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Abstract

The nuclear structure of '"Ne has been studied by the 2°Ne(®HeSHe)!"Ne reaction at
70 MeV. Fifteen levels were identified in Nel”, and angular distributions have been measured
for the first time for this reaction. The observed transferred angular momentum dependence

of the angular distributions allowed spin-parity assignment. The T = % quartet analog states

in mass A = 17 have been completed for six levels. The level shifts are analyzed in terms of
the isobaric multiplet mass equation. The results show a slight linear dependence of the b and
c coefficients of this equation on the excitation energy. The coefficients for the positive parity
states seem to suggest different systematics from the negative parity states. The d coefficient
has a large deviation from zero for the positive parity states, in particular for the %+ state,
which could be indicating an extended radial wavefunction or some isospin symmetry breaking

nuclear interaction effects.

keywords: NUCLEAR REACTION: 2°Ne(®He,®He)!’Ne, ELap = 70.079 MeV; measured ¢(©),

OLaB = 7° to 38°, 1"Ne deduced mass excess, excitation energies, J, 7; IMME analysis of T = 3

quartet analog states in mass A = 17.

1 Introduction

The structure of nuclei near the drip lines is one of the major concerns in nuclear
physics. Multi-nucleon transfer reactions have shown to be a powerful tool for studying
nuclei near the drip lines in light mass region. These reactions allow to investigate exotic
states such as high spin or many-particle many-hole states in these nuclei. In particular,
the three-neutron pick-up (3He,%He) reaction has been used in the past mostly for precise
mass measurements of proton-rich nuclei in the lp and 2s-1d shell region [1-3]. However,
the recently measured angular distributions of this reaction [4, 5] have shown a character-
istics of transferred angular-momentum (L) dependence, indicating that this reaction is a
very useful spectroscopic tool to investigate these nuclei. Three-nucleon transfer reactions
are experimentally difficult since the cross-sections involved are generally very small. Nev-
ertheless, the development of a detector system including an accurate proportional gas
counter {6] and a high-resolution magnetic spectrograph [7] has allowed measurements of
extremely small cross-sections of such reactions.

We report here the experimental results and the analysis on the nuclear structure of

"Ne by this three-neutron transfer reaction. The properties of light nuclei with T, = -3



are usually known much less than those of their mirror nuclei. For the '"Ne nucleus the
mass excess had been determined and a few low-lying excited states had been previously
suggested [3, 8]. On the other hand, many T = 2 states of other three members (N, 70
and '"F) are known. Therefore, the quartet of analog state was determined before only
for the ground and the first excited states in !’Ne. Thus, the determination of the level
structure of '"Ne is specifically interesting as it permits an analysis in terms of the Isobaric
Multiplet Mass Equation (IMME) for many states in a system. This is the first extensive
study for quartets of several excited states in one multiplet system, and an analysis on
these quartets can bring valuable spectroscopic information on the structure of A = 17
nuclei.

The experimental setup and the procedure are described in Section 2, while the ex-
perimental results and the analysis in terms of DWBA are reported in Section 3. The
interpretation of level scheme of !"Ne in terms of a large-base shell model is discussed in
Section 4. The Section 5 is devoted to present an analysis in terms of the IMME, and
where the level shift of several excited states is discussed. Finally, a surnmary is given in

Section 6.

2 Experiment

The experiment was carried out with the sector-focusing cyclotron of the Institute for
Nuclear Study, University of Tokyo. The incident energy of the 3He beam was 70.079-
MeV and the average current obtained was about 0.5 uA. The beam was transported
into the scattering chamber, where a gas target system was mounted. The target system
consisted of a gas cell and a *Mg metallic foil of 812 £+ 20 ug/em? thickness used for
the energy calibration. The cell was filled with 99.95% isotopically enriched *Ne gas to a
pressure of 21 cm Hg. In the measurements with the gas target, a rectangular double-slit
system was used, defining the solid angle 1 to 3 msr, depending on the detection angle.

The reaction products were momentum-analyzed by a QDD-type magnetic spectro-

graph (7] and detected by a hybrid-type gas proportional counter [6], especially designed

to minimize the background for low-event rate experiments. A thin plastic scintillator
was set just behind the proportional counter for energy and time-of-flight measurements.

The particles were identified by using a set of signals, namely, energy, energy loss
from the proportional counter and time-of-flight. The time-of-flight of the particles was
obtained by the time interval between the cyclotron-RF and the fast signal from the
plastic scintillator. The vertical position, perpendicular to the directions of momentum
dispersion as well as to the particle trajectory, were also measured on the focal plane and
used to reduce the background not arising from the target. Pile-up rejection was applied
in order to reduce the background arising from the high counting rate of alpha particles.

The momentum spectra of 8He particles were measured at 12 angles between O =
7.0° and 38.0°. The spectrum at Op,p = 10° was calibrated in energy by using the known
states of 2*Mg from the 2*Mg(*He,’He)?'Mg reaction [5] in the same experimental run.
Using this calibration, the momentum spectra of all other angles were converted to the
energy spectrum and summed up. The total counts of each spectrum were normalized by
multipling the counts by the ratio of integrated charge, target thickness and solid angle at
10.0° and the values at the corresponding angle. The summed spectrum of O = 7.0°
to 29.0° is presented in Fig. 1. The overall energy resolution achieved was about 180 keV
FWHM, due mainly to the straggling in energy of the ®He particles in the gas target
system. The spectra were analyzed by fitting the shape of the peaks with a Gaussian
function with exponential tails, where the parameters were obtained from the fitting of
the ground-state peak. The small peak around 3.300 MeV is due to a small peak appeared
only in the spectra measured at Opap = 22.0° and 25.0°. Thus, it is not clear if it is a
state in !"Ne.

The excitation energies and the uncertainties of the states observed in 1’Ne are listed
in Table 1. The uncertainties in the value of mass excess and excitation energies were
determined by taking into account all the experimental accuracies such as the uncertainty
in the absolute energy of the incident beam, the effective target thickness, and the energy
loss of the particles in the gas target. The major errors come from the uncertainties
in determining the peak positions in the fitting procedure. In particular, the state at

5.141 MeV has a large uncertainty because it was very close to the large °C(g.s.) contam-



ination peak. The present results on the excitation energies are in good agreement with,
but much more accurate than the previously suggested values for '"Ne {8], which are listed
in the last column in the table for comparison. The uncertainties on the experimental
differential cross-sections were obtained by taking into account uncertainties, such as the
statistical uncertainties in the yield and background of the peaks; and uncertainties in
accumulated charge, target thickness and solid angle. The final values were estimated to

be between 10% to 20%.

3 Experimental results and the DWBA analysis

The experimental angular distributions of ®He from the *Ne(*He,®He)'"Ne reaction
measured for 9 levels are shown in Figs. 2(a) - 2(e). In this figure the angular distri-
butions are classified by their shapes, which are mainly determined by the transferred
angular momenta (L), as will be dicussed later in this section. The measured differential
cross-sections are generally small, being in the range of a few tens of nb/sr for the highly
excited states. All the angular distributions show distinct behaviors at the forward an-
gles, supporting the general feature of L dependence, as expected in direct multi-nucleon
transfer reactions [9)].

The analysis of the characteristic behavior at the forward angles in the angular dis-
tributions has been made in terms of the exact finite-range DWBA calculation, using
the computer code TWOFNR [10]. Because both the target and ejectile nuclei have spin
0%, the transition has a single value for the transferred orbital angular momentum (L)
and two possible values for the transferred total angular momentum (J = L + -12—) The

transitions should also satisfy the energy conservation rule {9],

Z(?n.- + 1,‘)
Z(?n; + I,)

where n; and [; are the number of radial nodes (excluding the origin) and the orbital

M+ Li+2v+ ) for the target system, (1)

Il

2N+ L+ 2v 4+ A for the ejectile system, (2)

angular momentum of each constituent nucleon in the shell model; N; and L; are those

of the 3n-cluster relative to the core, and v and X are those of the internal motion in
the 3n-cluster. Since a direct one-step process of a 3n-cluster transfer was assumed, the
internal motion of the three identical fermions should have » = 0 and A = 1, which
implies that the 3n-cluster should have J™ = "-;- and L; = 1(N; = 0) for the motion
with respect to the 3He core. Thus, for the low-lying states of the residual nucleus, the
3n-cluster should have L; = 1(N; = 1) for L = 0 transitions, where L= E, + I:z. For
transitions with L = 1 we have 2N; + L, = 4 for °Ne, which gives two possibilities for the
quantum numbers of the relative motion: L; = 2(N; = 1) or L, = 0(N; = 2). These two
possibilities for the quantum numbers did not change the positions of the maxima and
minima in the calculated angular distributions, but, since they give small changes in the
relative intensity of the maxima, the set that better reproduced the experimental angular
distributions was chosen.

The optical potential parameters in Table 2, used in the calculations, were obtained
from ref. [11], for the incident channel, while that for He was obtained from those of ®Li
in ref. [12]. These parameter sets were also used in the analysis of angular distributions
of the 2Mg(*He,*He)?'Mg reaction [5). For the bound state parameters of the 3n-cluster,
we adopted rg = 1.32 fm and a = 0.65 fm in °Ne, and ro = 1.58 fm and a = 0.65 fm in
6He, where the radius was defined by R = ro.Air,. These radius parameters are slightly
larger than the value often used (ro = 1.25 fm). Although these radius parameters
produced larger amplitudes of the oscillations in the angular distributions, they did not
modify the general pattern. The potential depths were adjusted to reproduce the binding
energies.

The calculated angular distributions are also shown in Figs. 2(a) - 2(e). The general
shapes of the angular distributions at forward angles and the oscillations phases (maxi-
mum and minimum angles) are reasonably well reproduced by the calculations with the
L-values denoted in the figures. These fits were obtained without modifying the optical
potential parameters and the bound state potential parameters. The calculated angular
distributions show a dominant role of L, i.e., there was little change in shape at forward
angles for the total angular momentum transferred J = L & 1. Thus, L is uniquely de-

termined for each transition, but there are two choices of the spin of the residual nucleus,

— -



J, for each L in assignment. The parity of the transition is given by = = (—1)L.

The transferred angular momentum, the parity and the total angular momentum
assigned for each state are summarized in Table 1. The ground state transition has
L = 1 as expected, since the spin J* = }” is known [13]. The angular distribution of
the 1.908 MeV state has a clear L = 0 shape, and thus J* = %+ is uniquely assigned for
this state. The states at 2.765 and 4.010 MeV have clearly L = 2. However, since there
are two choices of J for each L, reasonable J’s have been chosen by comparing with the
corresponding levels in the mirror nucleus '’N [14, 15, 16]. Thus, J* = ¥ and J* = 2*
spins were assigned for the states at 2.765 and 4.010 MeV, respectively. The angular
distribuitions of the 1.764, 2.623 and 3.043 MeV transitions have L = 3 dependence.
Moreover, the differential cross-section for the transition of 3.043 MeV decreases around
10° more than the prediction by the L = 3 curve, indicating also a possibility of L = 0.
See Fig. 2(d). Therefore this state at 3.043 MeV was assumed to be the analog of the
3.129 MeV state in "N, and thus, J* = %— was assigned for it. The smooth variation
in energy along the quartet of this state enforcing also the assignment. For the state at
1.764 MeV was assigned J* = £7. The ambiguity of J* = £ or J* = 17 was left for the
2.623 MeV state, since there is no clear analog state in the mirror nucleus. The angular
distribuition of the 3.548 MeV state is fitted by L = 5. This state is considered to be the

analog of the 3.629 MeV state in !N, and J* = 27 is assigned.

4 Comparison with shell model calculations

Shell model calculations performed for mass 17 nuclei [17-21] suggested the importance
of particle-hole excitations for the structure of low-lying states in these nuclei. Most of
the calculations were based on the weak coupling model [24], in which the correlation
between particles in the same major shell is of predominant importance and the particle-
hole interaction is treated as a small perturbation. The low-lying negative parity states in
A = 17 nuclei arise mainly from coupling of a Py hole to positive parity states of mass 18.

Besides these 2p-1h configurations, 4p-3h configurations are expected to play a role, while

the positive parity states are expected to be 3p-2h and 5p-4h. These works, however, differ
in the shell model space or in the number of configurations taken into account, and even
in the choice of the residual interactions, which, as pointed out by Margolis and Takacsy
[17], could have a large influence on the energy spectrum.

We here compare the experimental levels in "Ne with an extensive shell model cal-
culation by Warburton and Millener [21]. Since their calculations do not include any
Coulomb effect, they can be compared to the experimental energy levels in both '"Ne
and "N nuclei. They used a modified Millener-Kurath interaction (designated MK3) to
describe the cross-shell interaction in which valence nucleons are active in several major
shells simultaneously. This interaction is based on a multirange parametrization obtained
by Hosaka et. al [22]. They defined the (0s)*(0p)!*(150d) configuration as 0hw. The low-
lying negative parity levels in N and "Ne are predominantly from 1hw. The model space
for the positive-parity states included all possible 2hw excitations as (0s)*(0p)'*(1s0d)?
and (0s)*(0p)1!(150d)' (0f1p)! configurations as well as the main (0s)*(0p)'°(1s, 0d)® con-
figurations. In Fig. 3, we show the energy level scheme of '"Ne compared with the
2p — 1k and 3p — 2k states predicted by this calculation. In the calculation the first ten
odd-parity states are considered, according to the weak coupling model notation, to be

mainly composed of,

py' ® [P0(07,2{, 41,27, 03,3)] ®)

As may be seen in the figure there is a good one-to-one correspondence for the low-lying
states in 7Ne, indicating that the main configuration of these states is well characterized
by the weak coupling model assumed. Among the first ten states only the state at 3.713
MeV does not have a counterpart in the calculated spectra, and the state corresponding
to the 2.623 MeV in '"Ne has too high energy in the calculated spectrum. The other
disagreement are the predicted seconds 1~ and 37 states, which do not have counterparts
in the present !’Ne spectrum, since they were not clearly observed. These two states
appear at 3.663 and 3.204 MeV in '"N, respectively. However, the 3.204 MeV state has
a very small spectroscopic factor in the 180(d,*He)'"N reaction [20], which corroborates

with the small spectrocopic factor calculated by Warburton and Millener [21]. In terms



of the weak-coupling model these seconds %_ and %- states would be formed by coupling
a p-hole to the 03 and 27 states in A = 18 nuclei, respectively. The low-lying positive
states in A = 18 nuclei have basically 2p—0h configuration. However, to describe correctly
the excitation energies and eletromagnetic properties of the positive-parity levels in A =
18, 'O core polarization have been considered in some shell model calculations [23-26).
This corresponds to allowing higher particle-hole excitations like 4p — 2h for the wave-
functions of the positive-parity states. In particular, it was found in these shell model
calculations that although the main configuration for 03 and 27 states in '*Ne and 20
is 2p — Ok, the 4p — 2h component of the wave-functions has a large amplitude. However,
since the seconds %— and %— states in !"Ne, which are mainly 2p — 1A configuration, are
not populated by the present 3n-pickup reaction, one would expect that the two 03 and
2% parent states in A = 18 are predominantly 4p — 2k states.

We may conclude this section by saying that the experimental !"Ne level scheme is
overall in good agreement with the shell model calculation based on the weak coupling

model, although the nuclear structure of these levels is not yet completely well understood.

5 The isobaric multiplet mass equation

From the present work the mass excess of 1"Ne is determined to be 16.453 & 0.032 MeV.
In Table 3 it is compared with other experimental values [3, 8] and with some theoretical
and empirical predictions [27, 28]. The agreement with other measurements is good within
the indicated errors. The evaluation by Wapstra et al. [28] is only an average of the two
experimental results from references (3] and [§8]. The isobaric multiplet mass equation
(IMME) prediction for the mass excess of "Ne was obtained with the coefficients for the
ground-state (lowest 7} from Table 4 using only three other members of the isobaric
analog state.

In Fig. 4, we plot all the firmly established experimental data on the T = % states of
mass A = 17. In the case of 170 and '’F, we plot the energy difference (E — £;), where
E stands for the excitation energy, and Eq = 11.079 MeV and 11.193 MeV are the lowest

= 3 states in 7O and 'F, respectively. Thus, the 7,37,37 +

1+ 5+ 7=
»3 +3 and 3 quartets

appear to be complete. For the low-lying states in '"Ne, only the quartet of the second
%_ state was not completed, since this state is missing in the '’Ne spectrum, as pointed
out in the previous section.

An analysis in terms of the IMME,

MAT)=a+bxT.+cxT?, 4)

was made for these states. The parameters a, b and ¢ in Table 4 were obtained from the
experimental values of the mass excess listed, using only the data from three members
of the multiplet (*’N, 170 and '"F). The energies predicted for the states in !"Ne by the
IMME are presented in the last column of Table 1. Except for the ;—’+ level, to which the
prediction gives 146 keV lower energy, all the other energies are in very good agreement
with the observed excitation energies in !”Ne within the errors. The state at 3.043 MeV
was assumed to be the fourth member of the I™ multiplet, although the state at 2.623 MeV
also has J* = (£7,17) assignment.

Now, by using the mass excess of the four members of the multiplet, one can determine
the coefficients of the IMME including the cubic term d x T2, which should, in principle,
be zero if the isospin is a good quantum number. The coefficients obtained are listed
in the second line for each state in Table 4. Apparently, inclusion of the "Ne data,
and consequently the d coefficient, does not change the a, b and ¢ significantly from the
previous values. The exceptions, however, are the coefficients of the positive parity states
%+ and %+. The b, ¢ and d coefficients are plotted in Figs. 5(a) - 5(c) as a function of
excitation energy in '"Ne. The b and c coefficients for the negative parity states have a
weak linear dependence on excitation energy as:

Ab Ac

=2 . eV —_
XEa +15 keV/MeV and N

which are much smaller than the prediction for A = 17 by Skwiersky et al. [29]. In their

= -1.5keV/MeV, (5)

analysis only the energies of the ground and first excited states in !"Ne were used, and

7

the ordering of the I~ and ;—’— states in '"O were interchanged erronously. Thus, their

predictions gave quite different results, +42 keV/MeV and -18 keV/MeV for the b and



¢ coefficient, respectively, as a function of excitation energy in 1"N. The systematics of
the b coefficient for the negative parity states is oposite to the A dependence, which is
b(A) =~ —0.24 for A < 40 [30]. The c coefficient has an oscillatory dependence on A, while
the systematics obtained here show a slight linear dependence as a function of excitation
energy for negative parity states. One can also see clearly that the coefficients of the
positive parity states do not follow the systematics for the negative parity states.

The b and ¢ coefficients are very different quantities and they can be understood
by examining the theirs origin or nature. According to Janecke [31], the masses of the

members of an isobaric multiplet are given by:

M(A,T,Tz) = %(m,. +mp)A + AupTet < oTT|HolaT T, > + < oTT,|HE |aT T, >,
(6)
where Hp is the charge-independent part of the nuclear Hamiltonian, and Hg‘) is the
charge dependent interactions, mainly Coulomb interaction, between the protons in the
nucleus, and A, is the neutron-hydrogen mass difference, 0.782339(17) MeV. If we treat
the Coulomb interaction as a perturbative term in the total Hamiltonian, and neglect the

isospin dependent nuclear interaction, then to first order we have:

< aTT,|H®|aTT, >= ED(A,T) - EQ(A,T)T. + 3T = T(T - DES(A,T), (7)

where E(C? ), E(C1 ) and E(C2 ) are the scalar, vector and tensor Coulomb energies, respectively.

The coefficients of the IMME are related to these energies by:

1

a(A,T) = F(ma+mu)A+ < oTT.|HolaTT; > +EQ(A,T) - T(T + VEE (A, T{8)
HA,T) = ODan— ES(AT) (9)
(A, T) = 3ES(AT) (10)

Now, the Coulomb displacement or Coulomb shift A E¢ between any two members of

the isobaric multiplet is given by:

AEC(A, T, T, — k |T2) = k[EQ (A, T) — Aan] - 3k(2T: - KEPA,T) (11)

with integer k and |T:| £ T and |T.—T| £ k, and Ann stands for the difference in proton
and neutron mass.

For analog states in conjugate nuclei one obtains:

3 3 .3 _apmg 3y - _
AEo(A 5, =31+ 3) = SEL(A4,5) ~ Bun] = =B (12)

and between T, = } and % members:

3 1 3 3
ABo(A, S 4514 3 = EP(A ) - Aun) - 32BQ (4] = ~b=2¢ (13)

Thus, the coefficients b and ¢ of the IMME, which are experimentally obtained, can be
compared with the vector and tensor parts of the charge dependent interaction (mainly
Coulomb interaction), which may be obtained theoretically.

In the absence of Coulomb interaction and if nuclear force is charge symmetric, the
coefficients b and ¢ would be zero, and the level displacement would vanish. As a con-
sequence, the spectra of mirror nuclei would be identical. However, due to the charge
dependent interaction corresponding levels are shifted in the mirror pairs, and excited
states often deviate by tens or sometimes even a few hundreds of keV in addition to the
ground states shift. In the present case the positive and negative parity states in the
mirror nuclei have a different sign of shift relative to the ground states. In other words,
the excitation energies of negative parity states in Y"Ne are lower than those of the analogs
in 7N, while the excitation energies of positive parity states are opposite. The absolute
level shift for the positive parity states are also larger than for the negative parity states.
Since data on excited state isobaric multiplets of T = % are quite limited for light nuclei,
excited state multiplets have received less attention than the ground state multiplets in
the theoretical point of view. However, an extensive calculation of level displacement
energy was made by de Meijer [32]. He used, in his calculation, different wave functions
for protons and neutrons in a large shell model base. The tesults of this ambitious calcu-

lation for the first two negative and positive parity states in 1"Ne are presented in Table



5. The calculation gives larger level displacement energies for the negative parity states
and smaller ones for the positive parity states. The difference of the calculated values
from the experimental ones may be attributed to the fact that they used a fixed set of
parameters for the Woods-Saxon potential for a large mass region, A = 9-28. The level
displacement energy is very sensitive to a small change in the radius parameter ro; for
Arg =0.01 fm one finds AE = 30 keV for instance.

Besides above considerations, Bertsch [33] has shown that two-particles correlation in
the Coulomb interaction plays a very important role to explain the state dependence of
Coulomb energies for the 0%, 2+ and 4* excited states pairs in 20-1®Ne doublet. If the
2p — 1h configurations in '"Ne are formed by coupling a neutron-hole to the excited states
of ®Ne, as discussed in Section 4, this correlation may be important to describe correctly
the Coulomb energies in the A = 17 nuclei.

The d coefficient obtained for the negative parity states are consistent with zero.
However the d coefficient derived for one of the two positive parity states (§+) has a
significant deviation from zero. See Fig. 5(c). This term is given by:

d= 3 x (M)~ M(=3) -3 x [M(3) - M(~3)]), (14)

| =

where M(T,) is the mass excess of the nucleus with T,. As is clear from the equation,
the d coeflicient is three times more sensitive to the mass difference between the T, = i%
members of the multiplets than to that between the T, = :h;2 members. A non zerod,i.e.,a
deviation from the standard IMME (up to ¢ coefficient), implies that the terms higher than
the second order perturbation corrections of the Coulomb interaction or charge-symmetry
breaking nuclear interactions should be considered. The d coefficient was obtained for
twenty-two isobaric quartets [34]. It was found that they are consistent with zero, being
the upper limit of their absolute values around 7 keV. An exception is the d coefficient for
A = 9 quartet d = 5.2+ 1.7 keV, which is one of the best determined d coefficients. The
value for the %+ positive-parity state of the present work is d = —17.0+6.9 keV, which is
very large if one compares with the systematics in ref. [34]. If there were a peak between
the two states at 2.765 and 3.043 MeV, the excitation energy of the %+ state would be
reduced to some extent, although there was no indication of another state there at any

—13—

angles measured. If one assumed a peak between them, the excitation energy estimated
for the %+ state would be reduced at most 40 keV. This would bring d = —10.0 for this
level, which is still significantly large.

In an attempt to explain the deviation for mass A = 9, Auerbach and Lev [35] con-
sidered the isospin-mixing of T = 1 with T = 2 states, which can also produce a non
zero d coefficient. The contribution due to the isospin-mixing was estimated to be only
d ~ 1 keV for very light nuclei and d =~ 3 keV for A = 40. However, since the level
density in the region of the lowest T = 2 states in 7O and '"F nuclei is smaller, about 7
to 10 levels/MeV, than in the similar excitation energy region in mass A = 40, one would
expect contribution of at most 3 keV due to the isospin-mixing for A = 17. Bertsch and
Kahana [36] estimated that the contribution of the second order term of the Coulomb
interaction, which could be expressed in terms of a three-body force, was in the order
of 1 keV for A = 9 and less than 1 keV for heavier nuclei. Another possible effect is
the radial extention of the wave function due to Coulomb effects. Since the neutrons in
the neutron-rich members are converted to protons in the analog states, the Coulomb
repulsion energy increases, and the nucleus would extend to some degree. This expansion
is expected to be large for the sy proton, since the potential has no centrifugal barrier. A
calculation of this effect in A = 27 [37] showed that the expansion of the wave-function
caused a 110 keV change in the Coulomb energy of P, but it was absorbed by the other
coefficients and did not produce any significant contribution to the d coefficient. However,
the situation might change if the nucleons are largely unbound. This could be the case for
the present %+ state, which is unbound by 1123 keV, while the %+ state is unbound only
by 408 keV. It can be very interesting to understand the large d term investigating such
possible extented structure by using reliable shell model calculations. Another possibility
for the d-value could be due to the second order term of the isospin symmetry breaking

nuclear interaction. This should be another interesting subject to be studied.



6 Summary

The *Ne(*He,He)'"Ne reaction has been investigated. It appears that this reaction
proceeds predominantly through a direct three-neutron transfer mechanism. Fifteen levels
were identified in "Ne and the angular distributions for nine of them were measured.
The clear transferred orbital angular momentum dependence observed in the angular
distributions enabled spin parity assignment for the levels.

An analysis in terms of the isobaric multiplet mass equation up to d x T2 term has
been made for the first six states. Excitation energy dependence of these coefficients,
including the cubic term d in the IMME, was observed. The different systematics of the b
coefficients observed for the positive and negative parity states seem to be related to the
shell model configurations expected for these states. The considerable deviation of the
d coefficient from zero for the %"' state suggests a possible radial extention of the wave-
function well above the proton threshold or the effect of an isospin symmetry breaking
nuclear interaction.

Isospin quartets well above the threshold were not studied before. Detailed theoretical
analysis in terms of the IMME for the present A = 17 system will be very interesting.
More detailed shell model calculations with more suitable configurations and extration of
the matter radius and charge radius of the states in *"Ne, may aid in understanding the
difference in the level displacement of the positive and negative parity states. Moreover,
it seems that a detailed comparison between the experimental and calculated coeflicients
of the quadratic and cubic terms of IMME can bring important information about charge-
dependent or isospin symmetry breaking nuclear interaction.
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Figure Captions:

Figure 1: The summed He energy spectrum from the 2Ne(*He,®He)'"Ne reaction. The

excitation energies in '"Ne are denoted.

Figure 2: Angular distributions of ®He from the ?°Ne(*He,®He)'’Ne reaction for the
states denoted, attributed to the transferred angular momenta: (a) L = 0; (b) L = 1;
(¢) L =2;(d) L =3 and (e) L = 5. The solid lines are the DWBA calculations for Ls’
indicated. See the discussion in text. Some angular distributions were multiplied by the

factors indicated.

Figure 3: Energy levels of '"Ne. The theoretical predictions are taken from ref. [21].

The 2p — 1h and 3p — 2h model spectra are discussed in the text.

Figure 4: T = £ energy levelsin A = 17 quartet. Excitation energies and J* assignments
are obtained from the compilation in ref. [14] for the 17O and '"F, from refs. [14,15] for
17N, and the results of the present experiment, for }"Ne. The lowest T = % state in 170,

'"F and "N were normalized to the ground state of ’Ne.

Figure 5: The coefficients of the IMME as a function of excitation energy in !"Ne; (a)
the b coefficient, (b) the ¢ coefficient and (c) the d coefficient.



Table 1: Nuclear levels in '"Ne identified. The accuracies in parenthesis are in keV.

Ex. energy | £AEx | Transferred | adopted | Ex. ¥+ Ex. 9
(MeV) (keV) L Jr (MeV) (MeV)
0.0 1 179
1.288 8 1 - 1.35 (70) | 1.284 (26)
1.764 8 3 £ 11.84 (70) | 1.754 (27)
1.908 8 0 N 1.916 (28)
2,623 9 3 ( %1 %)_ Table 2: Optical and binding potential parameters.
2.765 12 2 $* 12,77 (70) | 2.619 (26) set v rr ar | Wv® r ar | re
3.043 11 3(0) I~(ih 3.006 (28) (MeV) (fm) (fm) | (MeV) (fm) (fm) | (fm)
3.548 20 5 g~ 3He + Ne | 160.00 1.633 0.375 [ 35.00 1.015 1.767 | 1.3
3.7113 30 SHe + '"Ne | 64.70 1250 0.717| 13.00 1.250 0.800 | 1.3
4.010 10 2 N 3n4+Ne | a) 132 065
4.487 22 3n + 3He a) 1.58 0.65
5.141 62 5.28 (90)
5.799 0 a) The depth was adjusted to reproduce the binding energy.
6132 25 b) The imaginary potential is a volume type Woods-Saxon potential for both systems.
6.366 22

a) From ref. [13].
b} From ref. [8].
c) The experimental errors in parentheses are in keV.

d) Predictions by the IMME using the coefficients from Table 4.
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Table 3: Comparison of the measurements and predictions of mass excess of !"Ne.

Table 4: Mass excesses (in MeV) and the coefficients of IMME for the T = 2 quartet of

A = 17. The numbers in parenthesis are the errors in keV.

Authors Mass excess (MeV) ref.
Experiment
Present 16.453 £ 0.032
Woznick et. al. 16.480 £ 0.050 a)
Mendelson et. al. 16.479 + 0.050 b)
Predictions
IMME 16.496 & 0.018 c)
Wapstra 16.480 + 0.050 d)
Janecke-Masson 16.62 d)
Tachibana et al. 15.99 d)
Comay-Kelson-Zidon 16.92 d)
Pape-Antony 16.73 + 0.33 d)
Janecke-Garvey-Kelson 16.630 d)
Gul 16.630 e)
a) ref. [8].
b) ref. [3].
¢) Coeflicients used in the IMME are listed in Table 4.
d) ref. [28].
e) ref. [27].
21—

Jr 1N 170 7R 17Ne a (MeV) b (MeV) ¢ (MeV) d (keV)
(Tz = %) (Tz = %) (TS = '—% (Tz = "%
17| 7.871(15) 10.270(1) 13.145(2) 16.453(32) | 11.648(2) -2.875(2) 0.238(8)
11.651(3) -2.877(3) 0.227(9) 7.2(6.0)
3= | 9.245(15) 11.657(1) 14.502(2) 17.741(33) | 13.025(2) -2.845(2) 0.217(8)
13.028(3) -2.847(3) 0.207(9)  6.5(6.1)
1% | 9.721(15) 12.135(5) 15.032(5) 18.361(33) | 13.527(5) -2.897(6) 0.241(9)
13.526(5) -2.809(8) 0.229(9)  8.5(7.0)
s7| 9.778(15) 12.189(1) 15.013(5) 18.217(33) | 13.549(3) -2.824(4) 0.207(8)
13.551(3) -2.825(6) 0.198(9)  5.5(6.6)
5% 110.307(15) 12.827(3) 15.733(5) 10.218(34) | 14.220(3) -2.906(5) 0.238(8)
14.214(4) -2.902(7) 0.264(9) -17.0(6.9)
1 | 11.000(15) 13.422(2) 16.256(4) 19.496(34) | 14.788(3) -2.834(4) 0.206(8)
14.788(3) -2.834(4) 0.205(9)  1.0(6.6)

Table 5: Comparison of the experimental level displacement energies between '"F and

"Ne analog states, and excitation energies in "Ne by the calculation {32]. The numbers

in parenthesis are the errors in keV.

State | AE(exp) AE(calc)| AE(exp) — AE(calc) | Ex(exp) Ex(calc) | Ex(exp)- Ex(calc)
{MeV) (MeV) (keV) (MeV)  (MeV) (keV)
37 14.090(32) 4245 -185 0 0 0
%_ 4.021 (33) 4.182 -161 1.288(8) 1.289 1
%*’ 4.111 (33)  4.053 + 58 1.908(8)  1.667 +241
$* 14266 (34)  4.154 +112 2.765(8)  2.486 +279
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