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Properties of states at 7–8 MeV in 18Ne
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We present calculated values of energies and widths for astrophysically interesting states at 7–8 MeV
excitation energy, based—whenever possible—on information from mirror levels in18O.
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With a 17F beam Harsset al. @1–3# investigated the reac
tions 17F(p,a), 17F(p,p), and 17F(p,p8) in 18Ne. In stellar
explosions, the reaction14O(a,p)17F proceeds through thes
resonances—first through the 12 at Ex56.15 MeV, and then
~above about 23109 K) through several resonances abo
an excitation of 7 MeV. The 12 contribution is uncertain
because its strength is poorly determined—vg(p,a)
50.820.5

11.2 eV. Uncertainties for the states above 7 MeV a
also quite large—as summarized in Table I~taken from in-
formation in Table II of Ref.@1#! . We have performed cal
culations of the energies and widths using information fr
the parent states in18O whenever appropriate. A preliminar
version of some of our results has appeared previously@4#.

The information in Table I is primarily from Refs.@1,2#,
with some input from other work. Harsset al. performed a
difficult experiment with a radioactive17F beam and mea
sured the quantities of direct astrophysics interest v
vg(p,a). Decays of the various resonances to excited st
of 17F are of interest because the reaction14O(a,p) can also
proceed through excited final states. It is also importan
know if any of the resonances decay to unbound levels
17F, because, if so, that would deplete14O but not produce
17F. In a preliminary experiment@2#, Harsset al., located
three resonances at excitation energies of 7.1660.15, 7.35
60.06, and 7.6060.05 MeV. From their comparisons wit
mirror levels, they tentatively assignedJp512 to the 7.17-
MeV state, 41 or 12 for 7.37, and 12 or 21 for 7.60. We
suggested@4# that the lower one was 41 and the upper was
12, based on comparison to mirror levels in18O and our
calculations. We made no prediction for 7.37, other than t
it was unlikely to be 12 ~or 41). In fact the 7.37-MeV level
puzzled us because we found no candidate for its mi
among the known levels of18O. In a new experiment and
careful analysis@1#, the same group now agrees with us as
the Jp of the first and third of these three levels. For 7.3
they make noJp assignment from their data~other than it
must be natural parity!, but by inspection of the levels of18O
they conclude that the nearest known level that could be
mirror is at 8.21 MeV—a 21 state. But nothing in their data
favors 21 over any other natural-parity assignment.~Of
course, very highJ could also be ruled out, on penetrabili
arguments.! As the 41 assignment for the 7.05-MeV leve
and 12 for 7.60 now appear firm, we discuss their propert
first.
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Harsset al. @1# have now proven that18Ne(7.05) hasJp

541. They conclude that it is the analog of18O(7.11), as
suggested previously by us@4#, and even earlier by Hahn
et al. @5#. Its expected energy in 18Ne is 7.086
60.040 MeV @6#. With our geometrical parameters (R
53.37 fm, a50.60 fm), the width of 91613 meV in 18O
results in ana spectroscopic factor of 0.30360.055@7#. For
an excitation energy of 7.05 MeV in18Ne, the single-particle
~sp! a width calculated with the same geometrical para
eters is 63 eV, giving @using Ga(expt)540614 eV]
Sa(18Ne)50.61960.235, much larger than in18O. In the
first paper of Harsset al., this resonance energy was 7.1
60.15. Hahnet al. @5#, see two states—at 7.05 and 7.1
MeV. The newest paper of Harsset al., providesEx57.05
60.10 MeV. The experimentally determined (p,a) strength
is 0.75GpGa /G529610 eV. WithGp'G, the result forGa
is 39613 eV. Of course, these uncertainties onEx and Ga
are presumably ones values, so the trueEx and Ga could
easily lie outside those uncertainties. If the18Ne 41 excita-
tion energy is 7.05 MeV, our best estimate of the expectea
width is 1964 eV, whereas if Ex57.15 MeV we get
Ga(sp)5110 eV and henceGa53467 eV.

BecauseSa comes from the dominant component of th
wave function, and is close to the maximum allowed for th
configuration, it is stable to small configuration mixin
Thus, even with some small amount of isospin violation,
assumptionSa(18Ne)5Sa(18O) should still be valid. Then
we can actually bypass the computation ofSa and its depen-
dence on geometry and write directly

Gcalc~
18Ne!5@Gsp~

18Ne!/Gsp~
18O!#Gexpt~

18O!.

TABLE I. Properties of states at 7–8 MeV in18Ne.

Ex

~MeV!
Jp G

~keV!
vg(p,a)

~eV!
Ga

~eV!
Ex(

18O)
~MeV!

7.0560.10 41 90640 29610 40614 7.11
7.3760.06 21? 70660 18614 40630 8.21?

01? 2006150 ~7.02!?
7.6060.05 12 75620 255630 10006120 7.62
7.7160.05 22 70630 a a 7.77

aUnnatural parity forbidsa channel; hasGp0
559625 keV, Gp1

51165 keV.
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Even if the individualGsp are sensitive to values ofr 0 anda
of the potential well, the ratio of sp widths is much less
This method givesGcalc(

18Ne)522.663.2 eV for a 41 state
at 7.05 MeV. If its energy is 7.15 MeV, this changes
38.265.4 eV. These uncertainties do not include any con
bution from the assumption of equala strengths in the mir-
ror nuclei. We know of no serious, quantitative attempts
assess the reliability of this assumption, but~for reasons
noted above! we expect it to be especially valid in th
present case.

The proton width of 90640 keV for the state is reason
able. The parent state in18O has a neutron spectroscop
factor of 0.18. Forp1 17F, with r 051.25 fm, a50.65 fm,
we get Gp(sp)5357 keV, resulting inSp50.2560.11. Or,
using theSn from 18O ~with an uncertainty of 20%! would
give Gp564613 keV, consistent with the measured valu
but more precise. Again, this uncertainty does not inclu
any uncertainty arising from the assumptionSp5Sn for mir-
ror nuclei.

We agree with Harsset al. @1# that 18Ne(7.60) is likely to
be the analog of18O(7.616,12). Their argument~and ours
@4#! is based on the expected small shift in excitation ene
for negative-parity states in this excitation-energy region
because they are primarily single hole in character~discussed
further below!. The shape of their angular distribution allow
12, 21, 32, or 41. In 18Ne, the a width is 1.02
60.12 keV, and our calculateda single-particle width is
112 keV, givingSa59.131023. In 18O the single-particle
a width for the 12 state at 7.616 MeV is 15.3 keV, so that
Sa is the same for the mirror, we would expe
Ga(12, 7.616 MeV)50.1460.02 keV in 18O, well within
the present limit ofGa(expt),2.5 keV. The experimenta
ground-state~g.s.! proton width of 72620 keV in 18Ne cor-
responds toSp50.0360.01 for 17F(g.s.), and the limit of
Gp1

,2 keV results in Sp,1.231023 for 17F(1st exc)

~Table III!. For comparison, the single-particle widths for,
50, 2 decays@throughout this paper~and others! for the
orbital angular momentum quantum number of the tra
ferred particle in a direct reaction or the light particle in
resonance reaction, we use lowercase, if that particle is a
nucleon~neutron or proton! and capitalL for a collection of

two or more nucleons~e.g., 2n, 2p, a).# to 17F( 1
2

2) are
14.1 keV and 121 eV, respectively. As these spectrosco
factors are certainly less than unity, these decays mak

TABLE II. Properties of the 42
1 state in18O and 18Ne.

Quantity 18O 18Ne

Expt.a Calculated
Ex ~MeV! 7.11 7.0560.10 7.08660.04b

Ga ~eV! (91613)31023 39613 22.663.2c

Gp ~keV! 90640 64613c

S ~nucleon! 0.1860.04 0.2560.11d

aReference@1#.
bReference@6#.
cComputed assuming mirror symmetry of spectroscopic factors
dComputed from measured width and our calculated sp width.
03430
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most a minor contribution.@As 17F( 1
2

2) is unbound, these
decays would deplete14O, but not produce17F.#

To a reasonable approximation, the three lowestJp512

T51 states inA518 are linear combinations of three thre

particle one-hole (3p-1h) states, with the hole inp 1
2 and the

three particles being the lowestJp5 1
2

1, 3
2

1, T5 1
2 , and 3

2
1,

T5 3
2 . For a fourth 12, 3p-1h state, the1

2
1, T5 3

2 state is
not far away, while the next availableJp 5 1

2
1 or 3

2
1 level

with T5 1
2 is about 4 MeV higher~not counting the obvious

core-excited3
2

1 state at 4 MeV! as is the lowestp 3
2 hole

state. Millener’s wave functions@8# for the first four 12

states of18O have~in order of increasingEx) 1.9%, 17.9%,
4.6%, and 8.3%, respectively, off p particle, the remainder
being 3p-1h. All but the lowest have~39–50!% of their
wave function containing (sd)3 coupled toT53/2. Pure
3p-1h configurations, in weak coupling, are expected
have excitation-energy shifts from220 keV to 1180 keV,
where a minus sign indicates lower energy in18Ne. States
with particles havingT53/2 will lie lowest in 18Ne relative
to 18O. The lowest 5p-3h configurations should be almos
50 keV higher in18Ne than in18O. Of course, any admixture

of 2p 3
2 single particle will cause a downward shift, but th

total f p component is small, as listed above, and the 2p 3
2

part of thef p component is small. The small 2p 3
2 admixture

is further borne out in the small spectroscopic factors
17O(d,p) to these negative-parity hole states:S &0.03. For
the 7.60, 12 state in 18Ne the width of 72620 keV corre-

sponds to a 2p 3
2 S factor of 0.0360.01. A 2p 3

2 admixture of
this magnitude will cause a downward shift of about 50 ke
Thus, any negative-parity states below about 8 or 9 MeV
excitation in 18O will exhibit small absolute values o
excitation-energy shift in18Ne.

The state at 7.71 MeV in18Ne was not observed in (p,a)
and hence was not discussed in Refs.@2,4#. Its absence in
that reaction makes it irrelevant for the stellar burning re
tion 14O(a,p) and suggests unnatural parity. We agree w
Harss et al. @1# that it appears to be the analog
18O(7.771,22). Their cross-section data ‘‘do not help in th
Jp assignment’’@1#. They~and we! prefer 22 on the basis of
Coulomb energies as discussed above for the 12. This state

TABLE III. Properties of the 13
2 state in18O and 18Ne.

Quantity 18Oa 18Ne

Expt.b Calculated
Ex ~MeV! 7.1616 7.6060.05 7.55–7.75c

Ga~keV! ,2.5 1.0260.12 ,18d

Gp ~keV! 72620
S ~nucleon! (0.0360.01) p0

e

,1.231023p1
e

aReference@19#.
bReference@1#.
cPresent work: weak coupling, plus Coulomb.
dAssuming mirror symmetry.
eCalculated from measured widths~Ref. @1#! and our sp widths.
7-2
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PROPERTIES OF STATES AT 7–8 MeV IN18Ne PHYSICAL REVIEW C68, 034307 ~2003!
has proton widths of 59625 keV and 1165 keV, respec-
tively, for decay to17F(g.s.) and first excited state. The s
,51 proton widths are 2.6 and 1.7 MeV, givingS values of
(2.361.0)31022 and (6.562.9)31023. The ground-state
value is well within the limit for the mirror state in18O. The
single-particle,52 width for decay of a 22 in 18Ne to the
lowest 1

2
2 in 17F is 367 eV. Hence, even though the corr

sponding spectroscopic factor could be large, this deca
also unimportant.

We turn now to the 7.37-MeV state in18Ne. It obviously
has natural parity as it is observed in the (p,a) reaction. For
reasons discussed in Ref.@1#, the lowest known state in18O
that could be its parent is the 21 level at 8.21 MeV, and
Harsset al. suggest this mirror identification. Such a larg
shift in excitation energy would require nearly unit,50
spectroscopic factor, but the 8.21-MeV state has very littln

strength@9–11#. The d 5
2 s1

2 21 strength is used up by th
three lowest 21 states at 1.98, 3.92, and 5.25 MeV; and t

state with dominantd 3
2 s1

2 strength is predicted at 10.9 MeV
The 8.21-MeV level in18O is almost certainly a core-excite
state. Its configuration has been suggested@12# as six-particle
four-hole (6p-4h), along with 41 and 61 states at 10.29 and
12.53 MeV, respectively, and a 01 level remaining to be
identified near 7 MeV. Manleyet al. @13# found that the
(e,e8) form factor was consistent with ad→d transition, but
they nevertheless preferred a multiparticle multihole c
figuration for this state—based primarily@13# on its weak-
ness in (d,p) @14# and (t,p) @15# and its very small neutron
width @9#. They state@13# ‘‘these observation clearly revea
that the 8.21-MeV statemust be a multiparticle-multihole
configuration . . . . ’’ They suggest a differentmp-nh con-
figuration from the one we prefer, but primarily on groun
of excitation energy. They state@16# that the evidence for
their particular suggested configuration is not strong, but
core-excited nature is. Of course, neither of these co
excited configurations would have much strength
17O(d,p) because17O is primarily 1p in character, plus a
small amount of 3p-2h, and the (d,p) reaction transfers
only one particle.

No higher 18O states could be the parent of18Ne(7.37)
because then the excitation-energy shift would be e
larger. We must conclude, therefore, that18Ne(7.37) is a
natural-parity state whose parent in18O has yet to be discov
ered. For reasons outlined below, we suggestJp501. In
16O(3He,n) @5#, a 7.35-MeV state is observed, thoug
weakly @s(7.35)>0.03s(g.s.)#, and its angular distribution
decreases by a factor of 10 from 0° to 23°. In fact, at 23°
uncertainty overlaps zero. Of the angular distributions d
played in Ref.@5#, only that of the 01 ground state exhibits
such a decrease. The next largest decrease is only ab
factor of 2.5. This sharp falloff could be a hint that the 7.3
MeV state might be 01. Could a 01 level in 18O have
eluded identification all these years? Historically, 01 states
at high excitation have been notoriously difficult to loca
And a 01 state is expected somewhere near here from
6p-4h configuration@12#. In fact, there is a hint of a wea
state in both17O(d,p) @14# and 16O(t,p) @15# just above 7
MeV in excitation energy. In Fig. 1 of Ref.@15#, a small
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bump is visible at 15° between levels 14 and 15~6.88 and
7.11, respectively!. If this is a state in18O, its excitation
energy is 7.02 MeV, and its cross section is 1.431022 of that
for the g.s. This is close to the ratio ofs(7.35)/s(g.s.)
'0.03 in (3He,n) mentioned above. Unfortunately at 7.5
~same figure!, the peak is obscured by knock-on proto
from a H2 impurity, so itsL50 character cannot be asce
tained. In 17O(d,p) @14#, the bump hasEx57.03 MeV and
is even larger:s(7.03)'0.10s(7.11), givingSn50.12. For
18Ne(7.37),Gp(sp) is calculated to be 500 keV, so that w
would expectGp560 keV, compared with a total width o
70660 keV experimentally. Now, what about the Coulom
energy? Hole states generally have higher excitation ener
in the proton rich member of the mirror pair, so a shift fro
7.02 MeV in 18O to 7.37 MeV in18Ne has the expected sign
The calculated energy shift for a 6p-4h 01 state
@22Ne(g.s.)312C in 18O and 22Mg(g.s.)312C in 18Ne] is
@17#

Ex~
18Ne,6p24h!2Ex~

18O,6p24h!

5M „

18O~g.s.!…2M „

18Ne~g.s.!…1M „

22Mg~g.s.!…

2M „

22Ne~g.s.!…14c,

wherec is the Coulomb particle-hole matrix element, know
to be near2300 keV, and determined in Ref.@6# to be
2288 keV for lower-lying states in18O-18Ne. TheM ’s are
mass excesses@18#. With the known mass excesses, the
sult is 0.38 MeV, using the Coulomb parameter from R
@6#. So the energy shift is reasonable. These results are s
marized in Table IV. Of course, it is quite possible th
Jp(7.37)501, but the ‘‘bump’’ at 7.02/7.03 MeV in18O has
another origin. In that case the mirror of18Ne(7.37) would
remain to be identified and we would have no informati
from mirror symmetry regarding the single-nucleonS fac-
tors.

In summary, we present calculations for four states at 7
MeV excitation in 18Ne. For the 41 at 7.05 MeV, our sug-
gested width is smaller than the accepted value, but wit
the estimated uncertainty. Using the measured width in18O

TABLE IV. Properties of18Ne(7.37) and its possible mirror in
18O.

Quantity 18O 18Ne

Expt.a Calculated
Ex ~MeV! ~7.02!b or ~7.03!c 7.3760.06 7.40–7.41d

s/sg.s. ~two-nucleon! '0.014b '0.03e

Ga ~eV! 2006150
Gp ~keV! 70660 (60)f

S ~nucleon! ~0.12!c 0.1460.12g

aRef. @1#, unless otherside noted.a width assumesGa!Gp0 .
bFrom inspection of Fig. 1 of Ref.@15#.
cReference@14#.
dWeak coupling for 6p-4h state.
eReference@5#.
fComputed assumingSn5Sp .
gComputed from measured width and our sp width.
7-3
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and assuming good isospin reduces the uncertainty to a
one-third the previous value~Table II!. The 12 and 22 states
at 7.60 and 7.71 MeV, respectively, appear to be as expec

The 7.37-MeV natural-parity level of18Ne appears to be
the mirror of a previously undiscovered state in18O, which
may be at 7.02 MeV. In both nuclei, these states have s
characteristics of a 01 level in two-nucleon transfer. Cros
sections for (t,p) and (3He,n) ~relative to the g.s.! are simi-
lar andS values for single-nucleon transfer agree. If the 01

identification is correct, the energy shift is consistent with
6p-4h configuration, but not with any other.

For the astrophysical reaction rate arising from the th
states discussed here, the newer result of Harsset al. is
smaller than that of Hahnet al. by a factor of about 0.8 a
T951.5 and a factor of'0.43 atT953.0. In this tempera-
ture range, the 41 contribution is larger than that of the othe
two states. For a 41 excitation energy of 7.05 MeV, ou
suggested value ofGa leads to a rate that is 56% of the ra
of Harss et al., and our uncertainty~if mirror symmetry
holds! is 14% compared to 35% in Ref.@1#. Of course, the
extra uncertainty arising from uncertainty in resonance
ergy also produces an uncertainty in rate. For example, if
excitation energy is 7.15 MeV, rather than 7.05, our value
Ga increases from 22.663.2 eV to 36.265.4 eV, producing
a largervg . However, the higher resonance energy produ
a smaller population factor—a factor of 0.46 atT951.5 and
0.68 atT953.0. Even with our reduced uncertainty invg ,
the excitation energy should be more reliably determined
a more accurate reaction rate calculation.
M
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The quantities measured in17F(p,a) for all these reso-
nances are

vg~p,a!5@~2J11!/12#Gp0Ga /G

andG—the latter usually with a rather large uncertainty. T
inelastic proton width to the 1/21 first excited state isGp1

andG5Gp01Gp1
1Ga , with Gg having been neglected. Al

the a widths quoted here and in Ref.@1# assumedGa!Gp0
in extractingGa from the two measured quantities. For th
41 and 12 states,Gp1

was found in Ref.@1# to be negligible,

though not for the 22. No information regardingGp1
is avail-

able for the 7.37-MeV state. If it turns out to be a 01 state, as
we discuss above, the assumptionGa!Gp0 may not hold.
Because thea width is thens wave, it could be appreciable
even if thea spectroscopic factor is small. It might even b
that Gp1

is comparable to, or larger than,Gp0. The (p,p8)
reaction~Fig. 8 of Ref.@1#! puts an upper limit on the quan
tity Gp0Gp1

/G2, but close to that upper limit we could hav

the intriguing possibility ofGp0'Ga , Gp1
.Gp0. If that were

true, then in the reaction14O(a,p), we could haves(a,p1)
significantly larger thans(a,po), and the 7.37-MeV state
would then make an appreciable contribution to the relev
reaction rate. Despite the difficulty, a measurement ofGp1

for
this state seems highly desirable.
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