
PHYSICAL REVIEW C, VOLUME 62, 034306
B„E2;0g.s.
¿ \21

¿
… in 18Ne and isospin purity in AÄ18 nuclei

L. A. Riley,1 P. D. Cottle,2 M. Fauerbach,2,* T. Glasmacher,3,4 K. W. Kemper,2 B. V. Pritychenko,3,4 and H. Scheit3,4,†

1Department of Physics and Astronomy, Earlham College, Richmond, Indiana 47374
2Department of Physics, Florida State University, Tallahassee, Florida 32306

3National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824
4Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824

~Received 30 March 2000; published 14 August 2000!

The 0g.s.
1 →21

1 excitation in the proton-rich nucleus18Ne has been studied via intermediate energy heavy-ion
scattering with a beam of this radioactive isotope. The observedg-ray yields have been combined with coupled
channels calculations of the inelastic scattering reactions to obtain the electromagnetic matrix element
B(E2;0g.s.

1 →21
1). This result is combined with the corresponding results in the mirror nucleus18O and the

T51 states in theN5Z nucleus18F as a test of isospin purity.

PACS number~s!: 23.20.Js, 21.10.Hw, 25.60.Dz, 27.20.1n
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The degree to which the isospin symmetry is violated
nuclei in the vicinity ofA518 has been shown to play a
important role in the understanding of Coulomb energies@1#,
b-decay matrix elements@2#, and nuclear interaction symme
tries @3#. Bernstein, Brown, and Madsen@4# pointed out that
isospin purity in aT51 multiplet can be tested by compa
ing corresponding electromagnetic transitions in three m
bers of the multiplet. A systematic study of 01→21 transi-
tions in theT51 multiplet of theA518 system provides on
example: The isoscalar multipole matrix elementM0 for this
transition can be obtained from a comparison of the pro
multipole matrix elementsM p in the uTzu51 mirror nuclei
18O and 18Ne. The relationship betweenM p and the reduced
electromagnetic matrix elementB(E2;01→21) is given by
the equation

M p5@B~E2;01→21!/e2#1/2. ~1!

If isospin symmetry is satisfied, then the value ofM0 ob-
tained via the comparison of18O and 18Ne should be equa
to that extracted from the 01→21 transition betweenT51
states in theTz50 nucleus18F. An analysis ofT51 isospin
multiplets for A522242 recently reported by Cottleet al.
@5# found suggestions of strong isospin symmetry break
in the A534,38,42 systems.

While the B(E2;0g.s.
1 →21

1) value in 18O is known with
considerable precision, the situation is quite different in
mirror nucleus 18Ne. A measurement of theB(E2;0g.s.

1

→21
1) electromagnetic matrix element in18Ne was per-

formed by McDonaldet al. @6# using the Doppler shift at-
tenuation method~DSAM! with the 3He(16O,n) reaction and
the 3He implanted in a nickel foil. They arrived at a result
B(E2;0g.s.

1 →21
1)5260625e2 fm4 (M p516.160.8 fm2).

However, results from pion scattering measurements on18O
@7# appear to disagree with the conclusion of McDona
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et al. Under the assumption of isospin symmetry,M p for a
transition in one nucleus should be equal toMn for the cor-
responding transition in the mirror nucleus. A comparison
18O(p1,p18) and 18O(p2,p28) reactions yieldedMn
512.460.7 fm2 for 18O ~assuming the ‘‘modified collective
model’’ analysis in Ref.@7#!. The authors of Ref.@4# warn
that a comparison ofMn in 18O andM p in 18Ne must take
into account that the valence protons in18Ne are less bound
than the valence neutrons in18O. They prescribe that for the
0g.s.

1 →21
1 transition in 18Ne theMn value should be adjuste

upward by 10% before comparison. Nevertheless, the p
scattering measurement yields a value ofM p513.6
60.8 fm2 @corresponding to B(E2;0g.s.

1 →21
1)5186

623e2 fm4# for 18Ne.
To study the isospin purity of theA518 system and re-

solve the apparent conflict in the experimental results for
electromagnetic matrix elementB(E2;0g.s.

1 →21
1) in 18Ne,

we measured this value using a beam of radioactive18Ne
ions in an intermediate energy heavy-ion scattering react
We also measuredB(E2;0g.s.

1 →21
1) in the mirror nucleus

18O using the same experimental arrangement so that
result could be compared with the well-known experimen
value. A review of the experimental technique used in
present study is given in Ref.@8#.

The experiments were performed at the National Sup
conducting Cyclotron Laboratory. The primary beam of
MeV/nucleon 20Ne was produced with the laboratory
K1200 cyclotron. The secondary beams were made via fr
mentation of the primary beam in a 202 mg/cm2 9Be pro-
duction target located at the mid-acceptance target pos
of the A1200 fragment separator@9#. The 18Ne and18O sec-
ondary beams had energies of 65 and 50 MeV/nucleon,
spectively. Separation of beam isotopes was enhanced w
130 mg/cm2 27Al achromatic wedge placed at the seco
dispersive image of the A1200. The momentum accepta
of the A1200 was limited to 0.5% by slits located at the fi
dispersive image.

A 350 mg/cm2 197Au foil was used as the secondary ta
get. The secondary beams slowed significantly in this tar
and the mid-target beam energies for18Ne and18O were 60
and 46 MeV/nucleon, respectively. The secondary bea

i-
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were stopped in a cylindrical fast/slow plastic phoswich d
tector located at zero degrees. Both energy loss in
phoswich detector and time of flight relative to the cyclotr
RF signal were used for particle identification. The zero
gree detector subtended the scattering angles of 0° to 4
the laboratory. The beam rates recorded in the zero de
detector for both18Ne and18O beams were 20 000 particle
per second.

The g rays were detected in an angular range of 56.
2123.5 ° in the laboratory by an array of ten position sen
tive NaI~Tl! detectors. A description of the array and deta
of the analysis ofg-ray spectra can be found in Ref.@10#.
Theg-ray spectrum measured in coincidence with beam p
ticles identified as18Ne in the zero degree detector appear
Fig. 1. In Fig. 1~a!, the laboratory frame spectrum~uncor-
rected for the Doppler shift of the projectile, which hasv/c
50.34) is shown. The 547 keV 7/21→3/2g.s.

1 g-ray in the
197Au target nucleus appears strongly in this spectrum. T
Doppler-corrected~projectile-frame! spectrum is shown in
Fig. 1~b!. The 1887 keV 21

1→0g.s.
1 transition in 18Ne is

clearly evident. No other discernible peaks appear in
spectrum.

A cross section~integrated over the scattering angles 0
to 4 °) of 4566 mb is obtained for producing the 1887 ke
g ray in 18Ne, assuming ag-ray angular distribution corre
sponding to a pureE2 transition. It is important to note tha
this g-ray production cross section may not be identical
the cross section for directly exciting the 21

1 state in the
scattering reaction, since this state can be fed byg decays
from higher-lying states. In particular, it is possible that t

FIG. 1. In-beam photon spectrum gated on18Ne ~left! and 18O
~right!. The top panels show the spectra without Doppler correc
as measured in the laboratory with the 7/21→3/21 transition in the
gold target visible as a peak. The center panels show the sp
after event-by-event Doppler correction in the projectile frame. T
bottom panels show the Doppler corrected spectra after subtra
of GEANT simulations described in the text.
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22
1 state at 3613 keV is significantly populated in the pres

scattering reaction since the corresponding 22
1 state in the

mirror nucleus18O is strongly populated in proton and ne
tron scattering reactions@11#, in electron scattering@12#, and
in pion scattering@7#. In addition, 9162% of theg decays
from the 3613 keV state in18Ne deexcite to the 21

1 state via
a 1726 keV transition@13#. However, the 1726 keVg-ray
cannot be seen in the projectile frame spectrum in Fig. 1.
studied the projectile frame spectrum using the compu
simulation codeGEANT @14# to determine an upper limit on
the production cross section for the 1726 keVg ray. The
GEANT simulation of the response of the NaI~Tl! array took
into account the observed cross section for the 1887 k
transition and an exponential background extrapolated fr
the background observed at energies above the 1887
peak. We obtained an upper limit of 10 mb for the cro
section for producing the 1726 keV peak. When this is co
bined with the observed cross section of 4566 mb for pro-
ducing the 1887 keVg ray, we arrive at a cross section o
40611 mb for directly populating the 21

1 state.
To analyze the scattering cross sections while accoun

for both the Coulomb and nuclear contributions to the re
tions, we used the coupled channels codeECIS88 @15#. The
analyses were performed assuming the midtarget beam e
gies. We do not have elastic scattering data for the pre
reaction, so we adopted optical model parameters determ
in other studies of intermediate energy heavy-ion scatter
In particular, we analyzed our data using the optical mo
parameters of Mermazet al. @16# from their study of the
scattering of16O from 208Pb at a laboratory energy of 49.
MeV/nucleon, and the parameters of Barretteet al. @17# ob-
tained for the scattering of17O from 208Pb at a laboratory
energy of 84 MeV/nucleon. A comparison of the results
obtained using these two parameters sets provides some
derstanding of their model dependence. The standard vi
tional form factor was used. Cross sections for multiple e
citations in intermediate energy heavy-ion scattering
generally negligible@8#, so we only considered single-ste
excitations here.

There are two coupling strengths~dynamic deformation
parameters! involved in the ECIS calculations. The first, th
‘‘Coulomb deformation’’bC , reflects the deformation of the
proton fluid in the nucleus and corresponds to the elec
magnetic matrix elementB(E2;0g.s.

1 →21
1). The quantities

B(E2;0g.s.
1 →21

1) andbC are related via the equation@18#

bC5
4p

3ZR0
2 @B~E2;0g.s.

1 →21
1!/e2#1/2, ~2!

where the radiusR0 is given byR05r 0A1/3 and we taker 0
51.20 fm.

The second deformation parameter in the calculation
the ‘‘nuclear deformation parameter’’bN . While the Cou-
lomb deformation parameter is used to calculate the elec
magnetic interaction between target and projectile,
nuclear deformation parameter is used in the nuclear po
tial to determine the matter interaction. To setbN for the
ECIS calculation, we adopt the prescription of Ref.@19#

n

tra
e
on
6-2



th
th
ri

e
.

n
in
t-

ac

he

to

is
s
-

o

tio

e

r
r-

c

at

e

ful

n
-
2

982

t.

tor
for

vi-

.9

s

ult

ctly
e

cat-
ing

az

t,
ce,

ear
des
ing
mass

B(E2;0g.s.
1 →21

1) IN 18Ne AND ISOSPIN PURITY IN . . . PHYSICAL REVIEW C 62 034306
which takes into account not only the difference between
charge and matter deformations but also the sensitivity of
particular probe used in the measurement. In this presc
tion, the deformation lengthdF5bFR for an experimental
probeF ~whereR is the nuclear radiusR5r 0A1/3) is given
by

dF

dp
5

11~bn
F/bp

F!~Mn /M p!

11~bn
F/bp

F!~N/Z!
, ~3!

wherebn(p)
F is the external field interaction strength of th

probeF with neutrons~protons! in the nucleus to be studied
When F is an electromagnetic probe, the ratiobn

F/bp
F50,

since the probe is sensitive only to the charge density and
to the neutron density. For low-energy proton scatter
(,50 MeV), bn

F/bp
F53 and for low-energy neutron sca

tering bn
F/bp

F51/3 @19#. In the present case, the probeF is
197Au, which contains both protons and neutrons. To extr
bn

F/bp
F for 197Au, we start from the assumption that

bn(p)
F 5ZFbn(p)

p 1NFbn(p)
n , ~4!

whereZF andNF are the proton and neutron numbers of t
probeF, respectively. This assumption gives

bn
F

bp
F

5
ZFbn

p1NFbn
n

ZFbp
p1NFbp

n
, ~5!

which yieldsbn
F/bp

F50.820 for 197Au.
The ECIS analysis of the 0g.s.

1 →21
1 excitation in 18Ne

includes two parameters,bC andbN . However, we can use
the results of a recent measurement of low energy pro
scattering on18Ne in inverse kinematics@20,21# to constrain
the value ofbN for the present experiment so that there
only one free parameter to fit,bC . The coupled channel
analysis of the18Ne(p,p8) data using the standard vibra
tional form factor @20# yielded b (p,p8)50.4660.04 and
d (p,p8)51.3360.12 fm. If the ratio bn

F/bp
F53 for low-

energy proton scattering is used in Eq.~3!, then the value of
bN for the present heavy ion reaction can be calculated fr
b (p,p8) and an assumed value ofbC . This technique then
gives us a way to perform a fit to the present cross sec
data that has only one parameter,bC . With the optical
model parameters of Mermazet al., we obtainbC50.450
60.036 ~and bN50.48160.039). With this result forbC

and equation 1, we obtainB(E2;0g.s.
1 →21

1)5113
618e2 fm4, corresponding toM p510.660.9 fm2. @The
uncertainty in theb (p,p8) value gives an uncertainty in th
B(E2;0g.s.

1 →21
1) result of only 2.4%. Hence, the

B(E2;0g.s.
1 →21

1) uncertainty is dominated by the othe
sources of error#. Using the optical model parameters of Ba
rette et al. instead, we obtainbC50.49660.040 (bN

50.50360.040), giving B(E2;0g.s.
1 →21

1)5137622e2

fm4, corresponding toM p511.760.9 fm2.
While we have set the value ofbn

F/bp
F for 197Au using a

simple algorithm, uncertainties in this parameter introdu
only small uncertainties in the final result forB(E2:0g.s.

1
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→21
1) in 18Ne. If we repeat the analysis assuming th

197Au is an isoscalar probe (bn
F/bp

F51), then the result for
B(E2:0g.s.

1 →21
1) in 18Ne increases by 0.4%.

We now examine our measurement of18O to assess the
reliability of the present study of18Ne. The energy of the
21

1→0g.s.
1 transition in18O is 1982.1 keV, and the peak in th

18Og-ray spectrum at that energy@Fig. 1~e!# yields a cross
section of 2965 mb. However, as in the case of18Ne the
21

1 state in 18O is fed by higher lying 21 states that are
populated strongly in other scattering reactions. A care
study of the18Og-ray spectrum usingGEANT reveals peaks
corresponding to transitions deexciting the 22

1 and 23
1 states.

Both these states deexcite to the 21
1 state, so the cross sectio

for producing the 21
1→0g.s.

1 g ray must be adjusted for feed
ing to obtain the cross section for direct excitation of the1

1

state. In particular, the cross sections for producingg rays
corresponding to the 22

1→21
1 and 23

1→21
1 transitions must

be subtracted from the 21
1→0g.s.

1 cross section.
When an exponential background and a simulated 1

keV peak are subtracted from the projectile-frameg-ray
spectrum for 18O @Fig. 1~f!#, two peaks become apparen
The first is the 1938.4 keV 22

1→21
1g-ray. The analysis of

this peak leads to a cross section of 4.060.6 mb for produc-
ing it. The second peak is the 1334.4 keV 23

1→22
1g ray, for

which the production cross section is 1.460.3 mb. We need
the cross section for the 3272.7 keV 23

1→21
1g ray, which is

not observed because of the low efficiency of the detec
system at that energy, to complete the feeding analysis
the 21

1 state. We can obtain that cross section with pre
ously measured branch ratios@13# for the 23

1 state and the
23

1→22
1g-ray cross section reported here. With the 55

61.0% branch for the 23
1→21

1 transition and the 8.7
60.4% branch for the 23

1→22
1 transition, we obtain a cros

section of 9.062.2 mb for the 23
1→21

1g-ray. Adjusting the
21

1→0g.s.
1 g ray cross section for feeding, we arrive at a res

of 1665 mb for direct population of the 21
1 state.

We can compare our measured cross section for dire
populating the 21

1 state in18O to values calculated using th
results of a pion scattering study of18O @7# and the two
optical model parameter sets adopted here. In the pion s
tering study, comparisons of the cross sections for excit
the 21

1 state in the18O(p1,p18) and 18O(p2,p28) reac-
tions at 164 MeV yielded values ofM p and Mn for the
0g.s.

1 →21
1 excitation; here we adopt theM p and Mn results

obtained in Ref.@7# using the ‘‘modified collective model’’
analysis. With the optical model parameter set of Merm
et al., we obtains52263 mb; for the Barretteet al. pa-
rameter set, we calculate 1662 mb. Our measured resul
1665 mb, is consistent with both calculated values. Hen
the measurement of18O supports the reliability of our18Ne
result.

It is important to assess the relative roles of the nucl
and Coulomb forces in the present reaction. The magnitu
of the nuclear and Coulomb contributions to the scatter
process depend on both the energy of the beam and the
of the scattered particle. For masses ofA540 and above, the
6-3
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L. A. RILEYet al. PHYSICAL REVIEW C 62 034306
Coulomb interaction is so dominant at energies near
MeV/nucleon that the nuclear interaction can be neglecte
analyses such as the one performed here. However, at l
masses the nuclear force must be included in the analysis~for
example, see Ref.@22#!. The relative roles of Coulomb an
nuclear interactions in the present experiment with18Ne
were investigated by performing ECIS calculations in wh
only the nuclear interaction was used. A calculation us
the optical model parameters of Mermazet al. in which the
Coulomb interaction is turned off (bC50) yields a cross
section of 17 mb, which is 42% of the cross section with
Coulomb interaction included (40 mb). The correspond
nuclear interaction-only calculation with the optical mod
parameters of Barretteet al. yields a cross section of 11 mb
which is 27% of the cross section including the nuclear
teraction. It seems clear that the nuclear interaction play
important role in the present reaction, unlike the situation
higher masses. In addition, calculations of the size of the
of the nuclear interaction depend significantly on the opti
model parameters adopted.

The present results for18Ne are significantly different
from the previous experimental result of McDonaldet al. @6#
(M p516.160.8 fm2). It should be noted that their exper
ment was quite difficult, having a large background in t
g-ray spectrum generated by neutrons since theirg-ray de-
tector was positioned at 0 ° with respect to the beam dir
tion. In addition, the detector they used, a 19% efficie
Ge~Li !, was much less efficient for detection of 2 MeVg
rays than the large volume intrinsic Ge detectors availa
for similar experiments today. For this reason, it would se
prudent to repeat the DSAM experiment in a way whi
would decrease the neutron background in theg-ray spec-
trum and take advantage of the high efficiencies of mod
Ge detectors. The present result is also significantly be
the value forM p in 18Ne extracted from pion scatterin
(13.660.8 fm2), although the pion scattering value also d
agrees with the DSAM result.

The present result for the 21
1 state in 18Ne provides the

opportunity to examine isospin symmetry in theA518 mul-
tiplet. If isospin symmetry is satisfied within a mass multi
let, then the matrix elements of the corresponding elec
magnetic transitions in each isobar are related in
straightforward way. The relationship between multipole m
trix elements in the neutron/proton and isospin represe
tions yields@4#

M p~Tz!5~1/2!@M0~Tz!2M1~Tz!#, ~6!

where M0(Tz) and M1(Tz) are the isoscalar and isovect
multipole matrix elements, respectively. With the assum
tion of isospin conservation, the matrix elements in differe
isobars are related by

M0~Tz8!5M0~Tz!, ~7!

M1~Tz8!5M1~Tz!Tz8/Tz . ~8!

If two nuclei are mirrors, thenTz852Tz and
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M0~Tz!5M p~Tz!1M p~2Tz!. ~9!

According to Eq.~9!, the corresponding transition be
tweenT51 states in aTz50 nucleus satisfies

M p~Tz50!5M0~T51!/2. ~10!

That is, the hypothesis of isospin purity implies that t
value ofM0 extracted from theM p values in two mirrorTz
561 nuclei should be equal to the valueM052M p ob-
tained for the 0T51

1 →2T51
1 transition in theTz50 nucleus.

According to Ref.@4#, this comparison provides an exper
mental test of isospin purity forA54n12 multiplets.

For A518, the results obtained with the parameter sets
Mermazet al. (2.8460.23 single particle units, or SPU! and
Barretteet al. (3.1360.20 SPU) for18Ne, when taken with
the corresponding value for18O from the compilation of Ref.
@23#, M p51.8260.02 SPU, yield M054.6660.23 SPU
and 4.9560.25 SPU, respectively. In theTz50 nucleus18F,
theT5101 and 21 states are located at 1042 and 3062 ke
respectively. The 3062 keV state decays predominantly
the T50 states at 0 keV (Jp511) and 937 keV (Jp531)
via M1 transitions. Only 0.1160.03% of the decays of the
3062 keV state populate the 1042 keV state. TheM1 decays
cause the lifetime of the 3062 keV to be quite short, and o
an upper limit~the mean lifet,1.2 fs) has been determine
@13#. The measurement of the branch ratio and the up
limit of the lifetime allow a lower limit on the reduced ma
trix elementB(E2;01→21).5.8 SPU to be obtained~this
value is calculated with the lower 1s limit, 0.08%, of the
measured branch ratio!. This, in turn, givesM p.2.40 SPU
andM0.4.80 SPU. Hence, the values ofM0 obtained from
18O and the present results for18Ne are consistent with the
lower limit extracted from the available data on18F. There-
fore, the data on these 0T51

1 →2T51
1 transitions are consisten

FIG. 2. A comparison of isoscalar multipole matrix elemen
M0 extracted from the comparison ofM p values for 0g.s.

1 →21
1 tran-

sitions inT51 nuclei to theM0 values taken from transitions be
tweenT51 states inTz50 nuclei. This comparison allows a test o
isospin purity inA54n12 systems. ThreeA518Tz561 values
are shown, corresponding to the results obtained in the present
with the two optical model parameter sets and the result of M
Donaldet al. @6#.
6-4
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1) IN 18Ne AND ISOSPIN PURITY IN . . . PHYSICAL REVIEW C 62 034306
with the assumption of isospin purity. This conclusion
valid for both sets of optical model parameters adopted h
It is worth noting that the18Ne result of McDonaldet al. @6#
gives M p54.3060.20 SPU yielding a18O/18NeM0 result
of 6.1260.20 SPU.

To refine this test of isospin purity in theA518 system, at
least two experimental issues must be addressed. First
discrepancy between the present heavy-ion scattering ex
ment and the previous DSAM measurement ofB(E2;0g.s.

1

→21
1) in 18Ne must be resolved, as discussed above. S

ond, the existing result forB(E2;0T51
1 →2T51

1 ) in 18F must
be improved, although doing so will be quite difficult b
cause of the short lifetime of the 2T51

1 state. The upper limit
on the lifetime of the 2T51

1 state was set in DSAM measure
ments of the3He(16O,p)18F reaction reported by Ballet al.
in 1982@24#. In these measurements, the centroid shift of
2020 keVg ray was measured in targets in which the3He
was implanted in three hosts~aluminum, niobium, and gold!
with different stopping powers. The measured energy of
centroid did not depend on stopping power, and Ballet al.
were only able to set an upper limit on the lifetime on th
basis. It might be possible to improve this measuremen
using the more efficientg-ray detectors now available t
improve the measured line shapes and, thus, to measur
centroids more precisely in the three target hosts. The bra
ratio of the 2T51

1 state to the 0T51
1 state (0.1160.03%) was

measured by Rolfs in 1972@25# using the14N(a,g)18F and
17O(p,g)18F reactions at resonance energies. The statis
v.

, K
ys

O

lt
.

.

olf

ys

.
W

r,

03430
e.

the
ri-

c-

e

e

y

the
ch

cs

accumulated in these experiments are impressive, and
not clear that moderng-ray detectors would provide a sig
nificant advantage in repeating these measurements.

Comparisons betweenM0 values taken fromTz561 nu-
clei and theT50 states of theTz50 isobars for 4n12
nuclei in the mass rangeA518242 are shown in Fig. 2
~data are taken from Refs.@5,26# and the present work!.
Cottle et al. @5# noted that the error bars for theTz50 and
Tz561M0 values do not overlap in the cases ofA534,38,
and 42, suggesting the possibility of measurable isospin
rity violation in these nuclei. These cases merit further stu
as does the case ofA522, where the experimental uncertai
ties for bothTz50 andTz561M0 values are large.

In summary, we measured the 0g.s.
1 →21

1 excitation in the
proton-rich nucleus18Ne via intermediate energy heavy-io
scattering. TheM0 values obtained from theM p results in
the Tz561 nuclei 18O and 18Ne are consistent with the
lower limit on M0 set with theB(E2;0T51

1 →2T51
1 ) result

from theTz50 nucleus18F, as would be expected if isospi
purity exists in theA518 system. We propose that th
DSAM measurement of the 0g.s.

1 →21
1 transition in 18Ne be

repeated with a lower neutron background and the pre
generation of high volume Ge detectors to resolve the
crepancy between the present18Ne result and the previou
DSAM measurement of McDonaldet al. @6#.
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