level scheme of
structure of'’Ne also provides a good opportunity to make *’Ne in terms of a large-base shell model is discussed in Sec.
an extensive analysis in terms of the isobaric multiplet mas$V. In Sec. V, an analysis in terms of the IMME for the four
equation(IMME) for the four members of thA=17 system. members of thé\=17 isobar system is presented. Section VI
Here we present an analysis on the systematics of the IMMIES devoted to the discussion of the level shift of §ie state.
coefficients for this system as a function of the excitationFinally, a summary is given in Sec. VII.
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Il. EXPERIMENT 400

®Ne(*He,’He) "Ne
Ee =70.0 MeV
3 O =7 - 29°

The experiment was carried out with a sector-focusing
cyclotron of the Center for Nuclear Study, University of To-
kyo. The incident energy of the®He beam was S00 |
70.079+0.050 MeV and the average current obtained was
about 0.5uA. The beam was transported into the scattering
chamber, where a gas target system was mounted. The tarcE ,,, f
system consisted of a gas cell and*Mg metallic foil of &
812+ 20 uglcnt thickness used for the energy calibration.
The cell was filled with 99.95% isotopically enriché8Ne
gas to a pressure of 21 cm Hg. In the measurements with th 1% ¢
gas target, a rectangular double-slit system was used, defil
ing the solid angle of 1 to 3 msr, depending on the detectior J
angle. it

The reaction products were momentum analyzed by ¢
QDD-type magnetic spectrograglY] and detected by a
hybrid-type gas proportional counté6], specifically de- 80
signed to minimize the background for low-event rate ex-
periments. A thin plastic scintillator was set just behind the 70 F  *Ne(*He,’He) "Ne
proportional counter for energy and time-of-flight measure- Eiue = 70.0 MeV
ments. O = 10

The ®He particles were identified using the energy signal
from the plastic scintillator, energy loss from the propor-
tional counter, and time-of-flight. The time-of-flight was ob- € 4t
tained from the time interval between the cyclotron rf and S8
the fast signal from the plastic scintillator. The vertical posi- a0 |
tion, perpendicular to the directions of momentum dispersior
as well as the particle trajectory, were also measured onth 20}
focal plane and used to reduce the background not arisin
from the target. Pileup rejection was applied by detecting
two AE signals within 6us. Despite a moderate total count-
ing rate (less than 5000 countg/shis pileup rejection was 350
still very useful to reduce the background since the cros{?
sections of the {He PHe) reaction are very small. FIG. 1. (a) The summed®He energy spectrum from the

The momentum spectra diHe were measured at 12 20Ne(®He *He)Ne reaction measured &t,,=7.0° to 29.0°. The
angles betweer®,,=7.0° and 38.0°. The spectrum at excitation energies i’Ne are denoted. The solid lines indicate fits
0,,=10° was calibrated in energy using the known states 0fo individual peaks on a cubic polynomial background and the com-
2Mg from the #“Mg(*He *He)*Mg reaction[5] in the same  posite of the fits(b) The spectrum obtained &,,=10.0° with a
experimental run. Using this calibration, the momentumlower magnetic field set. The excitation energies-iNe between
spectra of all other angles were converted to energy spectra.5 and 6.4 MeV are denoted. The solid lines indicate fits to indi-
A summed spectrum was obtained by adding all energy spee4dual peaks on a background and the composite of the fits.

tra for each angle normalizing each one for integrated o ) )
charge, the effective target thickness, and solid angles. Thi&e values of the excitation energies were determined by tak-

summed spectrum of all spectra measured betweelnd into.accpunt all the experimental accqra(;ies such as the
®,,,=7.0° and 29.0° is presented in Figal We also mea- uncer'tamty in the. absolute energy of the incident beam,' the
sured one spectrum & ,,=10.0° with a lower magnetic _effectlve target thickness, and the energy loss of the _partlcles
field. In this spectrum, shown in Fig(t), we could observe N the gas target. The accuracy of the ZiegtEo] empirical
some excited states with energy higher than 4 MeV. Thdormulas used to calculate the energy loss of .the particles
overall energy resolution achieved was about 180 keV fullvas also taken into account. However, the major source of
width at half maximum(FWHM), mainly due to the energy the uncertainties was due to pgak 'centr0|d determlngtlon in
loss difference of théHe beam andHe particles in the gas the fitting procedure. The contribution of the uncertainty in
target system. The spectra were analyzed by fitting the shagB® €nergy of the beam to the error of the excitation energies
of the peaks with a Gaussian function with exponential tailsWas very smallbetween 1 and 3 kelVThere is an indication
where the parameters were obtained from the fitting of th&f @ state at 5.141 MeV. However, since we cannot resolve

ground-state peak. However, some peaks above the particdiBiS peak from the contamination peak W(g.s), it has a
threshold energy have a slightly broader width. large uncertainty. The present results on the excitation ener-
gies are in good agreement with, but much more accurate

than the previously suggested values ¥¥e [4], which are

also listed in the table for comparison. The uncertainties on
The excitation energies and the uncertainties for the statate experimental differential cross sections were obtained by

observed in*’Ne are listed in Table I. The uncertainties in taking into account most uncertainties; the statistical uncer-

G.S.
1.288

0 Acal LoLs N o
200 250 300 350 400 450 500
(a) Excitation energy in "Ne (channel)

Excitationn energy in Ne (channel)

Ill. EXPERIMENTAL RESULTS
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TABLE I. Nuclear levels in'’Ne identified. The accuracies in parentheses are in keV.

Ex. energy *=AEXx L J7 J7 J7 Ex.P? ExS
(MeV) (keV) (DWBA) (DWBA) (IMME)  adopted (MeV) (MeV)
0.0 1 1-3- 1i- 1-a

1.288 8 1 13- 3- 3- 1.35(70)  1.284(26)
1.764 12 3 5-1- 3- 3- 1.84(70)  1.754(27)
1.908 15 0(2) 1+ (3% 5% 3 3 1.916(28)
2.651 12 3,2 (3-,2- 3+ 5+ 3+ 3+ 2.77(70) 2.619(29
2.997 11 8- 1- - - 3.006(298)
3.548 20 9- - 3

4.010 10 g+ 5+ i

4.487 22

(5.14) 62 5.28(90)

5.722 23

6.132 35

6.366 22

8From Ref.[9].
From Ref.[4].
Predictions by the IMME using the coefficients from Table IV.

tainties in the yield and the background under the peakssquation prediction for the mass excess ®fe was obtained
target thickness, solid angle, and also uncertainties from thgsing the mass excess of th&\ ground state and lowest
deconvolution of the doublet. The final values of the uncer-T=$ states of the!’F and 'O nuclei, which are the other
tainties were estimated to be about 10% for the forwardmembers of the isobaric analog multiplet. The IMME analy-
angles to 30% for some states in the backwards angles of ttss is discussed in Sec. V.
corresponding absolute differential cross section.

B. Angular distributions and the DWBA analysis

7|
A. Mass excess of 'Ne The experimental angular distributions 8fle from the

From the present work the mass excess dfe is deter-  (*HefHe) reaction were obtained for eight levels ifNe,
mined to be 16.4580.032 MeV. In Table Il it is compared and they are shown in Fig. 2 and Figga-3(e). As ob-
with other experimental valud8,4] and with some theoret- served in thes_e angular distributions, the_ mgasured differen-
ical and empirical predictiongL1,12. The present value of tial cross sections are generally small, being in the range of a
the mass excess &fNe is in good agreement with previous fEW tens of nbisr for highly excited states. All the angular
measurements within the indicated errors. The evaluation b§fiStributions, however, show distinct patterns at the forward
Wapstraet al. [11] is an average of the two experimental ngles, supporting the general featureLotiependence, as

: . : expected in direct multinucleon transfer reactiph3].
results from Refs[3] and[4]. The isobaric multiplet mass The spin-parity assignment of each state depends oh the

@assignment of the corresponding angular distribution. The
assignment is made by comparing the experimental angular
distribution with the calculated ones. Because both the target
and ejectile nuclei have spin‘Q any transition has a single

TABLE II. Comparison of the measurements and predictions o
1"Ne mass excess.

Authors Mass excesdteV) Ref. value for the transferred orbital angular momentum and
Experiment two possible values for the transferred total angular momen-
Present 16.4580.032 tum (J=L=3), except for arL=0 transition. The parity of
Mendelsoret al. 16.479+0.050 [3] the transition is given byr=(—1)-. The analysis of the

Wozniaket al. 16.480+ 0.050 [4] characteristic behavior at the forward angles in the angular
Predictions distributions has been made in terms of the exact finite-range
IMME 16.496+0.018 a distorted wave Born approximatiodDWBA), using the
Wapstra 16.486 0.050 [14 pomputer codeWOFNR [14]_. The transitions should also sat-

Jmecke-Masson 16.62 [11] isfy the energy conservation ruj&3]

Tachibaneet al. 15.99 [11]

Comay-Kelson-Zidon 16.92 [11] > (2nj+1;)=2N3+L+2v+\ for the target system,
Pape-Antony 16.730.33 [11] (1)
Janecke-Garvey-Kelson 16.630 [11]

Gul 16.630 [12] > (2n+1))=2N,+L,+2v+\ for the ejectile system,

8 rom mass excess of the other three members of the multiplet. 2
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T T T T T T a=0.65 fm in ?Ne, andr,=1.58 fm anda=0.65 fm in
o Angular Distributions 1 ®He, where the radius was defined By=r,AY2,, and the
10 1008 L=0 2Ne(®He,tHe) Ne ] potgntlal depths were adjusted to reproduce the binding en-
F x10° E  =70.0MeV | ergies. These radius parameters are slightly larger than the
10° & - e § value often usedr=1.25 fm). Although the radius param-
g = ] eters changed the amplitudes of the oscillations in the angu-
107 ‘Gss Lot ¥ _ lar distributions, they did not modify the general pattern so
E x10 3 largely.
CHE ] In Fig. 2 some typical angular distributions of differdnt
% 107 ¢ S 3 values are plotted together. The calculated angular distribu-
a ; F L w tions by DWBA show strong oscillation patterns and clear
T 10 c HO =2 3 structures for different. As can be seen in the figure, there
© E o % g 3 is a smooth shift of the first minimum angles as a function of
10° L - L (©5=10° for L=0, O,,=15° for L=1, and so op
E L=3 3 which enables us the assignment. The calculated angular
10 ;li7064 ] distributions show a dominant role bf i.e., there was little
o9 T change in shape at forward angles for the total angular mo-
o T Mi mentum. As observed in the figure, the DWBA calculation
10 5548 L=5 3 reproduces reasonable well the oscillation phases of the ex-
F /III/IifI\I\I\I - ] perimental angular distributions. The fits deteriorate at larger
o' L T angles as usual for transfer reactidd$]. These fits were
0.0 1.0 200 300 400 500 obtained without modifying the optical potential parameters
Ocy (deg) and the bound state potential parameters. Basically, the shift

FIG. 2. Typical angular distributions ofHe from the to backward angle of the first maximum and minimum for

2ONe(®He fHe)'"Ne reaction for the states denoted. The curves aréﬂghe”‘. dgfingd the.assignment,, and by comparing the an-
the results of DWBA calculations with the transferred angular mo_gular. d'Str'bUI_'OnS W'th_d'fferem,- s one can observe how
menta () indicated. certain a part_lcular assignmentis. N

The experimental angular distributions of the transitions
for 1’Ne are also shown in Figs(8—3(e), where they are
classified according to thie assigned for them. The general
shapes of the angular distributions at forward angles and the
oscillations phase@naximum and minimum anglgare rea-

wheren; andl; are the number of radial nodésxcluding the
origin) and the orbital angular momentum of each constitu
ent nucleon in the shell mode\W; andL; are the number of
radial nodes ?”d the orbital angular. momentum of thesonably well reproduced by the calculations with theal-
3n-cluster relative to the core, respectively, whiteand A : :

) ues denoted in the figures.
stand for the number of radial nodes and angular momentum
of the internal motion in the B-cluster. Since a direct one-
step process of arBcluster transfer was assumed for the _
(®He®He) reaction, the quantum numbers for the internal The transferred angular momentum, the parity, and the
motion of all three identical fermions ate=0 and\ =1 for  total angular momentum assigned for each state are summa-
the transitions to the low-lying states. This implies that thefized in Table I. The angular distribution of the ground state

3n cluster in®He should have)™=2~ andL,=1(N,=0) transition has the expectdd=1 dependence behavior for a

for the motion with respect to théHe core. Thus, for the J7=3" state[9]. The angular distribution of the 1.908 MeV
low-lying states of the residual nucleus, the Bluster in  State most likely has ah=0 dependence as shown in Fig.
20Ne should havé.;=1(N;=1) for the motion with respect 3(a). However, this state is the weaker member of the unre-
solved doublet, and a small change in the shape of the peak
could change the yield for this state especially for the most
gives two possibilities for the quantum numbers of the rela-forWard a.ngles. Taklng t.h|s Into aCCOUF‘F we would not com-
tive motion, L;=2(N;=1) or L;=0(N,;=2). These two pletely reject _thg po§S|b|I|ty for an additional 2 shape of
possibilities for the quantum numbers did not change signifi—the angula_1r distribution ba_sed on the pattern of the backward
cantly the positions of the maxima and minima in the Calcu_angles points. Thus, for this state at 1.908 MeV we assigned
lated angular distributions, but, since they give smalld”=3" with the possibility forJ7=(3",5%). When the
changes in the relative intensity of the maxima, the set thatransferred_ is not zero, there are two choicesbfor each
better reproduced the experimental angular distributions walks, as mentioned in the previous subsection. In this case,
chosen. reasonabld’s have been chosen using the knodis of the

The optical potential parameters in Table Ill, used in thelevels in the corresponding energy region in the mirror
calculations, were obtained from R¢L5], for the incident nucleus '’N [16]. By using this procedure, we assigned
channel, while those fdtHe were obtained from those Eifi J™=32" for the state at 1.288 MeV, whose angular distribu-
also from Ref.[15]. These parameter sets were also usedion hasL=1 dependence. The angular distributions of the
before in the analysis of angular distributions of thestates at 2.651 and 4.010 MeV seem to have2 depen-
2"Mg(*He fHe)*'Mg reaction[5]. For the bound state param- dence, see Fig.(8). By comparing with the levels ih’N we
eters of the & cluster, we adoptedr,=1.32fm and assigned™=32" for the state at 4.010 MeV. However, there

C. Spin parity based onL assignment

to the ’Ne core forL =0 transitions, wher&=L,+L,. For
transitions withL =1 we have N;+L,=4 for ?Ne, which
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FIG. 3. Angular distributions ofHe from the?°Ne(®He ®He)!’Ne reaction for the states denoted, attributed to the transferred angular

momenta indicated. The solid lines are the DWBA calculations for the correspobhdi@gme angular distributions were multiplied by the
factors indicated(a) for L=0 transition,(b) for L=1 transitions(c) for L=2 transitions(d) for L =3 transitions(d) for L=5 transitions.

is also a possibility that the angular distribution for the statesis[8] we considered this state at 2.651 as a doublet with two
at 2.651 MeV havé. =3 dependence; thus, since we cannotstates at 2.623 and 2.765 MeV. In this case the angular dis-
clearly distinguish between these two possibilities, the ambitributions for these two possible states are shown in Fig. 4.

guity J7=(3*,5%,5- 1) is left for the state at 2.651 MeV. As We can see in the figure, there is a strong indication that
This two possibilities for the angular momentum transferredn® angular distributions for these two states correspond to

could also indicate that this state might be a doublet. Sincé =3 andL =2, respectively, in which case we ;’Vogld assign
37,27 for

we have a rather moderate experimental resolution this pos™=3 ", for the state at 2.623 MeV anif=3*,3

sibility cannot be completely rejected. In our previous analy-2.765 MeV. The assignment of a doublet implies a signifi-
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i 00—
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2.651 MeV
¥
104 - i\\ x 100 1
10° | . i L=2 ]
] I L=3 PR
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FIG. 3 (Continued. FIG. 4. Angular distribution ofHe from the*®Ne(®He fHe)''Ne

reaction for the state at 2.651 MeV considered as a single state and

cantd coefficient for the IMME equation for the 2.765 MeV. considered as a doublet with states at 2.623 and 2.765 MeV.

state, which we would assume as the fourth member of the
5% quartet considering solely the spin assignment from the
angular distribution. Since one cannot draw any conclusion

for this possibility, from the IMME point of view it could, Shell model calculations performed for mass 17 nuclei
however, be an interesting subject to investigate further wittﬂﬂ_zﬂ suggested that particle-hole excitations are impor-
better resolution if there is a doublet there and a latgerm  tant for the structure of low-lying states. Most of the calcu-
for the IMME in this nucleus. lations were based on the weak coupling mofg], in
The angular distributions of the 1.764 and 2.997 MeVwhich the correlation between particles in the same major
transitions havé. =3 dependence, see FigdR The state at  shell is of predominant importance and the particle-hole in-
2.997 MeV is considered to be the analog of the 3.129 MeMeraction is treated as a small perturbation. The low-lying
state in'’N, and thusJ™=1%" is tentatively assigned for it. negative parity states iA=17 nuclei arise mainly from cou-
The state at 1.764 MeV is assigndd=3". Finally, the pling of a py, hole to positive parity states of mass 18.
angular distribution of the 3.548 MeV state is fitted reason-Besides these [21h configurations, $#-3h configurations
ably well by L=5, see Fig. &). This state is considered to are expected to play a role, while the positive parity states
be the analog of the 3.629 MeV state 1N, and thus are expected to be32h and -4h. These works, how-
J7= 9- is assigned_ These assignments are based So|e|y &yer, differ with each other in the shell model space or in the

the |_2 dependence of the angular distributions. The spinumber of configurations taken into account, and even in the

parity assignments for these states are also discussed in SERice of the residual interactions, which, as pointed out by
Margolis and Takacsj17], could have a large influence on

IV. COMPARISON WITH SHELL MODEL
CALCULATIONS

v the energy spectrum.
We here compared the experimental levelstiNe with
TABLE lll. Optical and binding potential parameters. an extensive shell model calculation by Warburton and Mil-
) lener[21] (see Fig. %. Since their calculations do not include
v 'R ar Wy i 8 Ic any Coulomb effect, they can be compared to the experimen-
set Mev)  (fm)  (fm)  (MeV) (fm) (fm) (fm) 3 °energy levels in both’Ne and’N nuclei. They used a

3He+2Ne 160.00 1.633 0.375 35.00 1.015 1.767 1.3 modified Millener-Kurath interactior(designated MKB to
bHet+l’Ne 64.70 1.250 0717 13.00 1.250 0800 1.3 describe the cross-shell interaction in which valence nucleon
3n+1Ne a 132 065 are active in several major shells simultaneously. This inter-
3n+3He a 158  0.65 action is based on a multirange parametrization obtained by
Hosakaet al. [23]. They defined the (€§)*(0p)'%1s0d)

&The depth was adjusted to reproduce the binding energy. configuration as ®w. The low-lying negative parity levels in
bThe imaginary potential is a volume-type Woods-Saxon potentiat’N and ’Ne are predominantly of 7w character. The

for both systems. model space for the positive-parity states included all pos-
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7.0 V. IMME ANALYSIS
82 8386
6.0 L 6.132 72 The ambiguity of the spin-parity assignment for the levels
5722 9z in ’Ne, based on the assignment, is eliminated by identi-
50+ = S 32 fying analog states in the known level scheme of the mirror
=~ Y o 4a87 5/2+ nucleus'’N. However, to identify analog states in these nu-
3 401 = e o clei sometimes it is necessary to consider signatures other
B 30l 1o 72 2997 than just their absolute energies andassignment. One of
g - we | (YReSEeSRTR) 2651 these signatures is the isobaric multiplet mass equation
2 ool B e - i (IMME). This equation relates the mass excess of the four
2 . T 1964 members of an isobaric multiplet by the following expres-
g 1t0f I sion:
00 B 00 M(A,T,)=a+bXT,+cXT2+dX T3, (4)
-1.0 ¢ whereT, is the isospin projection aral, b, ¢, andd are the
(2p-1h) "Ne (exp) (3p-2h) coefficients P Pl
-2.0

The most important coefficient to test the IMME equation
FIG. 5. Energy levels of’Ne. The theoretical predictions are IS thed coefficient. This coefficient must be zero if the iso-
taken from shell model calculations by Warbunal. The 2p-1h spin is a good quantum number. In terms of the mass excess

and 3-2h model spectra are discussed in text. of the quartets it is given by
sible Ziw excitations as (§)3(0p)*4(1s0d)?> and d= EX{M(%)— M(—3)-3
(0s)*(0p)*(1s0d)*(0f1p)? configurations as well as the 6

main (0s)*(0p)'%1s,0d)® configurations. In Fig. 5, we ) )

show the energy level scheme dNe compared with the X[M(2)=M(=2)]}, ®)
2p-1h and 3p-2h states predicted by this calculation. In the .

calculation the first ten odd-parity states are considered, aa/yhereM(TZ) is the mass excess of the nucleus wiith As

cording to the weak coupling model, to be mainly composedS clear fro.”.‘ the equation, th.é coefficient is three tlmles
of more sensitive to the mass difference betweenTihe = 5

members of the multiplets than to that between the
3

TP ie[00] 2 4 25 08,301, 3 Tz~ *z members.

3 . .
As may be seen in the figure there is a good one-to-one A. T=3 states in theA=17 multiplet
correspondence for the low-lying states’ifNe, indicating The coefficients of the IMME were obtained relating the
that the main configuration of these states is well charactemass excess of tHe= 3 states of theéd= 17 isobar multiplet.
ized by the weak coupling model assumed. The exception¥hese coefficients were obtained for the, -, 3, 1+,
are, however, the predicted additional and 3~ states, 3%, andZ™ quartets. Here, we have assigned the state 2.651
which do not have counterparts in the presENe spectrum.  MeV in 'Ne as a state of theé" quartet.
A 3~ state appears at 3.204 MeV ¥N. However this state The T=23 states in the other members of the=17 mul-
in N has a very small spectroscopic factor in thetiplet have been well studied. In th#O and ’F nuclei
180(d,®He)''N reaction[20], which corroborates with the (T,=*1) these states have been located mostly by observ-
small spectroscopic factor calculated by Warburton and Miling proton and neutron induced resonances, where informa-
lener[21]. In terms of the weak-coupling model these sec-tion on energy and spin-parity were obtaif@®,27]. Figure
onds 3~ and 3~ states would be @1h configuration 6 summarizes the present knowledge of The? states in
formed by coupling ap hole to the § and 2 states in the A=17 isobar multiplet. The data oHN, 'O, and!’F
A=18 nuclei, respectively. The low-lying positive parity are taken from the most recent compilatid6], while the
states inA=18 nuclei have basically 20h configuration. ~data on*’Ne are from the present results.
To describe correctly the excitation energies and electromag- The identification of the first four quartets in this system
netic properties of the positive-parity levels =18, 60  seems very clear, since the spin parity of the states in these
core polarization has been required in shell model calculanuclei are well determined. However, concerning the states
tions [24,25. This fact corresponds to introducing more in the equivalent excitation energy region above 2.5 MeV,
particle-hole excitations such ap®h for the wave func- the identification of the analog states is not so clear. At the
tions of the positive-parity states = 18. In particular, it ~energy region around 2.5 MeV there is one positive parity
was found in these shell model calculations that although thetate3 * in *'N, O, and'’F nuclei. In''Ne, the state in this
main configuration for § and 2 states in'®Ne and'®0 is  region is the state at 2.651 MeM {,5*,57,%7). Thus, we
2p-0h, the 4p-2h component also has a large amplitude.assume here that this state at 2.651 MeV in ¥fi¢e is the
Since the secong™ and3 ~ states are not populated ifNe  fourth member of thé * quartet. In addition, in the previous
by the present 8-pickup reaction indicates that the twg 0 compilation of data or’O [28], which was based on the data
and 2, parent states ih=18 could have predominantly a of Hinterbergeret al. [27], the state at 14.286 MeV KO
4p-2h component. was assumed to be B=3% state. However, in a recent ex-
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Ex (MeV) i possibility that there is a missing state beneath the two states
sor T=3/2statesin A=17 at 2.651 and 2.997 MeV iA'Ne.
55 |
50 arg 92D 15780 B. The systematics of the IMME coefficients
45T UERE sge 5 s o e The coefficientsa, b, ¢, andd of the IMME were ob-
401 e T 388 (29 1470 Tom . tained for the}~, 27, 37, 1, 3%, and %~ quartets from
L B e YT e s am % the corresponding mass excess listed in Table IV. First, only
sop TR B @) T o 1476 (3/215;‘5/2_2'-;;33 the coefficientsa, b, andc were obtained by using the ex-
o5 B - B20) e — 5781 2.651 perimental values of the mass excess of the three members of
sol s 1907 s 12ess (2w 13080 12 g  the multiplet(*N, YO, and’F). By using these coefficients
g5 [ e B0 d2e 12984 ep igoe gp 1764 _on%can estimate _the excitation energies for the analog states
N 1374 5. 12480 T 32 1sse0 " ga 1288 in 17Ne. The predlcted_energles by the IMME for the states
1 in ~'Ne are presented in the last column of Table I. All the
05 energies are in very good agreement with the observed exci-
oop =00 1B 0 Ve 111 12 00 tation energies irt’Ne within the errors.
o5F 17 17 17 17 Using the mass excess of the four members of the mul-
1ol N O F Ne tiplet in the IMME, one can determine the coefficients up to

t work o . . .
(present work) thed term. The coefficients obtained are listed in the second

line for each state in Table IV. Apparently, inclusion of the
"Ne data, and consequently ttee coefficient, does not
change tha, b, andc values significantly from the previous
ones. The, ¢, andd coefficients obtained are plotted in Fig.

7 as a function of excitation energy fiNe. Theb andc
periment[29] this state is found to be B=1 state. Thus, the coefficients for the negative parity states have a weak linear
state at 3.204 Me\2 ~ in YN has no analog in’O. Itis also ~ dependence on excitation energy as

guestionable to assume this state as the analog of the broad Ac
state at 14.176 MeV in'F. AlthoughJ"=3" hasbeencon-  —~ _ | 15 kev/MeV and — =—12 keV/MeV,

firmed for the state at 14.176 MeV iiF [30], it is too apart AEXx AEX

in energy and its order is inverted relative to the state in (6)

1N, Moreover, the analog of th&™~ state in'’F seems to be

missing in this energy region ih’Ne. The most plausible which are much smaller than the predictierd2 keV/MeV
explanation for this situation is that there are missing stateand — 18 keV/MeV for theb andc coefficients, respectively,

in this excitation energy region not only iNe but also in  for A=17 by Skwierskyet al.[26]. In their analysis only the

the other members of the multiplet. Missing states would beenergies of the ground and first excited states’Me were
expected since spectroscopic datadw, 1’0, and'’F were  used, and they erroneously considered the state at 14.286
obtained by using different reactions such as the strippindleV in 1O asJ™=Z%" instead of the state at 14.230 MeV.
reaction, elastic scattering, or one-nucleon pickup reactionsAs mentioned before this state at 14.286 MeVi® was
whereas the present experiment &fNe used a reaction found to beT=3 [29]. The systematics of thie coefficient
which excited three-neutron hole states. Of course, since odor the negative parity states is opposite to fhdependence
experimental resolution was rather moderate, there remainskaown previously, which i$(A)~ —0.2A for A<40 [31].

FIG. 6. T=§ energy levels inA=17 quartet. Excitation ener-
gies and)™ assignments fol’N, 1’0, and!’F are obtained from the
compilation in Ref[16], and for'’Ne from the present experiment.
The dashed lines correspond to the identified analog states.

TABLE IV. Mass excesseén MeV) and the coefficients of IMME for th@=§ guartet ofA=17. The numbers in parentheses are the
errors in keV.

17N 170 17F l7Ne

Jm (T,=3) (T,=3) (T,=—3) (T,=-3) a (MeV) b (MeV) ¢ (MeV) d (keV)
%* 7.87115 10.27@1) 13.1452) 16.45332) 11.6482) —2.875(2) 0.238)

11.6513) —2.877(3) 0.22®) 7.2(6.0
3* 9.24515) 11.6571) 14.5022) 17.74133) 13.0252) —2.845(2) 0.21B)

13.0283) —2.847(3) 0.20) 6.56.1)
%* 9.721(15 12.135%5) 15.0325) 18.36135) 13.5275) —2.897(6) 0.24(9)

13.5245) —2.899(9) 0.22010) 8.57.0
2* 9.77815) 12.1891) 15.0135) 18.21734) 13.5493) —2.824(4) 0.20[)

13.5513) —2.825(7) 0.19810) 5.56.6)
%* 10.39715) 12.82713) 15.7335) 19.10434) 14.22@3) —2.906(5) 0.238)

14.2214) —2.907(7) 0.23®) 1.86.9
- 11.00G115) 13.4222) 16.2564) 19.45@34) 14.7883) —2.834(4) 0.208)

14.7913) —2.836(4) 0.19®) 8.7(6.6)
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parity states. The difference of the calculated values from the
(a) Coefficients of IMME | experimental ones may be attributed to the fact that they
B @ negative parity used a fixed set of parameters for the Woods-Saxon potential
2 O positive parity for a large mass regioth=9-28. The level displacement
= 28¢ - i energy is very sensitive to a small change in the radius pa-
Qa ool f/"/ﬁ//]t | rameter ,; according to Bertscf34], for Ar,=0.01 fm one
- T finds AE~30 keV for instance.
3.0 , , The d coefficients were obtained before for twenty-two
' isobaric quartet$35]. It was found that they are consistent
(b) with zero, as the upper limit of their absolute values is
S 025 . around 7 keV. Thed coefficient determined here for the
2 EE multiplets inA= 17 nuclei are slightly positive nonzero val-
> o0 | ] ues. The reason for the small deviation of nonzero values in
' average is partly due to the mass exces$’Ne determined
here. Thus, thel coefficients obtained here for the excited
0.15 : : states multiplets are consistent within the error with the
coefficients of the ground-state multiplet, since they are
0| (©) ] strongly correlated.
S
E S I T 2 A o
o g0l hd § A VI. LEVEL SHIFT
The level scheme of’Ne is shown in Fig. 5. Except for
-20.0 . ‘ ‘ . the ground state all levels are unbound for proton emission.

05 00 05 10 15 20 25 30 35 As observed in the level scheme YNe the first positive
Excitation energy in "Ne (MeV) parity state is the © state at 1.908 MeV. This state comes
lower in energy than the next possible positive parity state
FIG. 7. The coefficients of the IMME as a function of excitation 3+ at 2.651 MeV.
in17Ne- i <o . . .
energy in~'Ne; (&) the b coefficient, (b) the ¢ coefficient, andc) Although nucleons occupy single-particle orbits from the
thed coefficient. bottom up to weakly bound states in a mean potential, the
shell structure of proton or neutron rich nuclei can be differ-
One can also see clearly that the coefficients of the positivent from that of stable nuclei. One of the intriguing conse-
parity states do not follow the systematics for the negativegquences of this is the crossing or inversion of states, fre-
parity states. This seems to be related to the configurations gfuently observed in neutron-rich nuclei. Despite the fact that
the states since the low-lying negative parity stated’Me  residual interactions in the nuclei lead to different level shifts
are predominantly g-1h configuration from Zw excita-  State by stat¢36], the inversion of thg * and3* states or
tions while the positive-parity states arp-2h based on the more specifically the strong lowering in energy of thé
2hw excitations[32]. state observed in some neutron-rich nuclei is not well under-
Since data on excited state isobaric multipletsTef3  stood yet.
were quite limited for light nuclei, excited state multiplets ~ Figure 8 shows the energy levels of thé and3 * states
have received less attention than the ground state multipleis the N=7 isotones measured from the lowest state,
from a theoretical point of view. However, an extensive cal-where we assumed the state at 2.651 MeV is the second
culation of level displacement energy was made by de Meijepositive-parity state it’Ne. These two states are unbound
[33]. In his calculation he used different wave functions forfor proton emission, as the™ state in'’Ne is unbound by
protons and neutrons in a large shell model base. The resultsly 408 keV. As can be observed in the figure, $fiestate
of this ambitious calculation for the first two negative andhas lower energies toward the drip lines in both proton and
positive parity states if’Ne are presented in Table V. The neutron rich sides. In the extreme case of very neutron-rich
calculation gives a larger difference between the experimemucleus 'Be the two states are inverted. This inversion
tal and calculated level displacement energies for the negamechanism int'Be has been partly explained to be due to
tive parity states and a smaller difference for the positiveneutron-halo formation of the weakly bound valence neu-

TABLE V. The experimental level displacement energies & and!’Ne analog states, and excitation
energies in’Ne calculated by de Meijeet al. [33]. The numbers in parentheses are the errors in keV.

AE(exp) AE(calc) AE(exp)-AE(calc) Ex(exp Ex(calo  Ex(exp)-Ex(calg

State (MeV) (MeV) (keV) (MeV) (MeV) (keV)
1- 4.09032 4.245 —-155 0 0 0
3- 4.02133) 4.182 —161 1.2883) 1.289 1
i+ 4.111(35) 4.053 +58 1.90815) 1.667 +241
5+

2

4.15334) 4.154 -1 2.65112)  2.486 +165




PRC 58 NUCLEAR STRUCTURE OF''Ne BY THE THREE . .. 125

6.0 fer mechanism. Thirteen levels were identified'fiNe and
so| N=7isotones 3241 12" | the angular distributions for eight of them were measured.
The transferred-orbital-angular-momentum dependence is
% 40t 5854 5/04 1 clearly observed in the angular distributions, which enables
= 5089 . spin and parity assignments for several levels.
> 80 R 2 651 52+ ] The experimental'’Ne level scheme is in reasonable
E 2o | 008 . agreement_wnh the shell model calculation based on the
o - 1778 5os . weak coupling model, although the nuclear structure of these
S 1ol | levels is not yet completely understood. Theé state at
% 1.908 MeV is the first positive parity state, while the possible
E oor g.gzo }Z+ 1/2- 1i2- 12 next positive parity staté ™ is at 2.651 MeV. Although the
' spin-parity assignment based on the angular distribution for
1oy Up. B¢ 59  "Ne 1 the 2.651 MeV state is not so clear, the systematic of the
20 IMME indicates that this state is the most reasonable candi-

date for the3* analog states quartet. And, since we expect
FIG. 8. Energy difference between tyé and3* states in the that these states are of largely single particle character, one

N=7 isotones spanned from the neutron-rich to the neutronmay conclude that the orbit comes lower than the orbit in

deficient nuclei. The lowes} ™ states of each nucleus are normal- energy. Moreover, the lowering in energy of thé state in

ized to zero. The excitation energies for the state®®and®C  association with weak binding effects in nuclei with diffuse

are from Ref[37]. surface[38] can be an interesting point for further investiga-

tion in proton-rich nuclei.

tron. Although this inversion has been a long standing prob- The inclusion of data on the nuclear structure*tfle to

lem pointed out by Talmi38], it is not well understood yet. the knownT=2 state inA= 17 isobar multiplet allowed the

Tanihataet al. [39] have shown that in a mean field shell jgentification of six quartet analog state. An extensive IMME

model calculation, the potential extends more in the surfacgnmysiS for these states updex T§ term of the equation has

for the 2s orbital than for the orbits with centrifugal barriers peen made. In the analysis an excitation energy dependence

near the threshold. If these low-lying states are of largelyqr the coefficients of the IMME, including the cubic temn

single-pa_rticle natl_Jre, the large energy shift of jfiestate in was observed. The different systematics of thandc co-

neutron-rich nuclei can be understood partly as a property Gficients observed for the positive and negative parity states

a loosely bound system with a diffuse surface. In principle.seem to be related to the shell model configurations expected

the formation of a proton-halo in proton-rich nuclei can befqr these states. Detailed theoretical analysis of the present

difficult due to the Coulomb repulsion between the protongystematics of the IMME coefficients for thie=17 system
and the nucleus, but on the other hand, the absence of cega pe found in Ref(32].

trifugal barrier for ans state can help holding the last

nuclgon. Of course these are still open questiqns and more ACKNOWLEDGMENTS
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