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The nuclear structure of17Ne has been studied by the20Ne~3He,6He!17Ne reaction at 70 MeV. Thirteen
levels were identified in17Ne, 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 states in17Ne. With the inclusion of the data on17Ne, T5

3
2 quartet

analog states have been completed for six levels in theA517 isobar system. The level shifts in theseA517
nuclei are analyzed in terms of the isobaric multiplet mass equation~IMME !. The results of such an analysis
show a slight linear dependence of theb and 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.@S0556-2813~98!01707-5#

PACS number~s!: 21.10.Hw, 25.55.Hp, 27.20.1n
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I. INTRODUCTION

The structure of nuclei near the drip lines is one of t
major concerns in nuclear physics. Although the proton d
line for light mass nuclei is well established, a detailed
vestigation of their properties is still necessary. Also,
discovery of extended tails of nuclear matter for wea
bound nuclei on the neutron-rich side has prompted a se
for weak binding effects also in proton-rich nuclei. Amon
theA517 isobar, several authors have pointed out that17F is
a good candidate for proton-halo formation@1# since the pro-
ton separation energy is only 0.60 MeV. However, no stro
experimental evidence has been observed so far. On the
hand, the largest interaction radius observed for17Ne @2#
among theA517 isobar suggests that this nucleus co
have a proton halo. Thus, to get better insight into the str
ture of the17Ne we studied excited states up to 6.4 MeV
this nucleus. The level shift of the first1

2
1 state in17Ne is

investigated, and the systematic behavior in energy of
state in theN57 isotone is discussed in connection with
possible proton-halo formation.

Although a large number ofT5 3
2 states have been locate

in the other members of theA517 multiplet, the level struc-
ture of the17Ne nucleusTz52 3

2 was almost unknown with
the exception of a few excited states that had been previo
suggested@3,4#. Thus, the inclusion of the present data on t
structure of17Ne also provides a good opportunity to ma
an extensive analysis in terms of the isobaric multiplet m
equation~IMME ! for the four members of theA517 system.
Here we present an analysis on the systematics of the IM
coefficients for this system as a function of the excitat
PRC 580556-2813/98/58~1!/116~11!/$15.00
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energy of17Ne. This is the first such analysis in a one mu
tiplet system covering several excited states, and it can b
valuable spectroscopic information on the structure
A517 nuclei.

The nuclear structure of17Ne was investigated here by th
three-neutron pickup reaction20Ne~3He,6He!17Ne. This reac-
tion has been shown to be a useful spectroscopic tool, s
the strong transferred angular momentum (L) dependence of
the measured angular distributions allowed spin-parity
signment for the states@5#. Three-nucleon transfer reaction
are experimentally difficult since the cross sections involv
are generally very small. The development of a detector s
tem including an accurate proportional gas counter@6# and a
high-resolution magnetic spectrograph@7# has enabled mea
surements of extremely small cross sections of such re
tions.

We report here on the experimental results and then
the detailed analysis of the nuclear structure of17Ne by the
three-neutron pickup (3He,6He) reaction. Some of these re
sults have been briefly reported before@8#.

This paper is divided into the following sections. The e
perimental setup and the procedure are described in Se
while the experimental results and the analysis in terms
the distorted wave Born approximation~DWBA! are re-
ported in Sec. III. The interpretation of the level scheme
17Ne in terms of a large-base shell model is discussed in S
IV. In Sec. V, an analysis in terms of the IMME for the fou
members of theA517 isobar system is presented. Section
is devoted to the discussion of the level shift of the1

2
1 state.

Finally, a summary is given in Sec. VII.
116 © 1998 The American Physical Society
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II. EXPERIMENT

The experiment was carried out with a sector-focus
cyclotron of the Center for Nuclear Study, University of T
kyo. The incident energy of the3He beam was
70.07960.050 MeV and the average current obtained w
about 0.5mA. The beam was transported into the scatter
chamber, where a gas target system was mounted. The t
system consisted of a gas cell and a24Mg metallic foil of
812620 mg/cm2 thickness used for the energy calibratio
The cell was filled with 99.95% isotopically enriched20Ne
gas to a pressure of 21 cm Hg. In the measurements with
gas target, a rectangular double-slit system was used, d
ing the solid angle of 1 to 3 msr, depending on the detec
angle.

The reaction products were momentum analyzed b
QDD-type magnetic spectrograph@7# and detected by a
hybrid-type gas proportional counter@6#, specifically de-
signed to minimize the background for low-event rate e
periments. A thin plastic scintillator was set just behind t
proportional counter for energy and time-of-flight measu
ments.

The 6He particles were identified using the energy sig
from the plastic scintillator, energy loss from the propo
tional counter, and time-of-flight. The time-of-flight was o
tained from the time interval between the cyclotron rf a
the fast signal from the plastic scintillator. The vertical po
tion, perpendicular to the directions of momentum dispers
as well as the particle trajectory, were also measured on
focal plane and used to reduce the background not ari
from the target. Pileup rejection was applied by detect
two DE signals within 6ms. Despite a moderate total coun
ing rate ~less than 5000 counts/s! this pileup rejection was
still very useful to reduce the background since the cr
sections of the (3He,6He) reaction are very small.

The momentum spectra of6He were measured at 1
angles betweenQ lab57.0° and 38.0°. The spectrum a
Q lab510° was calibrated in energy using the known states
21Mg from the 24Mg~3He,6He!21Mg reaction@5# in the same
experimental run. Using this calibration, the momentu
spectra of all other angles were converted to energy spe
A summed spectrum was obtained by adding all energy s
tra for each angle normalizing each one for integra
charge, the effective target thickness, and solid angles.
summed spectrum of all spectra measured betw
Q lab57.0° and 29.0° is presented in Fig. 1~a!. We also mea-
sured one spectrum atQ lab510.0° with a lower magnetic
field. In this spectrum, shown in Fig. 1~b!, we could observe
some excited states with energy higher than 4 MeV. T
overall energy resolution achieved was about 180 keV
width at half maximum~FWHM!, mainly due to the energy
loss difference of the3He beam and6He particles in the gas
target system. The spectra were analyzed by fitting the sh
of the peaks with a Gaussian function with exponential ta
where the parameters were obtained from the fitting of
ground-state peak. However, some peaks above the pa
threshold energy have a slightly broader width.

III. EXPERIMENTAL RESULTS

The excitation energies and the uncertainties for the st
observed in17Ne are listed in Table I. The uncertainties
g
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the values of the excitation energies were determined by
ing into account all the experimental accuracies such as
uncertainty in the absolute energy of the incident beam,
effective target thickness, and the energy loss of the parti
in the gas target. The accuracy of the Ziegler@10# empirical
formulas used to calculate the energy loss of the partic
was also taken into account. However, the major source
the uncertainties was due to peak centroid determinatio
the fitting procedure. The contribution of the uncertainty
the energy of the beam to the error of the excitation energ
was very small~between 1 and 3 keV!. There is an indication
of a state at 5.141 MeV. However, since we cannot reso
this peak from the contamination peak of9C~g.s.!, it has a
large uncertainty. The present results on the excitation e
gies are in good agreement with, but much more accu
than the previously suggested values for17Ne @4#, which are
also listed in the table for comparison. The uncertainties
the experimental differential cross sections were obtained
taking into account most uncertainties; the statistical unc

FIG. 1. ~a! The summed6He energy spectrum from the
20Ne~3He,6He!17Ne reaction measured atQ lab57.0° to 29.0°. The
excitation energies in17Ne are denoted. The solid lines indicate fi
to individual peaks on a cubic polynomial background and the co
posite of the fits.~b! The spectrum obtained atQ lab510.0° with a
lower magnetic field set. The excitation energies in17Ne between
2.5 and 6.4 MeV are denoted. The solid lines indicate fits to in
vidual peaks on a background and the composite of the fits.
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TABLE I. Nuclear levels in17Ne identified. The accuracies in parentheses are in keV.

Ex. energy
~MeV!

6DEx
~keV!

L
~DWBA!

Jp

~DWBA!
Jp

~IMME !
Jp

adopted
Ex.b

~MeV!
Ex.c

~MeV!

0.0 1 1
2

2, 3
2

2 1
2

2 1
2

2a

1.288 8 1 1
2

2, 3
2

2 3
2

2 3
2

2 1.35 ~70! 1.284~26!

1.764 12 3 5
2

2, 7
2

2 5
2

2 5
2

2 1.84 ~70! 1.754~27!

1.908 15 0~2! 1
2

1,( 3
2

1, 5
2

1)
1
2

1 1
2

1 1.916~28!

2.651 12 ~3,2! ( 5
2

2, 7
2

2, 3
2

1, 5
2

1)
5
2

1 5
2

1 2.77 ~70! 2.619~28!

2.997 11 3 5
2

2, 7
2

2 7
2

2 7
2

2 3.006~28!

3.548 20 5 9
2

2, 11
2

2 9
2

2

4.010 10 2 3
2

1, 5
2

1 3
2

1

4.487 22
~5.141! 62 5.28~90!

5.722 23
6.132 35
6.366 22

aFrom Ref.@9#.
bFrom Ref.@4#.
cPredictions by the IMME using the coefficients from Table IV.
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tainties in the yield and the background under the pea
target thickness, solid angle, and also uncertainties from
deconvolution of the doublet. The final values of the unc
tainties were estimated to be about 10% for the forw
angles to 30% for some states in the backwards angles o
corresponding absolute differential cross section.

A. Mass excess of17Ne

From the present work the mass excess of17Ne is deter-
mined to be 16.45360.032 MeV. In Table II it is compared
with other experimental values@3,4# and with some theoret
ical and empirical predictions@11,12#. The present value o
the mass excess of17Ne is in good agreement with previou
measurements within the indicated errors. The evaluation
Wapstraet al. @11# is an average of the two experiment
results from Refs.@3# and @4#. The isobaric multiplet mass

TABLE II. Comparison of the measurements and predictions
17Ne mass excess.

Authors Mass excess~MeV! Ref.

Experiment
Present 16.45360.032
Mendelsonet al. 16.47960.050 @3#

Wozniaket al. 16.48060.050 @4#

Predictions
IMME 16.49660.018 a

Wapstra 16.48060.050 @11#

Jänecke-Masson 16.62 @11#

Tachibanaet al. 15.99 @11#

Comay-Kelson-Zidon 16.92 @11#

Pape-Antony 16.7360.33 @11#

Jänecke-Garvey-Kelson 16.630 @11#

Gul 16.630 @12#

aFrom mass excess of the other three members of the multiple
s,
e
-
d
he

y

equation prediction for the mass excess of17Ne was obtained
using the mass excess of the17N ground state and lowes
T5 3

2 states of the17F and 17O nuclei, which are the othe
members of the isobaric analog multiplet. The IMME ana
sis is discussed in Sec. V.

B. Angular distributions and the DWBA analysis

The experimental angular distributions of6He from the
(3He,6He) reaction were obtained for eight levels in17Ne,
and they are shown in Fig. 2 and Figs. 3~a!–3~e!. As ob-
served in these angular distributions, the measured diffe
tial cross sections are generally small, being in the range
few tens of nb/sr for highly excited states. All the angu
distributions, however, show distinct patterns at the forw
angles, supporting the general feature ofL dependence, as
expected in direct multinucleon transfer reactions@13#.

The spin-parity assignment of each state depends on tL
assignment of the corresponding angular distribution. T
assignment is made by comparing the experimental ang
distribution with the calculated ones. Because both the ta
and ejectile nuclei have spin 01, any transition has a single
value for the transferred orbital angular momentum (L) and
two possible values for the transferred total angular mom
tum (J5L6 1

2 ), except for anL50 transition. The parity of
the transition is given byp5(21)L. The analysis of the
characteristic behavior at the forward angles in the ang
distributions has been made in terms of the exact finite-ra
distorted wave Born approximation~DWBA!, using the
computer codeTWOFNR @14#. The transitions should also sa
isfy the energy conservation rule@13#

( ~2ni1 l i !52N11L112n1l for the target system,

~1!

( ~2ni1 l i !52N21L212n1l for the ejectile system,

~2!

f
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whereni andl i are the number of radial nodes~excluding the
origin! and the orbital angular momentum of each const
ent nucleon in the shell model,Ni andLi are the number of
radial nodes and the orbital angular momentum of
3n-cluster relative to the core, respectively, whilen and l
stand for the number of radial nodes and angular momen
of the internal motion in the 3n-cluster. Since a direct one
step process of a 3n-cluster transfer was assumed for t
(3He,6He) reaction, the quantum numbers for the inter
motion of all three identical fermions aren50 andl51 for
the transitions to the low-lying states. This implies that t
3n cluster in 6He should haveJp5 3

2
2 and L251(N250)

for the motion with respect to the3He core. Thus, for the
low-lying states of the residual nucleus, the 3n cluster in
20Ne should haveL151(N151) for the motion with respec
to the17Ne core forL50 transitions, whereLW 5LW 11LW 2 . For
transitions withL51 we have 2N11L154 for 20Ne, which
gives two possibilities for the quantum numbers of the re
tive motion, L152(N151) or L150(N152). These two
possibilities for the quantum numbers did not change sign
cantly the positions of the maxima and minima in the cal
lated angular distributions, but, since they give sm
changes in the relative intensity of the maxima, the set
better reproduced the experimental angular distributions
chosen.

The optical potential parameters in Table III, used in t
calculations, were obtained from Ref.@15#, for the incident
channel, while those for6He were obtained from those of6Li
also from Ref.@15#. These parameter sets were also us
before in the analysis of angular distributions of t
24Mg~3He,6He!21Mg reaction@5#. For the bound state param
eters of the 3n cluster, we adoptedr 051.32 fm and

FIG. 2. Typical angular distributions of6He from the
20Ne~3He,6He!17Ne reaction for the states denoted. The curves
the results of DWBA calculations with the transferred angular m
menta (L) indicated.
-
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a50.65 fm in 20Ne, and r 051.58 fm anda50.65 fm in
6He, where the radius was defined byR5r 0Acore

1/3 , and the
potential depths were adjusted to reproduce the binding
ergies. These radius parameters are slightly larger than
value often used (r 051.25 fm). Although the radius param
eters changed the amplitudes of the oscillations in the an
lar distributions, they did not modify the general pattern
largely.

In Fig. 2 some typical angular distributions of differentL
values are plotted together. The calculated angular distr
tions by DWBA show strong oscillation patterns and cle
structures for differentL. As can be seen in the figure, the
is a smooth shift of the first minimum angles as a function
L (Q lab510° for L50, Q lab515° for L51, and so on!,
which enables us theL assignment. The calculated angul
distributions show a dominant role ofL, i.e., there was little
change in shape at forward angles for the total angular
mentum. As observed in the figure, the DWBA calculati
reproduces reasonable well the oscillation phases of the
perimental angular distributions. The fits deteriorate at lar
angles as usual for transfer reactions@13#. These fits were
obtained without modifying the optical potential paramete
and the bound state potential parameters. Basically, the
to backward angle of the first maximum and minimum f
higher L defined the assignment, and by comparing the
gular distributions with differentL ’s one can observe how
certain a particular assignment is.

The experimental angular distributions of the transitio
for 17Ne are also shown in Figs. 3~a!–3~e!, where they are
classified according to theL assigned for them. The gener
shapes of the angular distributions at forward angles and
oscillations phases~maximum and minimum angles! are rea-
sonably well reproduced by the calculations with theL val-
ues denoted in the figures.

C. Spin parity based onL assignment

The transferred angular momentum, the parity, and
total angular momentum assigned for each state are sum
rized in Table I. The angular distribution of the ground sta
transition has the expectedL51 dependence behavior for
Jp5 1

2
2 state@9#. The angular distribution of the 1.908 MeV

state most likely has anL50 dependence as shown in Fi
3~a!. However, this state is the weaker member of the un
solved doublet, and a small change in the shape of the p
could change the yield for this state especially for the m
forward angles. Taking this into account we would not co
pletely reject the possibility for an additionalL52 shape of
the angular distribution based on the pattern of the backw
angles points. Thus, for this state at 1.908 MeV we assig

Jp5 1
2

1 with the possibility for Jp5( 3
2

1, 5
2

1). When the
transferredL is not zero, there are two choices ofJ for each
L, as mentioned in the previous subsection. In this ca
reasonableJ’s have been chosen using the knownJp’s of the
levels in the corresponding energy region in the mir
nucleus 17N @16#. By using this procedure, we assigne
Jp5 3

2
2 for the state at 1.288 MeV, whose angular distrib

tion hasL51 dependence. The angular distributions of t
states at 2.651 and 4.010 MeV seem to haveL52 depen-
dence, see Fig. 3~c!. By comparing with the levels in17N we
assignedJp5 3

2
1 for the state at 4.010 MeV. However, the

e
-
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FIG. 3. Angular distributions of6He from the20Ne~3He,6He!17Ne reaction for the states denoted, attributed to the transferred an
momenta indicated. The solid lines are the DWBA calculations for the correspondingL. Some angular distributions were multiplied by th
factors indicated.~a! for L50 transition,~b! for L51 transitions,~c! for L52 transitions,~d! for L53 transitions,~d! for L55 transitions.
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is also a possibility that the angular distribution for the st
at 2.651 MeV haveL53 dependence; thus, since we cann
clearly distinguish between these two possibilities, the am

guity Jp5( 3
2

1, 5
2

1, 5
2

2, 7
2

2) is left for the state at 2.651 MeV
This two possibilities for the angular momentum transfer
could also indicate that this state might be a doublet. Si
we have a rather moderate experimental resolution this
sibility cannot be completely rejected. In our previous ana
e
t
i-

d
e
s-
-

sis@8# we considered this state at 2.651 as a doublet with
states at 2.623 and 2.765 MeV. In this case the angular
tributions for these two possible states are shown in Fig
As we can see in the figure, there is a strong indication t
the angular distributions for these two states correspon
L53 andL52, respectively, in which case we would assi

Jp5 5
2

2, 7
2

2 for the state at 2.623 MeV andJp5 3
2

1, 5
2

1 for
2.765 MeV. The assignment of a doublet implies a sign
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cantd coefficient for the IMME equation for the 2.765 MeV
state, which we would assume as the fourth member of
5
2

1 quartet considering solely the spin assignment from
angular distribution. Since one cannot draw any conclus
for this possibility, from the IMME point of view it could,
however, be an interesting subject to investigate further w
better resolution if there is a doublet there and a larged term
for the IMME in this nucleus.

The angular distributions of the 1.764 and 2.997 M
transitions haveL53 dependence, see Fig. 3~d!. The state at
2.997 MeV is considered to be the analog of the 3.129 M
state in17N, and thus,Jp5 7

2
2 is tentatively assigned for it

The state at 1.764 MeV is assignedJp5 5
2

2. Finally, the
angular distribution of the 3.548 MeV state is fitted reaso
ably well by L55, see Fig. 3~e!. This state is considered t
be the analog of the 3.629 MeV state in17N, and thus
Jp5 9

2
2 is assigned. These assignments are based sole

the L dependence of the angular distributions. The sp
parity assignments for these states are also discussed in
V.

FIG. 3 ~Continued!.

TABLE III. Optical and binding potential parameters.

set
V

~MeV!
r R

~fm!
aR

~fm!
WV

b

~MeV!
r I

~fm!
aI

~fm!
r C

~fm!

3He120Ne 160.00 1.633 0.375 35.00 1.015 1.767 1
6He117Ne 64.70 1.250 0.717 13.00 1.250 0.800 1
3n117Ne a 1.32 0.65
3n13He a 1.58 0.65

aThe depth was adjusted to reproduce the binding energy.
bThe imaginary potential is a volume-type Woods-Saxon poten
for both systems.
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IV. COMPARISON WITH SHELL MODEL
CALCULATIONS

Shell model calculations performed for mass 17 nuc
@17–21# suggested that particle-hole excitations are imp
tant for the structure of low-lying states. Most of the calc
lations were based on the weak coupling model@22#, in
which the correlation between particles in the same ma
shell is of predominant importance and the particle-hole
teraction is treated as a small perturbation. The low-ly
negative parity states inA517 nuclei arise mainly from cou
pling of a p1/2 hole to positive parity states of mass 1
Besides these 2p-1h configurations, 4p-3h configurations
are expected to play a role, while the positive parity sta
are expected to be 3p-2h and 5p-4h. These works, how-
ever, differ with each other in the shell model space or in
number of configurations taken into account, and even in
choice of the residual interactions, which, as pointed out
Margolis and Takacsy@17#, could have a large influence o
the energy spectrum.

We here compared the experimental levels in17Ne with
an extensive shell model calculation by Warburton and M
lener@21# ~see Fig. 5!. Since their calculations do not includ
any Coulomb effect, they can be compared to the experim
tal energy levels in both17Ne and17N nuclei. They used a
modified Millener-Kurath interaction~designated MK3! to
describe the cross-shell interaction in which valence nucl
are active in several major shells simultaneously. This in
action is based on a multirange parametrization obtained
Hosaka et al. @23#. They defined the (0s)4(0p)12(1s0d)
configuration as 0\v. The low-lying negative parity levels in
17N and 17Ne are predominantly of 1\v character. The
model space for the positive-parity states included all p
l

FIG. 4. Angular distribution of6He from the20Ne~3He,6He!17Ne
reaction for the state at 2.651 MeV considered as a single state
considered as a doublet with states at 2.623 and 2.765 MeV.
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sible 2\v excitations as (0s)3(0p)12(1s0d)2 and
(0s)4(0p)11(1s0d)1(0 f 1p)1 configurations as well as th
main (0s)4(0p)10(1s,0d)3 configurations. In Fig. 5, we
show the energy level scheme of17Ne compared with the
2p-1h and 3p-2h states predicted by this calculation. In th
calculation the first ten odd-parity states are considered,
cording to the weak coupling model, to be mainly compos
of

pp1/2
21

^ @18O~01
1,21

1,41
1,22

1,03
1,31

1!#. ~3!

As may be seen in the figure there is a good one-to-
correspondence for the low-lying states in17Ne, indicating
that the main configuration of these states is well charac
ized by the weak coupling model assumed. The except
are, however, the predicted additional1

2
2 and 3

2
2 states,

which do not have counterparts in the present17Ne spectrum.
A 3

2
2 state appears at 3.204 MeV in17N. However this state

in 17N has a very small spectroscopic factor in t
18O(d,3He)17N reaction @20#, which corroborates with the
small spectroscopic factor calculated by Warburton and M
lener @21#. In terms of the weak-coupling model these se
onds 1

2
2 and 3

2
2 states would be 2p-1h configuration

formed by coupling ap hole to the 03
1 and 22

1 states in
A518 nuclei, respectively. The low-lying positive pari
states inA518 nuclei have basically 2p-0h configuration.
To describe correctly the excitation energies and electrom
netic properties of the positive-parity levels inA518, 16O
core polarization has been required in shell model calc
tions @24,25#. This fact corresponds to introducing mo
particle-hole excitations such as 4p-2h for the wave func-
tions of the positive-parity states inA518. In particular, it
was found in these shell model calculations that although
main configuration for 03

1 and 22
1 states in18Ne and18O is

2p-0h, the 4p-2h component also has a large amplitud
Since the second12

2 and 3
2

2 states are not populated in17Ne
by the present 3n-pickup reaction indicates that the two 03

1

and 22
1 parent states inA518 could have predominantly

4p-2h component.

FIG. 5. Energy levels of17Ne. The theoretical predictions ar
taken from shell model calculations by Warbutonet al. The 2p-1h
and 3p-2h model spectra are discussed in text.
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V. IMME ANALYSIS

The ambiguity of the spin-parity assignment for the lev
in 17Ne, based on theL assignment, is eliminated by ident
fying analog states in the known level scheme of the mir
nucleus17N. However, to identify analog states in these n
clei sometimes it is necessary to consider signatures o
than just their absolute energies andL assignment. One o
these signatures is the isobaric multiplet mass equa
~IMME !. This equation relates the mass excess of the f
members of an isobaric multiplet by the following expre
sion:

M ~A,Tz!5a1b3Tz1c3Tz
21d3Tz

3 , ~4!

whereTz is the isospin projection anda, b, c, andd are the
coefficients.

The most important coefficient to test the IMME equati
is thed coefficient. This coefficient must be zero if the is
spin is a good quantum number. In terms of the mass ex
of the quartets it is given by

d5
1

6
3$M ~ 3

2 !2M ~2 3
2 !23

3@M ~ 1
2 !2M ~2 1

2 !#%, ~5!

whereM (Tz) is the mass excess of the nucleus withTz . As
is clear from the equation, thed coefficient is three times
more sensitive to the mass difference between theTz56 1

2

members of the multiplets than to that between
Tz56 3

2 members.

A. T5 3
2 states in theA517 multiplet

The coefficients of the IMME were obtained relating th
mass excess of theT5 3

2 states of theA517 isobar multiplet.
These coefficients were obtained for the1

2
2, 3

2
2, 5

2
2, 1

2
1,

5
2

1, and 7
2

2 quartets. Here, we have assigned the state 2.
MeV in 17Ne as a state of the52

1 quartet.
The T5 3

2 states in the other members of theA517 mul-
tiplet have been well studied. In the17O and 17F nuclei
(Tz56 1

2 ) these states have been located mostly by obs
ing proton and neutron induced resonances, where infor
tion on energy and spin-parity were obtained@26,27#. Figure
6 summarizes the present knowledge of theT5 3

2 states in
the A517 isobar multiplet. The data on17N, 17O, and 17F
are taken from the most recent compilation@16#, while the
data on17Ne are from the present results.

The identification of the first four quartets in this syste
seems very clear, since the spin parity of the states in th
nuclei are well determined. However, concerning the sta
in the equivalent excitation energy region above 2.5 Me
the identification of the analog states is not so clear. At
energy region around 2.5 MeV there is one positive pa
state5

2
1 in 17N, 17O, and17F nuclei. In17Ne, the state in this

region is the state at 2.651 MeV (3
2

1, 5
2

1, 5
2

2, 7
2

2). Thus, we
assume here that this state at 2.651 MeV in the17Ne is the
fourth member of the52

1 quartet. In addition, in the previou
compilation of data on17O @28#, which was based on the dat
of Hinterbergeret al. @27#, the state at 14.286 MeV in17O
was assumed to be aT5 3

2 state. However, in a recent ex
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periment@29# this state is found to be aT5 1
2 state. Thus, the

state at 3.204 MeV3
2

2 in 17N has no analog in17O. It is also
questionable to assume this state as the analog of the b
state at 14.176 MeV in17F. AlthoughJp5 3

2
2 has been con-

firmed for the state at 14.176 MeV in17F @30#, it is too apart
in energy and its order is inverted relative to the7

2
2 state in

17N. Moreover, the analog of this32
2 state in17F seems to be

missing in this energy region in17Ne. The most plausible
explanation for this situation is that there are missing sta
in this excitation energy region not only in17Ne but also in
the other members of the multiplet. Missing states would
expected since spectroscopic data on17N, 17O, and17F were
obtained by using different reactions such as the stripp
reaction, elastic scattering, or one-nucleon pickup reactio
whereas the present experiment on17Ne used a reaction
which excited three-neutron hole states. Of course, since
experimental resolution was rather moderate, there rema

FIG. 6. T5
3
2 energy levels inA517 quartet. Excitation ener

gies andJp assignments for17N, 17O, and17F are obtained from the
compilation in Ref.@16#, and for17Ne from the present experimen
The dashed lines correspond to the identified analog states.
ad

s

e

g
s,

ur
s a

possibility that there is a missing state beneath the two st
at 2.651 and 2.997 MeV in17Ne.

B. The systematics of the IMME coefficients

The coefficientsa, b, c, and d of the IMME were ob-
tained for the1

2
2, 3

2
2, 5

2
2, 1

2
1, 5

2
1, and 7

2
2 quartets from

the corresponding mass excess listed in Table IV. First, o
the coefficientsa, b, andc were obtained by using the ex
perimental values of the mass excess of the three membe
the multiplet~ 17N, 17O, and7F!. By using these coefficients
one can estimate the excitation energies for the analog s
in 17Ne. The predicted energies by the IMME for the sta
in 17Ne are presented in the last column of Table I. All t
energies are in very good agreement with the observed e
tation energies in17Ne within the errors.

Using the mass excess of the four members of the m
tiplet in the IMME, one can determine the coefficients up
thed term. The coefficients obtained are listed in the seco
line for each state in Table IV. Apparently, inclusion of th
17Ne data, and consequently thed coefficient, does not
change thea, b, andc values significantly from the previou
ones. Theb, c, andd coefficients obtained are plotted in Fig
7 as a function of excitation energy in17Ne. Theb and c
coefficients for the negative parity states have a weak lin
dependence on excitation energy as

Db

DEx
5115 keV/MeV and

Dc

DEx
5212 keV/MeV,

~6!

which are much smaller than the prediction142 keV/MeV
and218 keV/MeV for theb andc coefficients, respectively
for A517 by Skwierskyet al. @26#. In their analysis only the
energies of the ground and first excited states in17Ne were
used, and they erroneously considered the state at 14
MeV in 17O asJp5 7

2
2 instead of the state at 14.230 MeV

As mentioned before this state at 14.286 MeV in17O was
found to beT5 1

2 @29#. The systematics of theb coefficient
for the negative parity states is opposite to theA dependence
known previously, which isb(A)'20.2A for A<40 @31#.
he
TABLE IV. Mass excesses~in MeV! and the coefficients of IMME for theT5
3
2 quartet ofA517. The numbers in parentheses are t

errors in keV.

Jp

17N
(Tz5

3
2 )

17O
(Tz5

1
2 )

17F
(Tz52

1
2 )

17Ne
(Tz52

3
2 ) a (MeV) b (MeV) c (MeV) d (keV)

1
2

2 7.871~15! 10.270~1! 13.145~2! 16.453~32! 11.648~2! 22.875(2) 0.238~8!

11.651~3! 22.877(3) 0.227~9! 7.2~6.0!
3
2

2 9.245~15! 11.657~1! 14.502~2! 17.741~33! 13.025~2! 22.845(2) 0.217~8!

13.028~3! 22.847(3) 0.207~9! 6.5~6.1!
1
2

1 9.721~15! 12.135~5! 15.032~5! 18.361~35! 13.527~5! 22.897(6) 0.241~9!

13.526~5! 22.899(9) 0.229~10! 8.5~7.0!
5
2

2 9.778~15! 12.189~1! 15.013~5! 18.217~34! 13.549~3! 22.824(4) 0.207~8!

13.551~3! 22.825(7) 0.198~10! 5.5~6.6!
5
2

1 10.397~15! 12.827~3! 15.733~5! 19.104~34! 14.220~3! 22.906(5) 0.238~8!

14.221~4! 22.907(7) 0.235~9! 1.8~6.9!
7
2

2 11.000~15! 13.422~2! 16.256~4! 19.450~34! 14.788~3! 22.834(4) 0.206~8!

14.791~3! 22.836(4) 0.193~9! 8.7~6.6!
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One can also see clearly that the coefficients of the pos
parity states do not follow the systematics for the nega
parity states. This seems to be related to the configuration
the states since the low-lying negative parity states in17Ne
are predominantly 2p-1h configuration from 1\v excita-
tions while the positive-parity states are 3p-2h based on the
2\v excitations@32#.

Since data on excited state isobaric multiplets ofT5 3
2

were quite limited for light nuclei, excited state multiple
have received less attention than the ground state multip
from a theoretical point of view. However, an extensive c
culation of level displacement energy was made by de Me
@33#. In his calculation he used different wave functions f
protons and neutrons in a large shell model base. The re
of this ambitious calculation for the first two negative a
positive parity states in17Ne are presented in Table V. Th
calculation gives a larger difference between the experim
tal and calculated level displacement energies for the ne
tive parity states and a smaller difference for the posit

FIG. 7. The coefficients of the IMME as a function of excitatio
energy in17Ne; ~a! the b coefficient,~b! the c coefficient, and~c!
the d coefficient.
e
e
of

ts
-
r

r
lts

n-
a-
e

parity states. The difference of the calculated values from
experimental ones may be attributed to the fact that t
used a fixed set of parameters for the Woods-Saxon pote
for a large mass region,A59 – 28. The level displacemen
energy is very sensitive to a small change in the radius
rameterr 0 ; according to Bertsch@34#, for Dr 050.01 fm one
finds DE'30 keV for instance.

The d coefficients were obtained before for twenty-tw
isobaric quartets@35#. It was found that they are consiste
with zero, as the upper limit of their absolute values
around 7 keV. Thed coefficient determined here for th
multiplets inA517 nuclei are slightly positive nonzero va
ues. The reason for the small deviation of nonzero value
average is partly due to the mass excess of17Ne determined
here. Thus, thed coefficients obtained here for the excite
states multiplets are consistent within the error with thed
coefficients of the ground-state multiplet, since they a
strongly correlated.

VI. LEVEL SHIFT

The level scheme of17Ne is shown in Fig. 5. Except fo
the ground state all levels are unbound for proton emiss
As observed in the level scheme of17Ne the first positive
parity state is the1

2
1 state at 1.908 MeV. This state come

lower in energy than the next possible positive parity st
5
2

1 at 2.651 MeV.
Although nucleons occupy single-particle orbits from t

bottom up to weakly bound states in a mean potential,
shell structure of proton or neutron rich nuclei can be diff
ent from that of stable nuclei. One of the intriguing cons
quences of this is the crossing or inversion of states,
quently observed in neutron-rich nuclei. Despite the fact t
residual interactions in the nuclei lead to different level sh
state by state@36#, the inversion of the1

2
1 and 5

2
1 states or

more specifically the strong lowering in energy of the1
2

1

state observed in some neutron-rich nuclei is not well und
stood yet.

Figure 8 shows the energy levels of the1
2

1 and 5
2

1 states
in the N57 isotones measured from the lowest1

2
2 state,

where we assumed the state at 2.651 MeV is the sec
positive-parity state in17Ne. These two states are unboun
for proton emission, as the12

1 state in17Ne is unbound by
only 408 keV. As can be observed in the figure, the1

2
1 state

has lower energies toward the drip lines in both proton a
neutron rich sides. In the extreme case of very neutron-
nucleus 11Be the two states are inverted. This inversi
mechanism in11Be has been partly explained to be due
neutron-halo formation of the weakly bound valence ne
n
TABLE V. The experimental level displacement energies of17F and17Ne analog states, and excitatio
energies in17Ne calculated by de Meijeret al. @33#. The numbers in parentheses are the errors in keV.

State
DE(exp)
~MeV!

DE(calc)
~MeV!

DE(exp)2DE(calc)
~keV!

Ex~exp!
~MeV!

Ex~calc!
~MeV!

Ex(exp)2Ex~calc!
~keV!

1
2

2 4.090~32! 4.245 2155 0 0 0
3
2

2 4.021~33! 4.182 2161 1.288~8! 1.289 1
1
2

1 4.111~35! 4.053 158 1.908~15! 1.667 1241
5
2

1 4.153~34! 4.154 21 2.651~12! 2.486 1165
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tron. Although this inversion has been a long standing pr
lem pointed out by Talmi@38#, it is not well understood yet
Tanihataet al. @39# have shown that in a mean field she
model calculation, the potential extends more in the surf
for the 2s orbital than for the orbits with centrifugal barrier
near the threshold. If these low-lying states are of larg
single-particle nature, the large energy shift of the1

2
1 state in

neutron-rich nuclei can be understood partly as a propert
a loosely bound system with a diffuse surface. In princip
the formation of a proton-halo in proton-rich nuclei can
difficult due to the Coulomb repulsion between the prot
and the nucleus, but on the other hand, the absence of
trifugal barrier for ans state can help holding the las
nucleon. Of course these are still open questions and m
detailed spectroscopic studies on such states in proton
nuclei may bring valuable information. In particular, it
interesting to investigate if the lowering of the1

2
1 state has

some relation to the largest interaction radius among thA
517 isobars observed for17Ne @2#.

VII. SUMMARY

The structure of17Ne nucleus has been investigated by t
20Ne~3He,6He!17Ne reaction. This reaction has been shown
proceed predominantly through a direct three-neutron tra

FIG. 8. Energy difference between the1
2

1 and 5
2

1 states in the
N57 isotones spanned from the neutron-rich to the neutr
deficient nuclei. The lowest12

2 states of each nucleus are norma
ized to zero. The excitation energies for the states in15O and13C
are from Ref.@37#.
O
ie,

ny

ny
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e
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n-

re
ch

o
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fer mechanism. Thirteen levels were identified in17Ne and
the angular distributions for eight of them were measur
The transferred-orbital-angular-momentum dependence
clearly observed in the angular distributions, which enab
spin and parity assignments for several levels.

The experimental17Ne level scheme is in reasonab
agreement with the shell model calculation based on
weak coupling model, although the nuclear structure of th
levels is not yet completely understood. The1

2
1 state at

1.908 MeV is the first positive parity state, while the possib
next positive parity state52

1 is at 2.651 MeV. Although the
spin-parity assignment based on the angular distribution
the 2.651 MeV state is not so clear, the systematic of
IMME indicates that this state is the most reasonable ca
date for the5

2
1 analog states quartet. And, since we exp

that these states are of largely single particle character,
may conclude that thes orbit comes lower than thed orbit in
energy. Moreover, the lowering in energy of the1

2
1 state in

association with weak binding effects in nuclei with diffus
surface@38# can be an interesting point for further investig
tion in proton-rich nuclei.

The inclusion of data on the nuclear structure of17Ne to
the knownT5 3

2 state inA517 isobar multiplet allowed the
identification of six quartet analog state. An extensive IMM
analysis for these states up tod3Tz

3 term of the equation has
been made. In the analysis an excitation energy depend
for the coefficients of the IMME, including the cubic termd
was observed. The different systematics of theb and c co-
efficients observed for the positive and negative parity sta
seem to be related to the shell model configurations expe
for these states. Detailed theoretical analysis of the pre
systematics of the IMME coefficients for theA517 system
can be found in Ref.@32#.
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