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18He
(Not illustrated)

Not observed: See (1982AV1A, 1983ANZQ).

18Li
(Not illustrated)

18Li has not been observed. Shell model calculations described in (1988POZS) predict the
ground-state magentic dipole moment and charge and matter radii.

18Be
(Not illustrated)

18Be has not been observed. It is predicted to have a mass excessof 78.43 MeV: see (1978AJ03).
18Be is then unstable with respect to breakup into16Be + 2n, 15Be + 3n, 14Be + 4n, 13Be + 5n,
12Be+6n, 11Be+7n and10Be+8n by, respectively 3.01, 3.04, 6.26, 2.92, 4.93, 1.76 and 1.26 MeV,
using the masses for the residual nuclei adopted by (1991AJ01, 1993AU05, 1993TI07). See also
(1983ANZQ, 1989OG1B).

18B
(Not illustrated)

18B has not been observed in the bombardment of Ta by 44 MeV/A Ar ions (1985DE60,
1985LA03, 1986PO13) or in the bombardment of Be by 12 MeV/A 56Fe ions (1984MU27). 18B
has been predicted to have a mass excess of 52.3 MeV (1993AU05). It would then be unstable with
respect to17B + n by 0.5 MeV: see (1978AJ03, 1985WA02). 18B is calculated to haveJπ = 4−

and to have excited states at 0.62, 0.86 and 1.59 MeV withJπ = 1−, 2− and2− (1985PO10). The
shell model calculations of (1992WA22) predictJπ = 2− for the ground state with the first three
excited states at 0.45, 0.52, 0.839 MeV withJπ = 4−, 2−, 3−. See also (1987AJ02, 1988GUZT).

18C
(Figs. 1 and 5)

GENERAL: See Table18.1.

Mass of 18C: The atomic mass excess of18C adopted by (1993AU05) is 24.920 ± 0.030 MeV,
based on theQ-value of the48Ca(18O, 18C)48Ti reaction. 18C is then bound by 4.188 MeV with
respect to breakup into17C + n. See also (1982FI10, 1987AJ02, 1992WA22).
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Table 18.1:18C – General

Reference Description

Reviews:
1987GI1C Pion-nucleus interactions
1989AJ1A Summary of recent work involving light nuclei (Sec. 4.2 covers 18C)
1989DE52 Exotic light nuclei: production, mass meas., decay, & complex reactions
1989VOZM History of & future prospects for production of nuclei far from stability
1994BO1H Summary of recent research employing radioactive nuclear beams
Other Articles:
1987BL18 Gogny’s effective interaction used to calc. ground & excited states of light nuclei
1987SN01 Partitioning of 2 component particle syst. & isotope distrib. in nucl. fragmentation
1988POZS Shell-model calcs. of exotic light nucl. ground state props. compared to exp. data
1989RA16 Predxns. from systematics & tabulation of B(E2;0+

1 → 2+
1 ) values for even-even

nucl.
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1990LO11 Self-consistent calcs. of light neutron-rich nuclei usingdensity-functional method
1990ST08 2nd-generation microscopic predictions ofβ-decay half-lives of neutron-rich nuclei
1991RE02 Meas. half-lives & neutron emission probabilities of neutron-rich Li-Al nuclei
1992LA13 Influence of separation energy on the radius of neutron-richnuclei
1992WA22 Effective interactions for the 0p1s0d nuclear shell-modelspace
1993PA14 Relativistic mean field theory; calc. binding energy, rms radii, deformation param-

eters

1. 18C(β−)18N Qm = 11.807

The half-life of 18C has been measured to be66+25
−18 ms (1988MU08), 78+20

−15 ms (1989LE16),
94 ± 27 ms (1991RE02), (95 ± 10) ms (1991PR03).

Branching to states in18N has been measured by (1991PR03) and is presented here in Ta-
ble 18.6. These authors also measured the total branching probability to gamma emitting states
plus the ground state of18N to bePγ = (81± 5)%. Theβ-delayed neutron emission probability is
Pn = 1−Pγ = (19±5)%. Other values reported forPn are(25±4.5)% (1988MU08), (50±10)%
(1989LE16), (43.3 ± 6.5)% (1991RE02). The18C(β−) decay is also discussed in the analysis of
Gamow-Teller rates presented in (1993CH06). Experimental Gamow-Teller matrix elements are
compared with results of shell-model calculations.

2. 18O(π−, π+)18C Qm = −25.706
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Table 18.2: Energy levels of18C

Ex in 18C Jπ; T τ1/2 Decay Reactions

(MeV ± keV) (ms)

0 (0+); 3 95 ± 10 (β−) 2, 3

1.62 ± 20 (2+); 3 2, 3

The angular distribution of theπ+ to the ground state of18C has been measured atEπ− =
164 MeV by (1984GI10) [see also for excitation function atθ = 5◦ for Eπ− ≈ 140 to 240 MeV].
There is also some indication of the population of an excitedstate atEx = 1.55 MeV (1984GI10).
See also (1983AJ01).

3. 48Ca(18O, 18C)48Ti Qm = −21.434

At E(18O) = 112 MeV the ground state and an excited state at1.62± 0.024 MeV are observed
by (1982FI10). See also (1983AJ01).

18N
(Figs. 1 and 5)

GENERAL: See Table18.3.

Mass of 18N: The atomic mass excess derived from theQ-value of the18O(7Li, 7Be)18N reaction
and adopted by (1993AU05) is 13.117 ± 0.020 MeV (1983PU01). 18N is then stable with respect
to breakup into17N + n by 2.825 MeV. See (1983AJ01) for the earlier work.

1. 18N(β−)18O Qm = −13.899

The half-life of 18N is 0.624 ± 0.012 s (1982OL01). The decay branches are displayed in
Table18.18. The nature of the decay leads toJπ = 1− for the 18N ground state (1982OL01).
See also (1983SN03), and see the measurements on beta branching reported in (1989ZH04) which
indicate a total branching ratio to alpha-particle-emitting states in18O of at least 12.2%. A delayed-
neutron emission probablilityPn = (14.3 ± 2.0)% was measured by (1991RE02). More recently
a study reported by (1994SC01) gavePn = (2.2 ± 0.4)% for transitions to neutron unstable states
in 18O aboveEx = 9.0 MeV. See also reaction 22 under18O.
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Fig. 1: Energy levels of18C and18N. For notation see Fig. 2. For more detailedβ− branching information

see18C reaction 1.
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Table 18.3:18N – General

Reference Description

Reviews:
1988MI1J Shell model transition densities for electron and pion scattering
1990TH1E Summary of topics presented at Workshop on Primordial Nucleosynthesis
1994BO1H Summary of recent research employing radioactive nuclear beams

Other Articles:
1987AN1A Use of LISE spectrometer at GANIL for identification of exotic light nuclei
1987RI03 Isotopic distributions of fragments in40Ar + 68Zn at 27.6 MeV/nucleon
1987SA25 LISE spectrometer at GANIL: results of search for new exoticnuclei
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1991RE02 Meas. half-lives & neutron emission probabilities of neutron-rich Li-Al nuclei
1993PA14 Relativistic mean field theory; calc. binding energy, rms radii, deformation param-

eters

2. 14C(7Li, 3He)18N Qm = −10.121

The preliminary work described in (1983AJ01) has not been published.

3. 14C(18O, 14N)18N Qm = −13.740

At E(18O) = 92.2 MeV groups are observed to the ground state of18N (unresolved) and to an
excited state atEx = 575 ± 25 keV (1980NA14).

4. 18C(β−)18N Qm = 11.807

See reaction1 under18C. Branching to states in18N was measured by (1991PR03) and is pre-
sented here in Table18.6. These authors measured the total branching probability togamma emit-
ting states of18N to bePγ = 81± 5 %. Measurements ofγ-ray energies and branching lead to the
level energies displayed in Table18.7and18N radiative decays in Table18.5.

5. 18O(π−, π0)18N Qm = −9.305
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Table 18.4: Energy levels of18N

Ex(MeV ± keV) Jπ; T τ1/2 (ms) Decay Reactions

0 1−; 2 624 ± 12 β− 1, 3, 5, 6, 7

0.11490 ± 0.18 a (2−) b γ 3, 4, 5, 7

0.58756 ± 0.24 (2−) b γ 3, 4, 7, 8

0.747 ± 10 (3−) b 7
c

1.73485 ± 0.22 a (2+) d γ 4

2.21 7

2.42 7

2.61445 ± 0.23 a 1+ a,d γ 4

a Level energies determined fromγ energies reported in (1991PR03).
b Suggested by (1984BA24). See also (1982OL01).
c See (1984BA24) for a calculation suggesting additional states in this energy region.
d (1993CH06).

Table 18.5: Radiative decays in18N a

Ei (MeV) Jπ
i Ef (MeV) Branch (%)

0.115 (2−) 0 100

0.587 (2−) 0.115 100 ± 16

1.735 (2+) 0 33 ± 8

0.115 38 ± 9

0.587 29 ± 10

2.614 1+ 0 49 ± 8

0.115 22 ± 6

0.587 3 ± 2

1.735 26 ± 6

a (1991PR03).
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Table 18.6: Branchings in18C(β−)18N

Decay to18N* Brancha log ft b

(MeV) (%)

0.115

0.587 ≤ 1 ≥ 6.4

1.735 9 ± 7 5.2 ± 0.4

2.614 72 ± 10 4.08 ± 0.08

a (1991PR03), calculated with the hypothesis that there

is no directβ-feeding of the 0.115 MeV level. The total

probability ofβ decay to gamma emitting states plus to the

ground state isPγ = (81 ± 5)%. Theβ-delayed neutron

probability isPn = 1 − Pγ .
b log ft’s were recalculated by evaluators and are slightly

different from those in (1991PR03) due to use of level

energies from Table18.4andQ-values from (1993AU05).

Table 18.7:γ-ray intensities in18C(β−)18N a

Eγ (keV) Ei (keV) Ef (keV) Iγ
b

114.9 ± 0.2 115 0 36.5 ± 7.5

472.7 ± 0.2 587 115 10.2 ± 4.0

879.7 ± 0.2 2614 1735 18.7 ± 5.0

1147.8 ± 0.4 1735 587 8.0 ± 3.7

1619.9 ± 0.3 1735 115 10.5 ± 4.1

1734.8 ± 0.4 1735 0 9.1 ± 3.6

2025.3 ± 0.8 2614 587 2.2 ± 1.5

2499.3 ± 0.4 2614 115 15.8 ± 4.8

2614.2 ± 0.4 2614 0 35.3 ± 7.6

a (1991PR03).
b γ-ray intensities are per 100 parent decays.
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See (1983AS01, 1984AS05).

6. 18O(t, 3He)18N Qm = −13.880

See (1983AJ01).

7. 18O(7Li, 7Be)18N Qm = −14.761

Q0 = −14761 ± 20 keV (1983PU01)

At E(7Li) = 52 MeV, 7Be groups are observed corresponding to the excitation of the states
displayed in Table18.4here (1983PU01).

8. 18O(11B, 11C)18N Qm = −15.881

See (1983PU01).

10



18O
(Figs. 2 and 5)

GENERAL: See Table18.8.

Isotopic abundance= (0.200 ± 0.012)% (1984DE53).
〈r2〉1/2 = 2.784 ± 0.020 fm: see reaction 25.

18O*(1.98)
g = −0.287 ± 0.015 [see (1983AJ01)].

Q = −0.042±0.008 b. [weighted mean of−0.036±0.009 and−0.058±0.015 b: see (1983GR28);
see also (1983AJ01)].

B(E2; 0+ → 2+) = 39.0 ± 1.8 e2 · fm4 [(1979FE06, 1983GR10); see also (1983AJ01)];

= 44.8 ± 1.3 e2 · fm4 (1982NO04);

= 47.6 ± 1.0 e2 · fm4 (1982BA06); see also (1987RA01).

For a discussion of the hexadecapole deformation see (1983GR10). See also (1987RA01).

1. (a)7Li( 11B, nn)16O Qm = 12.171

(b) 9Be(9Be, nn)16O Qm = 11.291

Reactions (a) and (b) have been studied by (1993CU01, 1993DA17) in low energy heavy-ion
fusion reactions. It is reported that the≈ 3 MeV wide resonance observed atEx(18O) ≈ 28 MeV
in the7Li + 11B → 18O → 16O+ nn and9Be+ 9Be→ 18O → 16O+ nn reactions overlap with the
higher part of theT< = 1, 18O GDR observed in photonuclear excitation.

Fig. 2: Energy levels of18O. In these diagrams, energy values are plotted vertically in MeV, based on the ground state

as zero. Uncertain levels or transitions are indicated by dashed lines; levels which are known to be particularly broad

are cross-hatched. Values of total angular momentumJ , parity, and isobaric spinT which appear to be reasonably well

established are indicated on the levels; less certain assignments are enclosed in parentheses. For reactions in which18O

is the compound nucleus, some typical thin-target excitation functions are shown schematically, with the yield plotted

horizontally and the bombarding energy vertically. Bombarding energies are indicated in laboratory coordinates and

plotted to scale in cm coordinates. Excited states of the residual nuclei involved in these reactions have generally not

been shown; where transitions to such excited states are known to occur, a brace is sometimes used to suggest reference

to another diagram. For reactions in which the present nucleus occurs as a residual product, excitation functions have

not been shown; a vertical arrow with a number indicating some bombarding energy, usually the highest, at which

the reaction has been studied, is used instead. Further information on the levels illustrated, including a listing of the

reactions in which each has been observed, is contained in the master table, entitled “Energy levels of18O”. For more

detailedβ− branching information, see18N reaction 1.
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Table 18.8:18O – General

Reference Description

Shell model

Review:
1988BR1P Status of the nuclear shell model

Other articles:
1987CH1J Nucl. struc. calcs. using mixed-config. shell model: effective & surfaceδ-interactions
1987LE1L Low-lying non-normal parity states of18O & 18F calculated in shell model + tensor force
1987MU16 Relativistic effects in the low-energy spectra of 1s0d-shell nuclei
1987SH1O Validity of M-3Y force equivalent G-matrix element for s-d shell nucl. struc. calcs.
1988BR11 Semi-empirical effective interactions for the 1s-0d shell
1988FI01 Effective interactions for sd-shell-model calculations
1988HI05 Effect on Gamow-Teller strength of config. mixing and p-n correl. in e-e sd-shell nucl.
1989GU06 Hartree-Fock & shell-model charge densities calc. for16,18O, 32,34S, 40,48Ca
1989HJ03 Effective interactions through 3rd order forA = 18 nuclei with the Paris potential
1989OR02 Empirical isospin-nonconserving Hamiltonians for shell-model calculations
1990HJ01 3rd order number-conserving sets & effective interactionscalc. with Bonn-Jülich potential
1990HJ03 Choice of single-particle potential & the convergence of the effective interaction
1990MI01 Shell model states in the18O three-body wave function from Faddeev formalism
1990SK04 Study ofA = 18 nuclei and the effective interaction in the sd shell
1992FR01 Nuclear charge radii systematics in the sd shell from muonicatom measurements
1992HJ01 Folded-diagram effective interactions with the Bonn meson-exchange potential model
1992JI04 Bonn potential used to evaluate energy spectra of some lightsd-shell nuclei
1992OS01 Spin-tensor analysis of realistic shell model interactions
1994VE04 Exp. meas. & calc. of spectroscopic factors from one-protonstripping rxns. on sd-shell

nucl.

Cluster models

1988KU17 Microscopic boson descrip. of p-n systems applied to electron scat. from18O, 20Ne
1989FU08 Microscopic multichannel calc. of the molecular dipole degree of freedom in18O
1989TR18 2-nucleon and 4-nucleon clusters in light & heavy nuclei
1990OS03 Cluster-stripping reactions in the heavy-ion collisions (includes14C(6Li, d)18O)
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Special states

Review:
1988BR1P Status of the nuclear shell model
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.

Other articles:
1987BL18 Gogny’s effective inter. used to calc. gnd. & excited statesof specific spin-isospin order
1987CH1J Nucl. struc. calcs. using mixed-config. shell model: effective & surfaceδ-interactions
1987LE1L Non-normal parity states of18O & 18F calculated in shell model + tensor force
1987LI1F Double delta & surface delta interactions used to calc. low-lying spectra of17−22O
1987MU16 Relativistic effects in the low-energy spectra of 1s0d-shell nuclei
1987SH1O Validity of M-3Y force equivalent G-matrix element for s-d shell nucl. struc. calcs.
1987VA19 Microscopic analysis of excitation of first2+ state of18O on64Ni
1988KU17 Microscopic boson descrip. of p-n systems applied to electron scat. from18O & 20Ne
1989FU08 Microscopic multichannel calculation of the molecular dipole degree of freedom in18O
1989HJ03 Effective interactions through 3rd order forA = 18 nuclei with the Paris potential
1989OR02 Empirical isospin-nonconserving Hamiltonians for shell-model calculations
1990MI01 Shell model states in the18O three-body wave function from Faddeev formation
1990SK04 Study ofA = 18 nuclei and the effective interaction in the sd shell

Electromagnetic

Review:
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.
1993EN03 Strengths ofγ-ray transitions inA = 5 − 44 nuclei

Other articles:
1987CH1J Nucl. struc. calcs. using mixed-config. shell model: effective & surfaceδ-interactions
1989FU08 Microscopic multichannel calc. of the molecular dipole degree of freedom in18O
1989RA16 Predxns. from systematics & tabulation of B(E2; 0+

1 → 2+
1 ) values for even-even nucl.

1989SP01 Reduced electric-octupole transition probabilities, B(E3; 0+
1 → 3−1 ), for even-even nucl.

1990NO1A Calcs. of electric quadrupole excitations in relativisticnucleus-nucleus collisions
1993EG04 Calc. of transition probs. with angular-momentum-projected wave functions & realistic

forces
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Astrophysics

Reviews:
1988HU1E Chrondrules: chemical, mineralogical & isotopic constraints on theories of their origin
1989GU1L Chemical analyses of cool stars (includes isotopic abundance ratios)
1989WH1B Abundance ratios as a function of metallicity
1990AR10 Nuclear reactions in astrophysics
1990TH1E Summary of topics presented at Workshop on Primordial Nucleosynthesis
1993MA1M Review of primordial nucleosynthesis beyond the standard big bang

Other articles:
1987BE1H 12C/13C & 16O/18O ratios in Venus’ atmosphere from high-res. 10-µm spectroscopy
1987FA1C 16O excess in hibonites discredits late supernova injection origin of isotopic anomalies
1987SO1E Interstellar shock waves related to high10Be & 18O concentrations in ice cores
1987WA1F Abundances in red giant stars: C & O isotopes in carbon-rich molecular envelopes
1988BE1B Past solar activity & geomagnetism info. from10Be & 18O concentrations in ice cores
1988BU01 Stellar reaction rates ofα capture on lightN 6= Z nuclei & astrophysical implications
1988CA26 Analytic expressions for thermonuclear reaction rates involving Z ≤ 14 nucl.
1989JI1A Nucleosynthesis inside thick accretion disks around massive black holes
1989ME1C Isotope abundances of solar coronal material derived from solar energetic particle meas.
1990MA1Z Nuclear reaction uncertainties in standard & non-standardcosmologies
1990ST1G High spatial resolution isotopic CO & CS observations of M17SW
1990TO1F C18O in the Chameleon 1 dark cloud (a nearby site of low-mass starformation)
1991KO31 17O(n,α)14C cross section measured from 25 meV to approximately 1 MeV
1991SA1F Extragalactic18O/17O ratios imply high-mass stars preferred in starburst systems
1992GA11 Implications of the14C(α, γ)18O reaction for nonstandard big bang nucleosynthesis
1992GO14 Alpha capture on14C fromEα = 1.14 to 2.33 MeV and its astrophysical implications
1993GA1G Secondary radioactive beams used to measure cross sectionsof astrophysical importance
1994BE29 Neutron capture rates of light isotopes for inhomogeneous Big Bang nucleosythesis

Applications

Reviews:
1987SE1D Progress in the field of accelerator mass spectrometry (1977– 1987)
1989KU1P Production and application of stable enriched isotopes in the USSR
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Applications – continued

Other articles:
1987MC1A O isotopes in refractory stratospheric dust particles: proof of extraterrestrial origin
1987ZU1A Oxygen isotope effect in high-temperature oxide superconductors
1988FA1A Extreme18O depletion in calcite & chert clasts from Elephant Moraine (in Antarctica)
1988FI1C Assessment of18O enriched water as a marker of total body water (A)
1988HI1F Design & uses of target systems used to produce positron emitters (A)
1988HI1G The oxygen isotope effect in Ba0.625K0.375BiO3 (a high-temp. superconducting oxide)
1988KH06 Threshold track detectors used to study interaction of18O ions w/ light & heavy targets
1988MI1B O-isotope analyses & deep-sea temp. changes: implicationsfor rates of oceanic mixing
1988NW1A Measurement of oil reservoir rock dispersivity by nuclear reaction analysis (A)
1989GR1F Brachiopod calcite record of oceanic C & O isotope shifts at Permian/Triassic transition
1989NW1A Assessment of18O enriched water as a marker of total body water
1989TA1Y Separation of N & O isotopes by liquid chromatography
1990CH1I 18O isotope studies on redistribution of O obtained in O ion implantation
1990CO1K Determination of18O concentrations in microsamples of biological fluids
1990MI15 Determination of absolute oxygen coverage by nuclear reaction analysis
1990SA1J O isotope evidence for a stronger winter monsoon current during the last glaciation

Complex reactions

1986MA13 Experimental search for nonfusion yield in heavy residues emitted from11B + 12C
1987BE1I Search for a nucleon-participant multiplicity effect on anomalous fragment production
1987BU07 Projectile-like fragments from20Ne+ 197Au – counting simultaneously emitted neutrons
1987HE1H Search for anomalously heavy isotopes of lowZ nuclei
1987VA19 Microscopic analysis of excitation of first2+ state of18O on64Ni
1988BE56 Light nuclei formation in reactions of B & Ne ions with Ta & Th at E = 18 − 20 MeV/A
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Complex reactions – continued

1988BL11 Systematics of cluster-radioactivity-decay constants assuggested by microscopic calcs.
1988KH06 Threshold track detectors used to study interaction of18O ions w/ light & heavy targets
1988PR1C Target & projectile mass dependence of charge pickup reactions by ≈ GeV/N nuclei (A)
1988UT02 Extended Serber model applied to quasi-free stripping reactions
1989GE11 Complex fragments emitted in excited states
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1989TE02 Dissipative mechanisms in the 120 MeV19F + 64Ni reaction
1989YO02 Quasi-elastic & deep inelastic transfer in16O + 197Au for E < 10 MeV/u
1990LE08 Statistical equilibrium in the40Ar + 12C system atE/A = 8 MeV
1990LI1J Z dependence of Coulomb dissociation cross sections in heavyion reactions

Antimatter

Reviews:
1986KO1E Search for p̄-atomic X-rays at LEAR
1987GR1I Low energy antiproton physics in the early LEAR era
1987VO1B Interaction and annihilation of anitprotons and nuclei
1987YA1E Summary of scattering results at LEAR & unique features of the ( p̄, n̄) reaction

Other articles:
1987AD04 Microscopic analysis of antiproton-nucleus elastic scattering
1987GR20 Widths of4f antiprotonic levels in the oxygen region
1987HA1J Widths of4f antiprotonic levels in the O region using realistic nucl. wavefunctions
1988LI1O Optical model analysis of antiproton-nucleus elastic scattering (in Chinese)
1989CH13 Phenomenological model analysis of scattering of≈ 180 MeV antiprotons from nuclei
1989HE21 Microscopic analysis of antiproton elastic scattering on even-even nuclei
1989MA24 Microscopic analysis of antiproton-nucleus inelastic scattering at 600 MeV/c
1992TA08 Eikonal and Glauber calculations of scattering of antiprotons on18O at 180 MeV
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Other topics

Review:
1988BA82 Use of reactions involving pions & kaons in the study of heavyhypernuclei
1993PE19 Overview of new experimental results in meson-nucleus interactions & future opportunities

Other articles:
1987BL18 Gogny’s effective interaction used to calc. ground & excited states of light nuclei
1988HI05 Effect on Gamow-Teller strength of config. mixing & p-n correl. in e-e sd-shell nucl.
1988KA39 Coulomb effects in the 4-body model of simultaneous 2n transfer induced by heavy ions
1988TR02 Interacting boson scheme for light nuclei
1989BA92 Evaluation of hypernucleus production cross-sections in relativistic heavy-ion collisions
1989OR02 Empirical isospin nonconserving Hamiltonians for shell-model calculations
1989TA32 Schmidt diagrams & configuration mixing effects on hypernuclear magnetic moments
1990BR13 Empir. p-n interactions: global trends, configuration sensitivity & N = Z enhancements
1990HJ01 3rd order number-conserving sets & effective interactionscalc. with Bonn-Jülich potential
1990KA1F Theoretical aspects of nuclear parity violation
1990SK04 Study of theA = 18 nuclei and the effective interaction in the sd shell
1994CI02 Specific heat and shape transitions in light sd nuclei
1994LU01 Deep pionic bound states in a nonlocal optical potential

Ground state properties

Review:
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.

Other articles:
1987BL18 Gogny’s effective inter. used to calc. gnd. & excited statesof specific spin-isospin order
1988GU03 Charge-density distribution of 1s-1p & 1d-2s shell nuclei &filling numbers of the states
1989CH1P 1s-0d effective interxns. of isospin triplet &18Ne-18O Coulomb displacmt. energ. (in Chin.)
1989GU06 Hartree-Fock & shell-model charge densities calc. for16,18O, 32,34S, 40,48Ca
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1989TR18 2-nucleon & 4-nucleon clusters in nuclei
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Table 18.8 from (1995TI07):18O – General (continued)

Reference Description

Ground state properties – continued

1990GU10 Charge densities of sp- and sd-shell nuclei & occupation numbers of 2s states
1990LO11 Self-consistent calcs. of light neutron-rich nuclei usingdensity-functional method
1992FR01 Behavior of nuclear charge radii systematics in the sd shellfrom muonic atom meas.
1993PA14 Relativistic mean field theory; calc. binding energy, rms radii, deformation parameters
1993PA19 Continuation of1993PA14: effects of pairing correlation

(A) denotes that only an abstract is available for this reference.

2. (a)10B(9Be, p)18O Qm = 16.892

(b) 11B(9Be, d)18O Qm = 7.662

See (1986CU02) for production cross sections of 1.98 MeVγ-rays.

3. 12C(7Li, p)18O Qm = 8.401

Observed proton groups are displayed in Table 18.5 od (1987AJ02). See also (1983AJ01).
In a recent experiment, the4+ state at 7117 keV in18O was studied by (1994ME02) and an E2

strength for the 7117–5060 branches ofB(E2) = 6.4 ± 1.6 W.u. was deduced in agreement with
results of (1989GA01). It was concluded that it is highly improbable that the 7117keV state is
energetically degenerate with a state of different decay properties.

4. 13C(6Li, p)18O Qm = 10.704

See (1986SM01) and Table 18.5 in (1987AJ02). It is noted there that existing data indicate
that whenσtot to a particular state in18O is large in this reaction, it is also large in the12C(7Li, p)
reaction. More recent data are reported in (1988SM01) (see Table18.11here). Differential cross
sections were measured and compared with results of Hauser-Feshbach calculations. The results
suggest the presence of an additional non-statistical mechanism.

19



Table 18.9: Energy levels of18O a

Ex Jπ; T τ b Decay Reactions

(MeV ± keV) or Γc.m.

0 0+; 1 stable 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
15, 19, 20, 21, 22, 23, 24, 25,
26, 27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, 50,
51, 52

1.98207 ± 0.09 2+ τm = 2.80 ± 0.07 ps
(g = −0.287 ± 0.015)
(Q = −0.042 ± 0.008 b)

γ 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
15, 17, 19, 20, 21, 22, 25, 26,
27, 28, 29, 30, 32, 33, 39, 40,
42, 44, 45, 47, 48, 49, 50, 51,
52

3.55484 ± 0.40 4+ τm = 24.8 ± 1.2 ps
(g = −0.62 ± 0.10)

γ 3, 4, 7, 9, 10, 15, 16, 17, 19,
20, 21, 22, 25, 28, 33, 39, 40,
51, 52

3.63376 ± 0.11 0+ τm = 1.38 ± 0.16 ps γ 3, 4, 7, 9, 10, 15, 19, 22, 25,
28, 33, 39, 40, 50, 51, 52

3.92044 ± 0.14 2+ τm = 26.5 ± 2.9 fs γ 3, 4, 7, 9, 10, 15, 19, 22, 25,
28, 33, 39, 51

4.45554 ± 0.10 1− τm = 65 ± 15 fs γ 3, 4, 7, 9, 10, 15, 19, 22, 25,
28, 33, 39, 40, 50, 51

5.09778 ± 0.54 3− τm = 62 ± 25 fs γ 3, 4, 7, 9, 10, 15, 19, 22, 25,
26, 27, 28, 33, 39, 40, 45, 51,
52

5.2548 ± 0.9 2+ τm = 10.1 ± 0.5 fs γ 3, 4, 7, 9, 10, 15, 17, 19, 25,
28, 33, 50, 51

5.3364 ± 0.6 0+ τm = 200 ± 40 fs γ 3, 4, 9, 15, 19, 25, 33, 51

5.3778 ± 1.2 3+ τm < 30 fs γ 3, 4, 15, 19, 20, 51

5.53024 ± 0.29 2− τm < 25 fs
Γ < 50 keV

γ 3, 4, 15, 22, 25, 28, 33, 51

6.19822 ± 0.40 1− τm = 3.7 ± 0.6 fs γ 3, 4, 9, 15, 19, 22, 24, 25, 33,
51

6.3513 ± 0.6 (2−) τm < 35 fs
Γ < 50 keV

γ 3, 4, 15, 19, 22, 25, 33, 51, 52
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Table 18.9: Energy levels of18O a (continued)

Ex Jπ; T τ b or Decay Reactions

(MeV ± keV) Γc.m.

6.4044 ± 1.2 3− τm = 30 ± 15 fs γ 3, 4, 15, 33, 51

6.88045 ± 0.27 0− τm < 25 fs γ 3, 4, 15, 22, 33, 50, 51

7.1169 ± 1.2 4+ τm < 25 fs γ, α 3, 4, 7, 9, 10, 15, 17, 19, 20,
25, 28, 33, 37, 39, 40, 51

7.6159 ± 0.7 1− Γ < 2.5 keV γ, α 3, 4, 7, 9, 15, 22, 25, 33, 37,
39, 40, 51

7.77107 ± 0.50 2− Γ < 50 keV γ 3, 4, 15, 22, 25, 51

7.864 ± 5 5− γ 3, 4, 7, 9, 10, 15, 19, 20, 25,
33, 37, 39, 40, 51, 52

7.977 ± 4 (3+, 4−) γ 3, 4, 15, 19, 51

8.0378 ± 0.7 1− Γ < 2.5 keV γ, α 3, 4, 7, 8, 15, 16, 17, 22, 25,
37, 39, 40, 51

8.125 ± 2 5− γ, α 3, 4, 7, 9, 10, 15, 25, 51

8.213 ± 4 2+ Γ = 1.0 ± 0.8 keV γ, n,α 3, 4, 7, 8, 15, 25, 28, 33, 37,
39, 40, 51

8.282 ± 3 3− Γ = 8 ± 1 keV γ, n,α 3, 4, 7, 8, 9, 10, 15, 25, 33, 51

8.410 ± 8 (2−) Γ = 8 ± 6 keV γ, n,α 8, 15, 25, 51

8.521 ± 6 (4−) Γ < 50 keV γ 15, 25, 51

8.660 ± 6 15, 51

8.817 ± 12 (1+) Γ = 70 ± 12 keV n, α 8, 20, 28, 33

8.955 ± 4 (4+) Γ = 43 ± 3 keV γ, n,α 8, 15, 25, 33

(9.0 ± 200) d (1−) α 22

9.03 15, 19, 33

(9.10) 33

9.27 ± 20 d (0, 1, 2)− n 22

9.361 ± 6 2+ Γ = 27 ± 15 keV γ, n,α 8, 10, 15, 25, 33, 37, 39, 40

9.414 ± 18 Γ ≈ 120 keV n, α 8, 10, 15, 33

9.48 ± 24 Γ ≈ 65 keV n, α 8, 15

9.672 ± 7 (3−) Γ = 60 ± 30 keV n, α 8, 15, 33, 37, 39, 40

9.713 ± 7 (5−) Γ < 50 keV γ 15, 25, 33

9.890 ± 11 Γ ≈ 150 keV n, α 8, 15, 33
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Table 18.9: Energy levels of18O a (continued)

Ex Jπ; T τ b or Decay Reactions

(MeV ± keV) Γc.m.

10.118 ± 10 3− Γ = 16 ± 4 keV n, α 8, 9, 15, 33

10.24 ± 20 d (0, 1, 2)− n 22

10.295 ± 14 4+ Γ < 50 keV γ, n,α 8, 9, 10, 15, 16, 25, 33, 37, 39,
40

10.396 ± 9 3− n, α 8, 15, 33

10.43 ± 40 (2−) Γ < 50 keV γ 25

10.595 ± 15 n, α 8, 15

10.67 ± 20 (2−) Γ < 50 keV γ 25

10.82 ± 20 n, α 8

10.91 ± 20 n, α 8, 10

10.99 ± 20 (2−) Γ < 50 keV γ, n,α 8, 25

11.06 (6−) 20

11.13 ± 20 n, α 8, 10, 50

11.39 ± 20 (2+) n, α 8, 9

11.41 ± 20 (4+) n, α 8, 9

11.49 ± 30 d (0, 1, 2)− n 22

11.52 ± 50 (2−) Γ < 50 keV γ 25

11.62 ± 20 5− n, α 8, 9, 10, 33, 37, 39, 40

11.67 ± 20 (3−) Γ = 112 ± 0.02 keV 25

11.69 ± 20 6+ n, α 8, 9, 10, 33

11.82 ± 20 (3−) n, α 8

11.90 ± 30 (2−) Γ < 50 keV γ 25

12.04 ± 20 (2+) n, α 8, 9

12.09 ± 20 (1−, 2+) Γ < 50 keV 25

12.25 ± 20 (1−) n, α 8, 9

12.33 ± 20 5− n, α 8, 9, 10

12.41 ± 20 (3−) Γ = 143 ± 24 keV γ 25

12.50 ± 20 4+ n, α 8, 37, 39, 40

12.52 ± 20 Γ < 50 keV γ 25

12.53 ± 20 6+ n, α 8, 9, 10, 37, 39, 40
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Table 18.9: Energy levels of18O a (continued)

Ex Jπ; T τ b or Decay Reactions

(MeV ± keV) Γc.m.

12.66 ± 20 (2−) Γ < 50 keV γ 25

12.99 ± 20 (4−) Γ = 68 ± 18 keV γ 25

13.1c 1− Γ = 700 keV γ, n 23

13.40 ± 20 (2−) Γ = 108 ± 20 keV γ 25

13.8 1− Γ = 600 keV γ, n 23

13.85 ± 13 (6−) Γ ≈ 200 keV γ 20, 25

14.17 ± 40 (6−) Γ = 140 ± 50 keV γ 20, 25

14.45 ± 50 Γ ≈ 1070 keV γ 25

14.7 1− Γ = 800 keV γ, n 23

15.23 ± 40 Γ ≈ 300 keV γ 25

15.8 1− Γ = 700 keV γ, n 23

15.95 ± 30 Γ < 50 keV γ 25

16.210 ± 10 1(−) γ 25

16.315 ± 10 (3, 2)− γ 25

16.399 ± 5 2−; 2 Γ < 20 keV γ 25, 28

16.88 ± 30 (4−, 2−); (1) Γ < 50 keV γ 25

16.948 ± 10 (3, 2)− γ 25

17.025 ± 10 (3−); 2 Γ = 20 ± 6 keV γ 25

17.05 (7−) Γ ≈ 350 keV 9

17.398 ± 10 1−; (2) Γ = 600 keV γ, n, p 23, 25

17.450 ± 10 (2, 1, 3)− γ 25

17.46 ± 30 (4−); 1 Γ ≈ 600 keV γ 25

17.5 Γ ≈ 150 keV γ 25

17.502 ± 10 (1, 2, 3)− γ 25

(17.6 ± 200) (8+) 9

17.635 ± 10 γ 25

18.049 ± 10 γ 25

18.2 Γ ≈ 150 keV γ 25

18.45 ± 20 (3−); (1) Γ = 75 ± 27 keV γ 25

18.5 Γ ≈ 4300 keV γ 25
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Table 18.9: Energy levels of18O a (continued)

Ex Jπ; T τ b or Decay Reactions

(MeV ± keV) Γc.m.

18.70 ± 20 (4−); 2 Γ < 20 keV γ 25

18.871 ± 5 1+; 2 γ 25

18.927 ± 10 (1, 2+) γ 25

18.95 (7−) Γ ≈ 350 keV 9

19.027 ± 10 (1, 3)− γ 25

19.150 ± 10 (1−, 2+, 3−) γ 25

19.24 ± 20 (> 2); 2 Γ < 20 keV γ 25

19.4 1−; (2) Γ = 900 keV γ, p 23

19.7 Γ ≈ 200 keV γ 25

20.2 Γ ≈ 180 keV γ 25

20.36 ± 20 (4−); 2 Γ < 20 keV γ 25

20.86 ± 20 Γ = 97 ± 41 keV γ 25

21.0 1−; (1) Γ ≈ 150 keV γ, n, p 23, 25

21.42 ± 20 (4−); (2) Γ < 50 keV γ 25

22.40 ± 20 4−; 2 Γ = 91 ± 8 keV γ 25

22.7 1− γ, n, p 23

23.10 ± 20 Γ = 49 ± 24 keV γ 25

23.8 1−; (1) Γ ≈ 1500 keV γ, n, p 23, 25

27 1−; (2) γ, n, p 23

30 γ, n 23

36 γ 23

a See also Tables18.10and18.21here and 18.12 in (1983AJ01).
b See Table 18.14 in (1978AJ03) for a display ofτm measurements.
c For additional states with12.9 ≤ Ex ≤ 23.1 MeV see (1983CU03) [reaction 9].
c See reaction 22 in18O and Table18.18for discussion of this level.

5. 13C(9Be,α)18O Qm = 12.830

See (1983AJ01, 1987AJ02).
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6. 13C(17O, 12C)18O Qm = 3.098

See (1983AJ01, 1987AJ02).

7. 14C(α, γ)18O Qm = 6.227

Table 18.10: Radiative decays in18O a

Ei (MeV) Jπ
i Ef (MeV) Branch (%) δ

1.98 2+ 0 100

3.55 4+ 1.98 100

3.63 0+ 0 0.30 ± 0.06 b

1.98 99.70 ± 0.06

3.92 2+ 0 12.4 ± 0.7

1.98 87.6 ± 0.7 c

4.46 1− 1.98 27.1 ± 2.6 c

3.63 70.4 ± 1.7

3.92 2.5 ± 0.9

5.10 3− 1.98 76.1 ± 0.8 c

3.55 6.3 ± 0.8 c

3.92 17.6 ± 0.7 c

5.26 2+ 0 30.3 ± 0.9

1.98 55.9 ± 1.0 0.15 ± 0.04

3.55 1.1 ± 0.6

3.63 1.0 ± 0.6

3.92 8.7 ± 0.4

4.46 3.0 ± 0.3

5.34 0+ 0 d

1.98 58 ± 2

4.46 42 ± 2

5.38 3+ 1.98 86.5 ± 2.2 c

3.92 13.5 ± 2.2 c

5.53 2− 1.98 49 ± 2 c
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Table 18.10: Radiative decays in18O a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) δ

3.92 24 ± 2

4.46 27 ± 2 c

6.20 1− 0 88.7 ± 0.9

3.63 2.5 ± 0.3

4.46 4.1 ± 0.4

5.26 3.6 ± 0.4

5.34 1.1 ± 0.3

6.35 (2−) 1.98 32 ± 2 c

3.92 55 ± 2 c

4.46 12 ± 2 c

6.40 3− 1.98 68.1 ± 1.8 c

3.55 7.4 ± 1.2

3.92 6.3 ± 1.0 c

4.46 2.8 ± 1.0

5.10 9.8 ± 0.9

5.26 5.6 ± 0.9

6.88 0− 4.46 100 c

7.12c 4+ 1.98 27.1 ± 0.4 −(0.052 ± 0.035)

3.55 69.2 ± 0.7

3.92 2.1 ± 0.2

5.10 1.3 ± 0.2

5.26 0.30 ± 0.06

7.62 1− 0 23 ± 2

1.98 62 ± 3 f −(0.027 ± 0.008)

4.46 8 ± 1 −(0.21 ± 0.03)

5.34 6 ± 1

6.20 1 ± 1

7.77 2− 1.98 53 ± 3

4.46 11 ± 2

5.10 36 ± 3

7.86 5− 3.55 > 75
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Table 18.10: Radiative decays in18O a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) δ

7.98 (3+, 4−) 3.55 67 ± 2

5.10 12 ± 2

5.38 21 ± 2

8.04 1− 0 16 ± 1

1.98 70 ± 2 g

3.63 10 ± 1

5.26 4 ± 1

8.13 5− 3.55 99 ± 1 h

5.10 1 ± 1

8.21 2+ 0 19 ± 4

1.98 29 ± 3

3.55 3 ± 1

3.92 3 ± 1

4.46 29 ± 3

5.10 17 ± 1

8.28 3− 3.55 61 ± 3

4.46 3 ± 3

5.26 36 ± 3

a For references and additional information see Tables 18.3 in (1978AJ03, 1983AJ01).

Upper limits for other transitions are not shown.
b Γπ/Γ = (3.0 ± 0.6) × 10−3 (1975SO05).
c δ is consistent with 0.
d Γπ/Γ ≤ 2.3 × 10−3.
e Γγ/Γ = 0.561 ± 0.013 (1994ME02)
f ΓαΓγ/Γ = 0.34 eV.
g ΓαΓγ/Γ = 0.89 eV.
h ΓαΓγ/Γ = 0.22 eV.
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Table 18.11: States of18O from 13C(6Li, p) a

Ex
a σtot

a,b Ex
a σmax

a

(MeV ± keV) (µb) (MeV ± keV) (µb/sr)

0 6.1 ± 0.3 8.667 ± 13 20.8 ± 1.0

1.987± 8 39 ± 1 8.82 ± 20 13.0 ± 0.9

3.555± 10 56 ± 1 8.96 ± 20 16.3 ± 1.0

3.632± 15 13 ± 1 9.72 ± 30 26.3 ± 1.3

3.926± 6 36 ± 1 10.09 ± 30 30.6 ± 1.5

4.455± 8 46 ± 1 10.28 ± 30 100 ± 5

5.095± 11 74 ± 1 10.63 ± 30 31.3 ± 1.6

5.256± 9 44 ± 1 10.90 ± 30 42.7 ± 2.1

5.374± 8 35 ± 1 10.99 ± 20 84.8 ± 4.2

5.532± 8 45 ± 1 11.12 ± 20 17.7 ± 0.9

6.199± 8 37 ± 1 11.26 ± 20 33.9 ± 1.7

6.383 ± 11 c 131 ± 2 11.42 ± 30 46.6 ± 2.3

6.882± 19 5.3 ± 0.4 11.61 ± 30 34.1 ± 1.7

7.117 ± 5 d 208 ± 2 11.70 ± 30 75.4 ± 3.8

7.618± 10 33 ± 1 11.85 ± 30 81.9 ± 4.1

7.764± 14 37 ± 1 12.07 ± 30 34.2 ± 1.7

7.850± 13 101 ± 1 12.23 ± 30 32.1 ± 1.6

7.962± 12 84 ± 1 12.33 ± 30 50.4 ± 2.5

8.026± 14 19 ± 1 12.44 ± 30 96.0 ± 4.8

8.120± 12 140 ± 2 12.54 ± 30 90.2 ± 4.5

8.200± 17 48 ± 1 13.08 ± 30 48.4 ± 2.4

8.274± 15 103 ± 2 13.23 ± 30 99.3 ± 5.0

8.401± 12 45 ± 1 13.48 ± 30 24.6 ± 1.2

8.496± 15 75 ± 1 13.60 ± 30 29.0 ± 1.5

13.81 ± 30 159 ± 8

14.14 ± 30 92.7 ± 4.6

15.80 ± 30 136 ± 7

a (1988SM01). The maximum value of the differential cross
section results were compared with a Hauser-Feshbach calcula-
tion. The comparison suggests the the presence of an additional
nonstatistical mechanism.
b See Table 18.5 in (1987AJ02), which shows a comparison
with σtot from 12C(7Li, p) for Ex ≤ 8.3 MeV.
c Unresolved doublet (1988SM01).
d See discussion ofΓγ/Γ results from (1994ME02) under
reaction 3 here.
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Table 18.12: Resonances in14C(α, γ)18O, 14C(α, n)17O and14C(α, α)14C a

Eα (MeV ± keV) Γlab (keV) Particles out Ex(18O) (MeV) Jπ

1.140± 2 b γ 7.114 4+

1.790± 2 b < 3 γ 7.619h 1−

2.10 b γ 7.86 5−

2.330± 2 b < 3 γ, α0 8.039b, h 1−

2.440± 2 b γ 8.125 5−

2.554± 4 b 1.3 ± 1 γ, n,α0 8.213 2+

2.643± 3 b 10 ± 1 γ, n,α0 8.282 3−

2.800 ± 7 10 ± 7 n 8.404

3.330 ± 12 90 ± 15 n, α0 8.817

3.508 ± 4 55 ± 3 n, α0 8.955

4.030 ± 15 35 ± 20 n, (α0) 9.361

4.07 ± 40 ≈ 150 n, (α0) 9.39

4.17 ± 40 ≈ 70 n, (α0) 9.47

4.434 ± 10 80 ± 40 n, (α0) 9.675

4.70 ± 40 ≈ 200 n, (α0) 9.88

5.004 ± 10 21 ± 5 n, α0 10.118 3−

5.23c d n, α0 10.29 4+

5.34 d n, α0 10.38 3−

5.60 e n, α0 10.58

5.90 f n, α0 10.82

6.02 f n, α0 10.91

6.13 f n, α0 10.99

6.30 e n, α0 11.13

6.64 d n, α0 11.39 (2+)

6.67 d n, α0 11.41 (4+)

6.93 d n, α0 11.62 5−

7.03 d n, α0 11.69 6+

7.19 f n, α0 11.82 (3−)

7.47 f n, α0 12.04 (2+)

7.75 g n, α0 12.25 (0+, 1−)

7.85 d n, α0 12.33 5−

8.06 d n, α0 12.50 4+

8.10 d n, α0 12.53 6+
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a See also Table18.11. For references see Table 18.5 in (1978AJ03).
b (1987GA15): Γγ = 0.095±0.020,0.41±0.08, 0.043±0.009,1.07±0.22, 0.27±0.05,

0.41 ± 0.09, and0.49 ± 0.13 eV, respectively for18O*(7.11, 7.62, 7.86, 8.04, 8.13, 8.21,

8.28 MeV).
c ±10− 20 keV for this and all higher resonances (G.E. Mitchell, private communication).
d Γα, large;Γn, large.
e Γα, small;Γn, small.
f Γα, small;Γn, large.
g Γα, large;Γn, small.
h Recent 14C(α, γ) measurements for these two1− states by (1994HA17) gave

Ex = 7.6159± 0.0007 and8.0378± 0.0007 keV.

Resonances in the yield of captureγ-rays are observed atEα = 1.14, 1.79, 2.09, 2.33, 2.44,
2.55, and 2.64 MeV: see Tables18.12here and 18.5 in (1978AJ03). Gamma-ray angular distri-
bution and correlation measurements lead toJπ = 4+, 1−, 1−, and5− for 18O*(7.11, 7.62, 8.04,
8.13), as well as toJπ assignments for lower states involved in the cascade decay.See also ref-
erences in (1987AJ02) and see the cross section measurements of (1993DA17). The speculated
presence of enhanced E1γ de-excitation in18O (1983GA02) was followed by further experimen-
tal and theoretical investigations of collective band structure in18O (1989FU08, 1993RE03). See
however (1986HA1J). See also (1989FU1H, 1989KAZH). The4+

2 → 2+
2 (7117 → 5260) keV

γ branching ratio of0.30 ± 0.08% was measured by (1989GA01) and an E2 transition strength
B(E2) = 5.7 ± 1.9 W.u. was deduced. This result is conformed by the (ΓαXΓγ)/(Γα + Γγ) and
(7117 → 5260) keV γ branching (0.24 ± 0.08%) measurements of (1992GO14) and theΓγ/Γα

measurement of (1994ME02).
The 14C(α, γ) reaction is important in astrophysical processes and the details of the cross

section are relevant to the process of heavy element formation in inhomogeneous big bang nucle-
osynthesis (1988AP1A, 1989FU06, 1990WIZP, 1992GA11, 1992GO14). See also (1988BU01,
1988MA1U, 1989KA1K, 1989NO1A, 1989TH1C) and the review of thermonuclear reaction rates
in (1988CA26).

8. (a)14C(α, α′)14C Eb = 6.227

(b) 14C(α, n)17O Qm = −1.817

Observed anomalies in the scattering [reaction (a)] forEα = 2 to 8.2 MeV and the resonances
in the relative neutron yield [reaction (b)] forEα = 2.3 MeV are displayed in Table18.12. See
also (1978AJ03).

Theα-cluster structure of18O has been investigated in theoretical work of (1989FU08, 1993RE03)
based on14C(α, α) scattering, and the results do not support the existence ofproposed negative-
parity molecular dipole states. See (1989GA01).
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9. (a)14C(6Li, d)18O Qm = 4.752

(b) 14C(6Li, dα)14C Qm = −1.475

Table 18.13: Gamma-ray branching ratios in14C(α, γ)18O a

Ei (MeV) Jπ
i Ef (MeV) Jπ

f Branching ratio (%)

7.620 ± 0.002 1− 0 0+ 23 ± 2

1.98 2+ 62 ± 3

3.63 0+ < 1

3.92 2+ < 3

4.46 1− 8 ± 2

5.26 2+ < 3

5.34 0+ 6 ± 1

5.53 2− < 5

6.20 1− 1 ± 1

7.859 ± 0.005 5− 3.56 4+ > 75

8.040 ± 0.002 1− 0 0+ 17 ± 1

1.98 2+ 71 ± 2

3.63 0+ 9 ± 1

3.92 2+ < 1

4.46 1− < 1.5

5.10 3− < 1

5.26 2+ 3.2 ± 0.9

5.34 0+ < 1

5.53 2− < 2

6.20 1− < 2

8.125 ± 0.002 5− 3.55 4+ 99 ± 1

5.10 3− 1 ± 1

7.12 4+ < 2

8.214 ± 0.004 2+ 0 0+ 19 ± 4

1.98 2+ 29 ± 3

3.55 4+ 3 ± 1

3.63 0+ < 3
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Table 18.13: Gamma-ray branching ratios in14C(α, γ)18O a (continued)

Ei (MeV) Jπ
i Ef (MeV) Jπ

f Branching ratio (%)

3.92 2+ 3 ± 1

4.46 1− 29 ± 3

5.10 3− 17 ± 1

5.26 2+ < 3

5.34 − 6.35 < 1

8.283 ± 0.003 3− 0 0+ < 7

1.98 2+ < 3

3.55 4+ 61 ± 3

3.92 2+ < 3

4.46 1− 3 ± 3

5.10 3− < 8

5.26 2+ 36 ± 3

5.38 3+ < 4

5.53 2− < 8

6.40 3− < 5

a (1987GA15). See also Table18.12for measuredΓγ for these levels.

At E(6Li) = 34 MeV angular distributions have been measured for the deuteron groups to
many states of18O (1981CU07) [see also (1983AJ01)] including 18O*(17.6 ± 0.2) (1982CU01).
Jπ = 4+, 2+, 2+, (4+), and(4+) are suggested for18O*(7.86, 8.9, 12.04, 14.6, 17.0) (1981CU07).
The 2+, 4+, 6+ and 8+ members of theKπ = 0+

2 rotational band based on18O*(3.62) are
18O*(5.26, 7.12, 11.69, 17.6) (1982CU01).

Angular correlations have been measured atE(6Li) = 34 MeV; these lead to the assignment
of Jπ = 8+ to 18O*(17.6) (1982CU01) and to the assignment ofJπ = 4+, 5−, 6+, 7− and8+ to
sixteen states in18O with 11.4 ≤ Ex ≤ 23.1 MeV (1983CU03) [see (1983CU03) for assignment
of 18O states to bands]. AtE(6Li) = 32 MeV (1983AR11) find that the strongest groups are
those to (unresolved) structures atEx = 17.05 and 18.95 MeV [eachΓ ≈ 0.35 MeV] dominated
by Jπ = 7−. 18O*(11.6, 12.6) withJπ = (6+, 5−) and5− are also observed (1983AR11) [see,
however, the density of states]. See also (1987AJ02, 1990OS03).

10. 14C(7Li, t)18O Qm = 3.760
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At E(7Li) = 20.4 MeV, triton groups are observed corresponding to a number ofstates of18O
with Ex < 12.6 MeV. Angular distributions were obtained for some of these,including 18O*(0,
1.98, 7.12, 11.69) withJπ = 0+, 2+, 4+, 6+. The latter two are the most strongly populated in
this reaction: they appear to be part of the ground-state rotational band: see (1972AJ02). See also
(1987AJ02).

In more recent work atE(7Li) = 15 MeV, 18O gamma de-excitation modes for all natural
parity states up to the alpha-particle threshold atEx = 6.227 MeV were studied (1991GA08). See
Table18.14.

Table 18.14: Gamma decay branching ratios for18O from 14C(7Li, tγ)18O a

Ei (MeV) Jπ
i Ef (MeV) Jπ

f Branching ratio (%)

1.98 2+
1 0.00 0+ 100

3.55 4+
1 1.98 2+ 100

3.63 0+
2 1.98 2+ 100

3.92 2+
2 0.00 0+ 11.1 ± 1.0

1.98 2+ 88.9 ± 1.0

4.45 1−1 0.00 0+ < 0.2

1.98 2+ 29.5 ± 1.0

3.63 0+
2 68.9 ± 1.0

3.92 2+
2 1.6 ± 0.2

5.10 3−1 1.98 2+ 76.5 ± 1.0

3.55 4+ 5.6 ± 1.0

3.92 2+
2 17.9 ± 0.8

4.45 1− < 0.14

5.26 2+
3 0.00 0+ 30.3 ± 0.9

1.98 2+ 55.9 ± 1.0

3.55 4+ 1.1 ± 0.6

3.63 0+
2 1.0 ± 0.6

3.92 2+
2 8.7 ± 0.4

4.45 1− 3.0 ± 0.3

5.34 0+
3 1.98 2+ 45.2 ± 5.0

3.92 2+
2 < 12.0

4.45 1− 54.8 ± 5.0

6.20 1−2 0.00 0+ 88.7 ± 0.9

1.98 2+ < 1.3
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Table 18.14: Gamma decay branching ratios for18O from 14C(7Li, tγ)18O a

(continued)

Ei (MeV) Jπ
i Ef (MeV) Jπ

f Branching ratio (%)

3.63 0+
2 2.5 ± 0.3

3.92 2+
2 < 0.9

4.45 1− 4.1 ± 0.4

5.09 3− < 0.7

5.26 2+
3 3.6 ± 0.4

5.34 0+
3 1.1 ± 0.3

6.40 3−2 1.98 2+ 68.1 ± 1.8

3.55 4+ 7.4 ± 1.2

3.92 2+
2 6.3 ± 1.0

4.45 1− 2.8 ± 1.0

5.09 3− 9.8 ± 0.9

5.26 2+
3 5.6 ± 0.9

7.12 4+
2 1.98 2+ 27.0 ± 0.5

3.55 4+ 70.0 ± 1.0

3.92 2+
2 1.8 ± 0.4

5.09 3− 1.2 ± 0.3

5.26 2+
3 < 0.6

6.40 3−2 < 0.2

a (1991GA08). See Table 1 of (1991GA08) for additional information including transition

strengths. See also Table18.10here.

11. 14C(14C, 10Be)18O Qm = −5.785

See (1985KO04).

12. 14C(16O, 12C)18O Qm = −0.935

See (1978AJ03).
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Table 18.15: States in18O from 16O(t, p) a

Ex (keV) L Jπ Ex (keV) Ex (keV)

0 0 0+ 7623 ± 18 9713 ± 7

1986 ± 4 2 2+ 7782 ± 6 9890 ± 11

3556 ± 2 4 4+ 7871 ± 2 d 10120 ± 40

3634b 0 0+ 7983 ± 3 d 10300 ± 20

3915 ± 2 2 2+ 8046 ± 7 10400 ± 10

4458 ± 3 1 1− 8140 ± 10 10610 ± 20

5105 ± 2 3 3− 8233 ± 9

5258 ± 6 2 2+ 8294 ± 5 d

5340 ± 4 0 0+ 8430 ± 12

5382 ± 4 8521 ± 3 d

5530 ± 4 8660 ± 6

6197 ± 3 1 1− 9030 ± 15 e

6356 ± 7 1, 2 (1−, 2+) c 9362 ± 5 d

6399 ± 3 3 3− 9420 ± 20

6885 ± 9 9480 ± 30

7123 ± 7 4 4+ 9671 ± 8

a (1981CO13): Et = 15 MeV; DWBA analysis. See also Table 18.6 in

(1978AJ03).
b Nominal energy.
c See, however, Table18.18.
d Comparisons ofEx shown here with those displayed in Table18.3for
18O*(3.92, 5.10, 6.40, 7.77) suggest that the uncertainty shown may be

low: ±6 keV was arbitrarily used in calculating the best value forEx for

this state in Table 18.3 of (1987AJ02).
e This is the “average” of several unresolved levels. (1985FO11) states

that the main components are at 8.96 and 9.03 MeV. [Comment: It is not

clear whether these states are actually resolved (1987AJ02).]
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13. 15N(α, p)18O Qm = −3.980

Several states in18O atEx = 10–25 MeV were observed in15N(α, p) experiments reported in
(1987MIZY, 1988BRZY, 1989BR1J).

14. 15N(13C, 10B)18O Qm = −8.042

See (1983AJ01).

15. 16O(t, p)18O Qm = 3.706

Proton groups corresponding to states of18O are displayed in Table18.15here1981CO13). See
(1976LA13) for a general discussion of the properties of the states of18O. Lifetime measurements
are reported in Table 18.4 of (1978AJ03). See also reaction 19 and (1982AN12, 1985AN17,
1985BA1A).

16. 16O(α, 2p)18O Qm = −16.108

At Eα = 65 MeV, the angular distribution to18O*(3.55)[Jπ = 4+] has been studied.18O*(8.04,
9.15, 10.3) are also populated: see (1983AJ01).

17. (a)16O(10B, 8B)18O Qm = −14.825

(b) 16O(13C, 11C)18O Qm = −11.480

At E(10B) = 100 MeV, 18O*(3.55) [first(d5/2)
2
4+ state] is preferentially populated.18O*(1.98,

5.26, 7.12, 8.0, 8.3, 9.1) are also observed. The angular distribution to18O*(3.55) has been mea-
sured atE(13C) = 105 MeV. See (1983AJ01, 1983OS07).

18. (a)17O(n,γ)18O Qm = 8.044

(b) 17O(n, n′)17O Eb = 8.044

(c) 17O(n,α)14C Qm = 1.817
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For reaction (a) see (1983AJ01). [The work reported there has not been published.] The
scattering amplitude (bound)a = 5.62± 0.45 fm, σfree = 3.55± 0.25 b. The thermal cross section
for reaction (c) is235 ± 10 mb. See (1983AJ01) for references. See also (1988MCZT).

In more recent work, the cross section for17O(n,α) has been measured fromEn = 25×10−3 eV
to 1 MeV (1991KO31). An evaluation of the cross sections fromEn = 10−5 eV to 20 MeV
has been carried out by (1991HI15). Results are given in tabular and graphical form. See also
(1991KO1P).

19. 17O(d, p)18O Qm = 5.820

Table 18.16: States of18O from 17O(d, p)a

Ex (MeV ± keV) b ln
b Jπ b S b

0 2 0+ 1.22

1.982 ± 10 0 + 2 2+ 0.21 + 0.83

3.552 ± 10 2 4+ 1.57

3.63 2 0+ 0.28

3.92 0 + 2 2+ 0.35 + 0.66

4.46 1 1− 0.03

5.10 3 3− 0.03

5.255 ± 10 0 2+ 0.35

5.34 2 0+ 0.16

5.375 ± 10 0 3+ 1.01

6.20 1 1− 0.03

6.35 1 (2−) 0.03

7.110 ± 15 2 4+

7.855 ± 20

7.962 ± 20

9.0 c

a See references in Tables 18.7 of (1972AJ02, 1978AJ03).
b Ex values without uncertainties are nominal.J are consistent

with ln and are used to calculateS.
c (1985FO11). See text.
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Table 18.17: Some states in18O from 17O(α, 3He) a

Ex (MeV) b Jπ b σint (mb) c

0.0 0+ 0.22

1.98 2+ 0.64

3.55 4+ 1.59

5.38 3+ 0.12

7.12 4+ 0.09

7.86 5− 0.14

8.12 5− 0.06

8.82 (1+) 0.04

11.06a (6−) a 0.18

13.85 (6−) d 0.02

14.17 (6−) d 0.01

a (1992YA08); Eα = 65 MeV.
b Ex andJπ values from Table (18.9).
c Integrated cross section. See Tables III and IV in (1992YA08) for

spectroscopic factors.
d (1990SEZZ).

Observed proton groups are displayed in Table18.16. A strong asymmetric peak is observed at
Ed = 12 MeV corresponding toEx = 9.0 MeV. On the basis of this work and the measurement of
the cross section at a peak at about the same energy observed in the16O(t, p) reaction, (1985FO11)
assignJπ = 4+ and a (1d5/2) (1d3/2) configuration to18O*(9.0). Proton-γ coincidence measure-
ments are shown in Table18.10.

20. 17O(α, 3He)18O Qm = −12.533

Differential cross sections were measured atEα = 65 MeV (1992YA08) for 18O states up to
Ex = 15 MeV. DWBA analysis led to proposed spin parity and isospin assignments, and spectro-
scopic factors. See Table18.17.

21. 17O(12C, 11C)18O Qm = −10.677

Angular distributions involving18O*(0, 1.98, 3.55) have been studied atE(12C) = 115 MeV:
see (1983AJ01).
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Table 18.18: Branching in18N(β−)18O a

Decay to18O* Decay Jπ Branchb log ft

(keV) mode (%)

1982.05± 0.09 c γ 2+ 3.4 ± 1.3 6.79 ± 0.17

3554.13± 0.80 γ 4+ < 0.5 > 7.3

3633.70± 0.11 γ 0+ < 0.3 > 7.5

3920.42± 0.14 γ 2+ < 0.4 > 7.4

4455.52± 0.10 γ 1− 47.2 ± 0.9 5.167 ± 0.013

5097.60± 0.60 γ 3− < 0.4 > 7.1

5530.17± 0.32 γ 2− 2.7 ± 0.3 6.16 ± 0.05

6198.22± 0.40 γ 1− 1.2 ± 0.2 6.34 ± 0.08

6349.76± 1.0 γ (2−) 1.9 ± 0.2 6.10 ± 0.05

6880.45± 0.27 γ 0− d 12.8 ± 0.7 5.13 ± 0.03

7620 α 1− 6.8 ± 0.5 5.17 ± 0.04

7771.07± 0.50 γ 2− d 4.3 ± 0.4 5.32 ± 0.05

8040 α 1− 1.8 ± 0.2 5.61 ± 0.05

9000e α (1−) ≥ 3.6 ± 0.2 ≤ 5.0

(9090 ± 30) n (0 − 2)− 0.16 ± 0.03 6.27 ± 0.09

9270± 20 n (0 − 2)− 0.39 ± 0.09 5.80 ± 0.11

9470± 20 n (0 − 2)− 0.47 ± 0.09 5.64 ± 0.09

9690± 20 n (0 − 2)− 0.14 ± 0.03 6.06 ± 0.10

9910± 20 n (0 − 2)− 0.17 ± 0.03 5.87 ± 0.08

10240± 30 n (0 − 2)− 0.16 ± 0.03 5.73 ± 0.09

10650± 30 n (0 − 2)− 0.43 ± 0.09 5.07 ± 0.10

10990± 30 n (0 − 2)− 0.13 ± 0.03 5.38 ± 0.11

11490± 30 n (0 − 2)− 0.19 ± 0.04 4.85 ± 0.10

a Branchings toγ-decaying levels (1982OL01), branchings toα-decaying levels
(1989ZH04) and branchings to n-decaying levels (1994SC01).
b 12.2 ± 0.6% of the β-decay branching ratio has been measured to feedα-
emitting states (1989ZH04). 14.3 ± 2.0% has been measured to feed n-decaying
states (1991RE02). The branching ratio ofγ-decaying states (1982OL01) have
been renormalized to take these values into account. See reaction 22 of 18O.
Branchings in this table do not add up to 100% since n-decaying levels below
9.00 MeV were not measured by (1994SC01) and there is a missing 12.1%
branching to n-decaying levels not listed.
c Eγ = 1981.933± 0.09 keV is adopted by (1982OL01).
d See (1982OL01).
e Found as a broad bump at 3 MeV inβ-delayed alpha spectrum. Could be
several unresolved1− states or a new broad1− state in18O (1989ZH04).
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22. 18N(β−)18O Qm = 13.899

The transitions observed in theβ− decay are displayed in Table18.18.
Theγ-decaying states were measured by (1982OL01) and estimated15±6% branching to non-

γ-decaying states in18O was assumed. At least12.2 ± 0.6% of theβ-decay branching ratio has
been measured to feed1− alpha-particle emitting states (1989ZH04). See also the measurements of
(1987GAZW, 1987ZHZV, 1988MI1G). A β-delayed neutron emission probability of14.3±2.0%
has been measured (1991RE02). Theβ− branchings toγ-emitting states of (1982OL01) has been
renormalized to take in account the26.5 ± 2.1% branches to particle emitting states. Theγ-ray
intensities of (1982OL01) also need to be renormalized by this factor, see Table18.19. (1994SC01)
has measuredβ decay branching ratios to 9 neutron emitting states in18O listed in Table18.18for
a total of2.2 ± 0.4%.

23. (a)18O(γ, n)17O Qm = −8.044

(b) 18O(γ, 2n)16O Qm = −12.187

(c) 18O(γ, p)17N Qm = −15.942

(d) 18O(γ, t)15N Qm = −15.834

(e) 18O(γ, pn+ np)14C Qm = −34.522

(f) 18O(γ, α)14C Qm = −6.227

The cross sections for the (γ, p), (γ, n), (γ, 2n) and (γ, tot) [tot = total absorption] have
been measured with monoenergetic photons to 42 MeV: observed resonances are displayed in
Table 18.20. All three of the partial cross sections have substantial strength in the giant reso-
nance region; the (γ, 2n) cross section is a significant fraction ofσ(γ, tot) and is even larger than
σ(γ, p). Above the GDR the partial cross sections decrease. The integratedσ(γ, tot) between
29 and 42 MeV is about one-third of the value integrated from threshold to 42 MeV. The relative
strengths of partial cross sections leads to theT assignments shown in Table18.20. TheT< and
T> components of the18O photo absorption cross section are also derived (1979WO04).

In a related, but more recent, experiment the cross section for reaction (e) was measured
(1991MC01) and it was determined that the cross section rises to a maximum of 1.2 mb at 27.5 MeV,
approximately one-tenth of the total (γ, n) cross section there. The cross section integrated to
43 MeV is only 11.8 mb· MeV, and as a result the isospin assignments of (1979WO04) are unaf-
fected by neglect of this channel. A recent extensive study of isospin effects in the photodisinte-
gration of light nuclei (1993MC02) used a collection of data on (γ, p), (γ, n), (γ, 2n) and (γ, n0)
cross sections and separated theT> andT< isospin components of the GDR in several light nuclei
including18O. The relative strengths were extracted. See also the atlasof photoneutron cross sec-
tions with monoenergetic photons (1988DI02), and see (1988BE1T, 1989NO1C). Structures in the
(γ, α0) cross section are reported atEx = 18.2, 20.9, 22.1, and 24.2 MeV (1982BA03; Ebrems.).
The decay of the GDR to14C, 15N, 16O, 17N and17O states has been studied: see (1983AJ01). Less
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Table 18.19:γ-ray intensities observed in18N(β−)18O a

Eγ (keV) b Ei (keV) Ef (keV) Iγ
c

535.24 ± 0.05 4456 3920 2.85 ± 0.14

821.71 ± 0.09 4456 3634 60.6 ± 1.8

1074.8 ± 0.6 5530 4456 0.80 ± 0.12

1177.3 ± 0.9 5098 3920 0.42 ± 0.13

1572.0 ± 0.8 3554 1982 0.64 ± 0.13

1609.6 ± 0.9 5530 3920 0.85 ± 0.34

1651.56 ± 0.07 3634 1982 60.5 ± 1.8

1893.9 ± 0.9 6350 4456 0.37 ± 0.06

1938.2 ± 0.2 3920 1982 4.49 ± 0.14

1981.93 ± 0.09 1982 0 98.0 ± 2.0

2424.8 ± 0.3 6880 4456 17.53 ± 0.70

2429.7 ± 0.8 6350 3920 1.41 ± 0.14

2473.0 ± 0.3 4456 1982 20.4 ± 1.0

2673.0 ± 0.5 7771 5098 1.63 ± 0.16

3114.5 ± 0.6 5098 1982 0.92 ± 0.14

3315.1 ± 0.9 7771 4456 0.63 ± 0.25

3547.7 ± 0.4 5530 1982 2.01 ± 0.14

3920.1 ± 0.9 3920 0 0.65 ± 0.07

4366.0 ± 0.8 6350 1982 0.84 ± 0.21

5788.5 ± 0.7 7771 1982 3.58 ± 0.32

6197.1 ± 0.4 6198 0 1.40 ± 0.14

a (1982OL01).
b γ-ray energies have not been corrected for nuclear recoil.
c γ-ray intensities are normalized such that the flux into the ground state is 100.

To obtainγ-ray intensities per 100 parent decays multiply by0.735 ± 0.021 (see

reaction 22 under18O for discussion of this normalization).
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than 20% of the decay of states with14.5 < Ex < 20 MeV goes via then0 channel (1987JU07).
See (1978AJ03, 1987AJ02) for the earlier work.

24. 18O(γ, γ)18O

For 18O*(6.20)Γγ0
= 0.18 ± 0.03 eV, assumingΓγ0

/Γ = 0.88; Ex = 6202.7 ± 0.8 keV: see
(1978AJ03).

25. 18O(e, e′)18O

The18O charge radius,〈r2〉1/2 = 2.784± 0.020 fm, based on studies of the elastic charge form
factors forEe = 70 to 370 MeV, the resulting determinations of the difference in the18O and16O
radii, and the rms radius of16O: see (1983AJ01).

Inelastic scattering has been reported to many states of18O: see (1983AJ01, 1987AJ02) and Ta-
ble18.21here which also includes the recent work reported in (1995SE02). See also the comment
(1987MI25) and reply (1987MA40) on the work reported in (1986MA48). Recent measurements
are reported for4− and6− states atEe = 140–275 MeV (1990SEZZ), and for1−, 3−, 5− states
(1991MA14). Form factor measurements for the2+ level atEx = 8.21 MeV and the(2+) level at
Ex = 9.3 MeV at momentum transfer0.9 < q < 2.1 fm−1 (1990MA06) and for the1−, 3− and5−

levels at0.6 < q < 2.7 fm−1 (1991MA14) are reported.
Several theoretical studies of inelastic electron scattering to states of18O have been carried

out. A microscopic calculation for scattering to2+ states is reported in (1988HAZZ) and to0+

and2+ states in (1988KU17). See also the calculations of transition charge densitiesdescribed in
(1988GU03, 1988GU12, 1992GU11) and see (1987GU1D, 1988GU1B, 1989AJ1A).

26. (a)18O(π±, π±
′

)18O

(b) 18O(π±, π±p)17N Qm = −15.942

(c) 18O(π−, π−n)17O Qm = −8.044

Angular distributions for the scattering to18O*(0, 1.98, 5.10) have been reported atEπ± = 29.2
to 230 MeV [see (1983AJ01)] and at 50 MeV (1984TA1A; 18O*(0, 1.98)) at 140, 180, and
220 MeV (1984SE1A; 18O*(1.98)), at 164 MeV (1987CH14; 18O*(0, 1.98, 4.46, 5.10)) and
(1988SE04; 18O*(1.98, 3.92, 5.26 MeV)). See also (1989GR1M, 1990WI1K). Measurements
and analysis work reported in (1983AJ01) determine〈r2

n〉
1/2 = 2.81±0.03 fm, 〈r2

n〉
1/2−〈r2

p〉
1/2 =

0.03 ± 0.03 fm. For a discussion of proton matter distribution in18O see (1985BA27). Total reac-
tion cross sections atEπ = 50 MeV
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Table 18.20: Resonances in18O + γ

Ex (MeV) a σ (mb) Γ (MeV)

(γ, tot) (γ, n) (γ, 2n) (γ, p)

9.1 9.1 1.1b 0.6

10.3 10.3 5.3b 0.9

11.4 11.4 9.0b 0.7

13.1 13.1 13.2 8.6b 0.7

13.8 13.8 13.9 6.9b 0.6

14.7 14.7 14.8 13.1b 0.8

15.8 15.7 15.8 10.9b 0.7

17.3c 17.1 17.5 10.1b, 1.2e 0.6

19.4c (19.1) 19.4 10.0b, 1.8e 0.9

21.1d 21.1 21.0 9.7b, 1.2e

22.6 (22.6) 22.7 22.7

23.7d 23.7 23.5 23.7 17.7b, 6.1e 1.6

27 c 27 27 − 28

30 f 30

36 f

a (1979WO04). See also (1987JU07, 1993MC02) and Table 18.9 in

(1983AJ01).
b σ(γ, n) + 2σ(γ, 2n).
c T = 2: see (1979WO04).
d T = 1: see (1979WO04).
e σ(γ, p).
f Weak and broad resonances: may indicate the presence of particle-hole

states at these high energies.
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Table 18.21: Some states of18O from 18O(e, e′) a

Ex Γ Jπ; T Mult. Transition probability

(MeV) (keV) (in e2 · fm2λ)

1.98b 2+; 1 C2 44.8 ± 1.3

3.55b 4+; 1 C4 (9.04 ± 0.90) × 102

3.92b 2+; 1 C2 22.2 ± 1.0

4.46c 1−

5.10c 3− C3 1301 ± 39

5.26b 2+; 1 C2 28.3 ± 1.5

5.53 ± 0.01 e < 50 2−; 1

6.20c 1−

6.35 ± 0.01 e < 50 (2−); 1

6.40c 3− C3 40 ± 9

7.12b 4+; 1 C4 (1.31 ± 0.06) × 104

7.62c 1−

7.77 ± 0.01 e < 50 2−; 1

7.86c 5− C5 (3.54 ± 0.64) × 104

8.04c 1−

8.13c 5− C5 (1.88 ± 0.35) × 104

8.21d 2+; (1) C2 7.3 ± 4.2

8.29c 3− C3 ≤ 19

8.41 ± 0.01 e < 50 (2−); 1

8.52 ± 0.01 e < 50 (4−); 1

8.82 ± 0.01 e 70 ± 12 (1+); 1

8.96 ± 0.01 e 43 ± 3 (4+); 1

9.36 ± 0.01 d, e ≤ 20 (2+); 1

9.71 ± 0.01 e < 50 (5−); 1

10.31 ± 0.02 e < 50 (4+); 1

10.43 ± 0.04 e < 50 (2−); 1

10.67 ± 0.02 e < 50 (2−); 1

10.99 ± 0.02 e < 50 (2−); 1

11.52 ± 0.05 e < 50 (2−); 1

11.67 ± 0.02 e 112 ± 7 (3−); 1
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Table 18.21: Some states of18O from 18O(e, e′) a (continued)

Ex Γ Jπ; T Mult. Transition probability

(MeV ± keV) (keV) (in e2 · fm2λ)

11.90 ± 0.03 e < 50 (2−); 1

12.09 ± 0.02 e < 50 (1−, 2+); 1

12.41 ± 0.02 e 143 ± 24 (3−); 1

12.52 ± 0.02 e < 50

12.66 ± 0.02 e < 50 (2−); 1

12.99 ± 0.02 e 68 ± 18 (4−); 1

13.40 ± 0.02 e 108 ± 26 (2−); 1

13.85 ± 0.13 e ≈ 200 (6−); 1

14.17 ± 0.04 e 140 ± 50 (6−); 1

14.45 ± 0.05 e ≈ 1070

15.23 ± 0.04 e ≈ 300

15.95 ± 0.03 e < 50

16.210 ± 0.01 f, g 1(−)

16.315 ± 0.01 f, g (3, 2)−

16.399 ± 0.005 f, h < 20 2−; 2 i M2 (64 ± 8) × 10−2

16.40 ± 0.02 e < 50 (2−); 2

16.88 ± 0.03 e < 50 (4−, 2−; 1)

16.948 ± 0.01 f, g (3, 2)−

17.025 ± 0.01 e, f, g, h 20 ± 6 (3−); 2

17.398 ± 0.01 f, g (2, 1, 3)−

17.450 ± 0.01 f, g (2, 1, 3)−

17.46 ± 0.03 e ≈ 600 (4−); 1

17.5f ≈ 150

17.502 ± 0.01 f, g (1, 2, 3)−

17.635 ± 0.01 f, g

18.049 ± 0.01 f, g d

18.2f ≈ 150

18.45 ± 0.02 e 75 ± 27 (3−; 1)

18.5f ≈ 4300

18.68 ± 0.02 e, h < 50 (4−; 2) 63 ± 8 h
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Table 18.21: Some states of18O from 18O(e, e′) a (continued)

Ex Γ Jπ; T Mult. Transition probability

(MeV ± keV) (keV) (in e2 · fm2λ)

18.871 ± 0.005 f 1+; 2 M1 (3.1 ± 0.4) × 10−2

18.927f, g 1 (2+)

19.027 ± 0.01 f, g (1, 3)−

19.150 ± 0.01 f, g 1− (2+, 3−)

19.22 ± 0.02 e < 50 (3−; 2)

19.7f ≈ 200

20.2f ≈ 180

20.36 ± 0.02 e, h < 20 (4−); 2 M4 66 ± 6

20.86 ± 0.02 e 97 ± 41

21.0f ≈ 150

21.42 ± 0.02 e, h 49 ± 37 (4−; 2)

22.40 ± 0.02 e, f, h 91 ± 8 e 4−; 2 e M4 400 ± 32

23.10 ± 0.02 e 49 ± 24

23.8f ≈ 1300

a Additional states have been excited: see reaction 28 in (1983AJ01). For ground state see reaction 25 here.
b (1982NO04).
c (1991MA14).
d (1990MA06).
e (1995SE02).
f (1983BE36).
g Weakly excited.
h (1986MA48).
i See Fig. 5 for missingT = 2 strength.

have been determined by (1987ME12). At E = 165 MeV, the cross section for reaction (c) is
larger for18O than for16O while reaction (b) has a lower cross section (1982PI06). For the (π+,
2p), (π+, pn) and (π−, pn) reactions atEπ = 165 MeV see (1984AL20, 1986AL22).

Results of Glauber model calculations of pion scattering from 18O at energies above the∆33

resonance are presented in (1991OS01). A microscopic study of inelastic scattering to the2+ states
in 18O is reported in (1988HAZZ). See also the review of pion-nucleus physics in (1991MO13).

27. 18O(n, n′)18O
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Angular distributions have been measured forEn = 2.9 to 24 MeV [see (1972AJ02, 1983AJ01)]
and atEn = 5.0 to 7.5 MeV (1986KO10; n0, n1).

28. 18O(p, p′)18O

Angular distributions have been measured forEp = 0.84 to 135 MeV [see (1978AJ03, 1983AJ01)],
at Ep = 135 MeV (1986KE05; p1) and atEp = 800 MeV (1982GL08; p to 18O*(0, 1.98, 7.12).)
At Ep = 24.5 MeV (1974ES02) have studied the angular distributions of the proton groups to
18O*(1.98, 3.55, 3.63, 3.92, 4.46, 5.10, 5.26, 5.53, 7.12): a modified DWBA analysis leads to
Jπ = 2+, 4+, 0+, 2+, 1−, 3−, 2+, 2− and4+ for these states. A coupled-channels calculation sug-
gestsβ2 = 0.37± 0.03, 0.56 ± 0.06 and0.18± 0.04 for 18O*(1.98, 5.10, 7.12). Such calculations
also support evidence for a rotational band involving18O*(0, 1.98, 7.12). The3− state at 5.10 MeV
is strongly excited and collective in nature:B(E3) = 1120 e2 · fm6. For 18O*(1.98, 3.92, 5.26),
B(E2) = 45, 8.3 and 24e2 · fm4 (1974ES02). The 800 MeV data indicates that18O*(7.12) can be
described only if a large hexadecapole deformation is assumed (1982GL08). At Ep = 201 MeV,
σ(θ) at forward angles has been measured to18O*(8.21, 8.82, 16.40): it is proposed that18O*(8.82)
hasJπ = 1+ and that additional1+ strength is located in a group centered atEx ≈ 10.1 MeV as
well as in the regionEx = 12.4 to 15 MeV. The1+; T = 2 state18O*(18.87), reported in (e, e′), is
not observed (1987DJ01). See also (1988CR1B).

18O*(1.98) has|g| = 0.287 ± 0.015 [τm = 2.99 ± 0.12 ps]. 18O*(3.55) has|g| = 0.62 ±
0.10 suggesting a mainly (d5/2)

2 configuration for this state: see (1983AJ01). See also19F and
(1987AJ02).

A Dirac optical model analysis of18O(p, p) cross section and analyzing power at 800 MeV is
described in (1990PH02). A coupled-channels analysis was presented in (1988DE31). The intrin-
sic radial sensitivity of nucleon inelastic scattering wasstudied by (1988KE01) and a comparison
of electromagnetic and hadronic probes of nuclear structures is described in (1986KE1C).

29. 18O(p̄, p̄′)18O

Angular distributions are reported with 178.4 MeV antiprotons to18O*(0, 1.98) (1986BR04,
1986LE13). For atomic effects see (1986KO22). See also (1987AJ02).

Differential cross sections for elastic and inelastic scattering of 180 MeV antiprotons by18O
were calculated in the eikonal and Glauber approaches by (1992TA08).

30. 18O(d, d)18O

Angular distributions have been reported atEd = 7.0 to 15.0 MeV: see (1972AJ02, 1983AJ01).
See also20F.
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31. 18O(t, t′)18O

See (1972AJ02).

32. 18O(3He, 3He′)18O

The elastic scattering has been studied atE(3He) = 11.0 to 41 MeV [see (1972AJ02, 1983AJ01)]
and at 14 MeV (1982AB04), at 25 MeV (1982VE13) [the matter radius,〈r2〉

1/2
m = 2.59±0.12 fm]

and at 33 MeV (1983LE03; alsoAγ; and also to18O*(1.98)). A strong-absorption model analysis
of angular distributions at 2.5 and 41 MeV is described in (1987RA36). See also (1985HA11,
1987CO07).

33. 18O(α, α′)18O

Recent elastic scattering cross sections atEα = 44.8 MeV were reported by (1992AR18).
Angular distributions of manyα-groups have been measured in the rangeEα = 21 to 40.5 MeV
[see (1978AJ03)], at 23.5 MeV (1984SA28; to 18O*(1.98,3.56 + 3.63, 3.92, 4.45, 5.1–5.53)) and
at 54.1 MeV (1987AB03; g.s.). The transitions to18O*(4.46, 5.10) areL = 1 and 3, respectively,
fixing Jπ = 1− and3− for these states. Measurements ofα-groups near180◦ for Eα = 20.0 to
23.4 MeV confirm assignments of natural parity for18O*(1.98, 3.55, 3.63, 3.92, 4.46, 5.10, 5.26,
5.34, 6.20, 6.40, 7.12, 7.62, 7.86, 8.22, 8.29, 8.82, 8.96, 9.03, 9.10, 9.36, 9.41, 9.67,9.72 ± 0.03,
9.88, 10.12, 10.30, 10.40, 11.62, 11.69). [See, however, Table 18.9.] Levels atEx = 5.38, 8.48
and 8.64 MeV were not observed, and those at 5.53, 6.35 and 6.88 MeV were populated weakly
indicating unnatural parity;Jπ = 3+ and2− respectively for18O*(5.38, 5.53).

Alpha-gamma correlation measurements involving18O states belowEx = 6.4 MeV [see Ta-
ble 18.10] lead toJπ = 1− and3− for 18O*(6.20, 6.40). OtherJπ values agree with previous
assignments. The transitions3.92 → 1.98 and5.26 → 1.98 are almost pure M1. Forτm measure-
ments, see Table 18.4 in (1978AJ03). For references see (1983AJ01, 1987AJ02). A microscopic
investigation of theα + 18O system in a three-cluster model is discussed in (1988DE37).

34. (a)18O(6Li, 6Li ′)18O

(b) 18O(7Li, 7Li ′)18O

See (1972AJ02, 1983AJ01).

35. (a)18O(9Be, 9Be′)18O

(b) 18O(9Be,π−n)X (not observed)
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A recent search for a bound system ofπ− and neutrons in the fragmentation region of18O+9Be
collisions at 100A · MeV is reported in (1993SU08). Upper limits were obtained.

See also (1972AJ02, 1987AJ02).

36. (a)18O(10B, 10B′)18O

(b) 18O(11B, 11B′)18O

An elastic angular distribution has been reported atE(11B) = 115 MeV: see (1983AJ01). For
reaction (a) see (1974AJ01).

A recent measurement of18O on10,11B targets atElab ≈ 55 MeV is described in (1993AN08)
and evidence for fusion-fission rather than orbiting is reported. See also (1990SZ1C).

37. (a)18O(12C, 12C′)18O

(b) 18O(13C, 13C′)18O

(c) 18O(14C, 14C′)18O

(d) 18O(12C, α12C′)14C Qm = −6.227

Elastic angular distributions have been studied atE(18O) = 32.3 to 57.5 MeV for reaction (a)
[as well as atE(18O) = 70, 100, and 140 MeV (1982HE07)] and atE(18O) = 31 MeV for
reaction (b). Yields and fusion cross sections are reportedby (1982BA49, 1982HE07, 1985BE40,
1985CA01, 1986GA13). For reaction (c) see (1986STZY). See also (1983AJ01, 1987AJ02).

Angular correlations (reaction (d)) have been studied atE(18O) = 82 MeV. 18O*(7.10, 7.62,
7.86, 8.04, 8.22, 10.30, 11.59, 12.55) are observed: the first seven of these haveJπ = 4+, 1−,
5−, 1−, 2+, 4+, 5− (1984BH01, 1984RA07). In addition 18O*(9.33, 9.65) are also populated
[Γ ≈ 0.3 MeV]: a possible interpretation of the data is that these twoare3− states and that there is
in addition a very wide (> 1 MeV) 2+ state at≈ 9.5 MeV (1984RA17). See also (1987AJ02).

Giant dipole decays in nuclei excited by18O + 12C collisions were discussed in (1989BEZC,
1990SN1A). Competition between p2n, dn and t emissions in the12C + 18O reaction was studied
in an experiment reported in (1990XE01).

Predictions of possible resonant behavior in medium-mass colliding systems are discussed in
(1989CI1C). Molecular single particle effects for12C+ 18O are explored in calculations described
in (1987MO27).

38. 18O(15N, 15N′)18O

See (1983DU13).
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39. 18O(16O, 16O′)18O

Angular distributions have been measured at many energies for E(16O) = 24 to 54.5 MeV and
E(18O) = 25 to 52 MeV, involving besides18Og.s., 18O*(1.98,3.55 + 3.63, 3.92, 4.46, 5.10, 7.12).
At E(18O) = 126 MeV 18O*(9.0) is relatively strongly populated. See (1983AJ01). For yields and
fusion cross sections, including the effect of18O*(1.98), see (1985TH03, 1985WU03, 1986GA13,
1986TH01). See also (1987AJ02). Competition between p2n, dn and t emissions in18O + 16O
reactions was studied in an experiment reported in (1990XE01).

A unified description of sub-barrier interactions of oxygenisotopes is discussed in (1987PO11);
see the coupled-channels calculations reported in (1992LI1K). See also the review of sub-barrier
fusion in (1988BE1W). A semi-classical analysis of two particle transfer in16O+ 18O reactions is
discussed in (1987MA22).

40. (a)18O(17O, 17O′)18O

(b) 18O(18O, 18O′)18O

Angular distributions involving18O*(0, 1.98) are reported atE(17O) = 36 MeV. Angular dis-
tributions [reaction (b)] have been studied atE(18O) = 20 to 52 MeV.18O*(3.55+3.63, 4.46, 5.10,
7.12) are also populated; see (1978AJ03, 1983AJ01). See also (1987AJ02) and see (1990XE01)
reporting on p2n, dn and t emissions in18O + 18O reactions.

The effect of high spin states on fusion in18O+ 18O systems has been studied in the framework
of a statistical theory (1987RA28).

41. 18O(19F, 19F′)18O

The elastic scattering has been studied atE(19F) = 27, 30, and 33 MeV: see (1983AJ01).
See also (1987AJ02). An experiment reported in (1990XE01) studied p2n, dn and t emission in
18O + 19F reactions.

42. (a)18O(24Mg, 24Mg′)18O

(b) 18O(26Mg, 26Mg′)18O

Angular distributions are reported for reaction (a) atE(18O) = 29 and 35 MeV to18O*(0,
1.98). See (1987AJ02).

43. 18O(27Al, 27Al ′)18O
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The elastic angular distribution has been studied atE(18O) = 100 MeV (1981ME13). See also
(1983AJ01, 1987AJ02).

44. 18O(28Si, 28Si′)18O

Elastic angular distributions are reported atE(18O) = 36 to 56 MeV [see (1983AJ01)] and at
351.7 MeV (1984BUZX, 1988BU15; also to18O*(1.98)). See also (1987AJ02).

Ambiguities in optical-model potentials for describing18O+28Si and other heavy-ion reactions
are discussed in (1987HO18). See also (1989NA1M).

45. (a)18O(40Ca,40Ca′)18O

(b) 18O(44Ca,44Ca′)18O

(c) 18O(48Ca,48Ca′)18O

Angular distributions have been measured atE(18O) = 62.1 MeV [reaction (a)] for the transi-
tions to18O*(0, 1.98, 5.10) (1982RE14). For a fusion study [reaction (b)] see (1984DE38). See
also (1987AJ02, 1987SC34).

46. 18F(β+)18O Qm = 1.655

See18F.

47. 19F(γ, p)18O Qm = −7.994

(1985KE03) have measured the yields of proton groups to18O*(0, 1.98) [and to unresolved
states] forEbs in the GDR range. See also (1978AJ03) and19F.

48. 19F(n, d)18O Qm = −5.770

Angular distributions have been measured atEn = 14 to 14.4 MeV: see (1972AJ02). See
also (1978AJ03) and 20F. Nuclear model calculations forEn = 2–20 MeV are described in
(1992ZH15).
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Table 18.22:18O states from19F(t, αγ) a

Ex (keV) Jπ Ex (keV) Jπ

1982.16 ± 0.20 5530.5 ± 0.6 1, 2

3555.07 ± 0.45 6196.3 ± 1.2 1

3634.50 ± 0.40 6351.3 ± 0.6 1, 2

3920.6 ± 0.4 6404.4 ± 1.2

4456.1 ± 0.5 6881.6 ± 1.2 0, (1)

5098.5 ± 1.2 7116.9 ± 1.2

5260.4 ± 1.2 7750 1, 2, 3, 4

5336.4 ± 0.6 7980 1, 2, 3, 4, 5

5377.8 ± 1.2 b

a (1973OL02): See Table18.10for branching ratios and Table

18.9for τm. See also Table 18.10 in (1983AJ01).
b Alpha groups are also reported to18O states withEx = 7.60,

7.75, 7.84, 7.96, 8.02, 8.11, 8.19, 8.26, 8.39, 8.48, 8.64 MeV

(±20 keV) (1962HI06).

49. 19F(p, pp)18O Qm = −7.994

Experimental and theoretical studies of knockout reactions are reviewed in (1987VD1A).

50. 19F(d, 3He)18O Qm = −2.500

Many states of18O (Ex < 14.6 MeV) have been populated in this reaction: see Table 18.8 in
(1978AJ03). [Comment: Note, however, density of states.] Analyzing powers for the ground-state
transition are reported atEd = 12.4 MeV (1983EN02). See also (1983KI13).

51. 19F(t, α)18O Qm = 11.820

See Table18.22.

52. 22Ne(d,6Li) 18O Qm = −8.192
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At Ed = 80 MeV angular distributions have been measured for the6Li groups to the ground
state of18O and to excited states at 1.98, 3.57, 5.10, 6.30, 7.8, 9.4[± 0.04] MeV (1984OE02) [see
also forSrel.]. For the earlier work see (1983AJ01).
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18F
(Figs. 3 and 5)

GENERAL: See Table18.23.

µ1.12 = +2.86 ± 0.03 nm [see (1983AJ01)]
Q1.12 = 0.13 ± 0.03 b [see (1983AJ01)].

1. 18F(β+)18O Qm = 1.655

The positron decay is entirely to the ground state of18O [Jπ = 0+, T = 1]; the half-life is
109.77±0.05 min [see Table 18.11 in (1972AJ02)]; log ft = 3.554. The fact that theβ+ transition
to 18Og.s. is allowed fixesJπ = 1+ for 18Fg.s..

The ratioǫK/β+ = 0.030±0.002: see (1978AJ03, 1987AJ02). See also (1989SA1P, 1989KA1S).
The influence of meson exchange currents of the second kind isdiscussed in (1988SA12) and in

(1989SA1H) which also considers the effects of neutrino mass. Charged-current (νe, e−) reactions
on 18O and the predicted effects on a proposed neutrino elastic scattering measurement of the
Weinberg angle is discussed in (1988HA22).

2. (a)10B(9Be, n)18F Qm = 14.455

(b) 11B(9Be, 2n)18F Qm = 3.001

See (1986CU02) for production cross sections of 0.94 MeVγ-rays.

3. (a)12C(6Li, d)16O Qm = 5.687 Eb = 13.213

(b) 12C(6Li, α)14N Qm = 8.798

(c) 12C(6Li, 6Li) 12C

Cross sections for these and other charged particle channels have been measured forE(6Li) =
1.9 to 36 MeV [see (1978AJ03, 1983AJ01)]. More recently, measurements of cross sections at
E(6Li) = 210 MeV are reported in (1988NA02). Vector analyzing power measurements have
been made atE(6Li) = 150 MeV (1987TA21, 1988TA08) and atE(6Li) = 30 MeV (1994RE01).
for elastic scattering and atE(6Li) = 30 MeV (1988VAZY, 1989VA04) for inelastic scattering
to 12C*(4.43). Neutron yields from6Li + 12C at E(6Li) = 40 MeV have been measured by
(1987SC11).
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Fig. 3: Energy levels of18F. For notation see Fig. 2.
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Table 18.23:18F – General

Reference Description

Model Calculations

1987LE1L Low-lying non-normal parity states of18O & 18F calculated in shell model + tensor force
1987SH1O Validity of M-3Y force equivalent G-matrix element for s-d shell nucl. struc. calcs.
1988BR11 Semi-empirical effective interactions for the 1s-0d shell
1989HJ03 Effective interactions through 3rd order forA = 18 nuclei with the Paris potential
1989TR18 2-nucleon and 4-nucleon clusters in light & heavy nuclei
1989ZH05 Evidence for unnatural parity-pairing correlations in some light nuclei
1990HJ03 Choice of single-particle potential & the convergence of the effective interaction
1990SK04 Study ofA = 18 nuclei and the effective interaction in the sd shell
1990SK07 Effective interaction derived from the BAGEL approach
1992HJ01 Folded-diagram effective interactions with the Bonn meson-exchange potential model
1992JI04 Bonn potential used to evaluate energy spectra of some lightsd-shell nuclei
1992WA22 Effective interactions for the 0p1s0d nuclear shell-modelspace

Special States

Review:
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.
Other Articles:
1987LE1L Non-normal parity states of18O & 18F calculated in shell model + tensor force
1987MU16 Relativistic effects in the low-energy spectra of 1s0d-shell nuclei
1987SH1O Validity of M-3Y force equivalent G-matrix element for s-d shell nucl. struc. calcs.
1988ET01 Analysis of magnetic dipole transitions between sd-shell states
1989HJ03 Effective interactions through 3rd order forA = 18 nuclei with the Paris potential
1989ZH05 Evidence for unnatural parity-pairing correlations in some light nuclei
1990HJ01 3rd order number-conserving sets & effective interactionscalc. with Bonn-Jülich potential
1990HJ03 Choice of single-particle potential & the convergence of the effective interaction
1990SK04 Study ofA = 18 nuclei and the effective interaction in the sd shell

Electromagnetic

Reviews:
1988HE1E Report on charge symmetry, charge independence, parity andtime reversal invariance
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Table 18.23:18F – General – cont.

Reference Description

Electromagnetic – cont.

1989MC1C Nuclear tests of fundamental interactions
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.
Other articles:
1988ET01 Analysis of magnetic dipole transitions between sd-shell states
1988KA1U Evaluation of the weak pion-nucleon vertex; predictsγ-asymmetry in18F
1993EN03 Strengths ofγ-ray transitions inA = 5–44 nuclei

Astrophysical

Reviews:
1987RA1D Nuclear processes & accelerated particles in solar flares
1989WH1B Abundance ratios as a function of metallicity
1990AR10 Nuclear reactions in astrophysics
Other articles:
1987GOZX Measurement of21Ne(p,α)18F & its astrophysical implications (A)
1988CA26 Analytic expressions for thermonuclear reaction rates involving Z ≤ 14 nuclei
1989JI1A Nucleosynthesis inside thick accretion disks around massive black holes
1990TH1C Explosive nucleosynthesis in SN 1987A: composition, radioactivities, neutron star mass

Applications

Review:
1989WO1B Biomedical applications of particle accelerators (A)
Other articles:
1988HI1F Design & uses of positron emission tomography target systems (A)
1988VO1D Radionuclide production for positron emission tomography: accelerator choices (A)
1988VO1E Water targetry for18F prod. (calc. & exp. verification of beam heating & heat removal) (A)
1989AR1J Production and acceleration of radioactive ion beams at Louvain-la-Neuve
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Table 18.23:18F – General – cont.

Reference Description

Complex Reactions

1987BU07 Projectile-like fragments from20Ne+ 197Au: counting simultaneously emitted neutrons
1987FE04 Single-nucleon transfer reactions induced by 376-MeV17O on208Pb (DWBA analysis)
1987HI05 Energy & linear-momentum dissipation in the fusion reaction 165Ho + 20Ne at 30 MeV/A
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1990GL01 Structure phenomena in the orbiting12C + 24Mg system

Hypernuclei

1988MA1Q Identification of one Glue-like mechanism of theΛ-Hyperon in hypernuclei
1989BA92 Evaluation of hypernucleus production cross-sections in relativistic heavy-ion collisions
1989TA32 Schmidt diagrams & configuration mixing effects on hypernuclear magnetic moments

Symmetries and Fundamental Interactions

1986ADZT Parity and time-reversal violation in nuclei and atoms
1986HA1I Fundamental interaction studies in nuclei
1988HE1C Studies of symmetries and symmetry breaking using nuclei
1988HE1E Status report on charge symmetry & charge independence
1989MC1C Nuclear tests of fundamental interactions

Other Topics

Review
1989AJ1A Summary of recent work involving light nuclei (Sec. 4.2 coversA = 18)
Other articles:
1987MU16 Relativistic effects in the low-energy spectra of 1s0d-shell nuclei
1988KA1U Evaluation of the weak pion-nucleon vertex; predictsγ-asymmetry in18F
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Table 18.23:18F – General – cont.

Reference Description

Other Topics – cont.

1988TR02 Interacting boson scheme for light nuclei
1989GE10 Threshold pion-nucleus amplitudes as predicted by currentalgebra
1989ZH05 Evidence for unnatural parity-pairing correlations in some light nuclei
1990HJ01 3rd order number-conserving sets & effective interactionscalc. with Bonn-Jülich potential
1990KA1F Theoretical aspects of nuclear parity violation
1990SK04 Study ofA = 18 nuclei and the effective interaction in the sd shell
1990SK07 Effective interaction derived from the BAGEL approach

Ground State Properties

Review:
1989RA17 Compilation of exp. data on nuclear moments for ground & excited states of nucl.
Other articles:
1989SA10 Total cross sections of reactions induced by neutron-rich light nuclei
1989TR18 2-nucleon and 4-nucleon clusters in light & heavy nuclei
1991UE01 Unitary pole approx. for Coulomb+Yamaguchi potential usedfor 3-body bound-state calc.

(A) denotes that only an abstract is available for this reference.

The cross section for the isospin-forbiddenα1 group [to14N*(2.31), 0+, T = 1] is 1 to 2% of
the cross section of the allowedα0 andα2 groups forE(6Li) = 3.2 to 6 MeV while for 9 to 14 MeV
it varies from 0.4 to 1.8%. At 20 MeV, theα1 yield is 0.02% of the allowed yield. Structures are
reported atE(6Li) = 11.0 and 13.0 MeV in theα0 yield, at 11.5 and 13.0 MeV in theα1 yield
and at ≈ 11.7 and 12.8 MeV in theα2 yield. A resonance is also reported in theα1 yield at
E(6Li) = 4.2 MeV: Ex = 15.99±0.02 MeV, Γc.m. = 290±30 keV,Jπ = 2+ (one-level BW fit). It
is suggested that this resonance is due to2+ states withT = 0 and 1 which are unresolved. Cross
sections for populating16O*(8.87, 10.36, 11.08, 11.10) are reported by (1981GL02).

The excitation functions for the6Li ions to 12C*(0, 4.43) show a single isolated structure at
E(6Li) = 22.8 MeV, in the range 20–36 MeV, withΓ ≈ 0.8 MeV. It is unlikely to be due to
an isolated state in18F. Analyzing power measurements are reported for many deuteron andα
groups and for elastically scattered6Li ions atE(6Li) = 20 MeV. VAP measurements for elastic
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scattering are also reported atEd = 9.0 and 19.2 MeV (1983RU09) and at 150 MeV (1986KA1C,
1986TA1B).

For fusion studies see (1982DE30, 1987PA12). For references to earlier work and for additional
comments see (1978AJ03, 1983AJ01, 1987AJ02), 12C in (1985AJ01), 14N in (1986AJ01), and16O
in (1986AJ04, 1993TI07).

Table 18.24: Energy levels of18F a

Ex Jπ; T Kπ τ or Decay Reactions

(MeV ± keV) Γc.m.

0 1+; 0 0+ τ1/2 = 109.77± 0.05 min β+ 1, 4, 5, 6, 9, 10, 12, 13, 15, 21, 23,
24, 25, 29, 31, 34, 35, 36, 37, 38, 40,
41, 42, 43, 44

0.93720± 0.06 3+; 0 0+ τm = 67.6 ± 2.5 ps
(g = +0.56± 0.05)

γ 2, 6, 9, 10, 13, 21, 23, 25, 30, 31, 35,
36, 38, 40, 41, 42, 44

1.04155± 0.08 0+; 1 τm = 2.55 ± 0.45 fs γ 6, 9, 21, 25, 30, 31, 34, 35, 37, 38,
40, 42, 43

1.08054± 0.12 0−; 0 0− τm = 27.5 ± 1.9 fs γ 6, 9, 10, 21, 25, 35, 37, 38, 40, 41,
42, 44

1.12136± 0.15 5+; 0 0+ τm = 234 ± 10 ns
(µ = +2.86 ± 0.03 nm)
(Q = 0.13 ± 0.036 b)

γ 5, 6, 9, 10, 13, 14, 21, 22, 25, 30, 31,
32, 35, 37, 40, 42, 44

1.70081± 0.18 1+; 0 1+ τm = 955 ± 27 fs γ 6, 10, 21, 25, 34, 35, 40, 42, 43, 44

2.10061± 0.10 2−; 0 0− τm = 5.1 ± 0.5 ps γ 6, 10, 13, 21, 23, 25, 35, 40, 42, 44

2.52335± 0.18 2+; 0 1+ τm = 590 ± 24 fs γ 6, 10, 21, 25, 30, 31, 40, 42

3.06184± 0.18 2+; 1 τm < 1.2 fs γ 6, 21, 25, 30, 31, 35, 38, 40, 42, 43

3.13387± 0.15 1−; 0 1− τm = 0.39 ± 0.02 ps γ 6, 10, 21, 25, 35, 38, 40, 42

3.3582± 1.0 3+; 0 1+ τm = 0.44 ± 0.03 ps γ 6, 10, 21, 35, 40, 42, 44

3.72419± 0.22 1+; 0 τm = 2.7+4.1
−2.7 fs γ 6, 10, 21, 23, 25, 31, 34, 35, 40, 42,

44

3.79149± 0.22 3−; 0 1− τm = 1.91 ± 0.13 ps γ 5, 10, 21, 23, 25, 35, 40, 42, 44

3.83917± 0.22 2+; 0 τm = 19.0 ± 2.7 fs γ 6, 10, 21, 23, 25, 30, 35, 40, 42, 44

4.11590± 0.25 3+; 0 τm = 91 ± 22 fs γ 6, 10, 21, 23, 25, 30, 31, 35, 40, 42,
44

4.2258± 0.7 2−; 0 (1−) τm = 110 ± 15 fs γ 6, 10, 21, 23, 35, 40, 42, 44

4.36015± 0.26 1+; 0 τm = 27 ± 10 fs γ 10, 21, 25, 34, 35, 40, 42, 44

4.3981± 0.7 4−; 0 0− τm = 58 ± 12 fs γ 6, 10, 13, 14, 21, 35, 40, 42, 44

4.652 ± 2 4+; 1 τm < 10 fs γ 6, 21, 24, 30, 31, 35, 40, 42

4.753 ± 3 0+; 1 γ 21, 35, 38, 40, 42, 44

4.8483± 0.5 5−; 0 1− τm = 5.2 ± 0.9 ps γ 5, 23

4.860 ± 2 1−; 0 τm = 66 ± 18 fs γ, α 6, 21, 40, 42, 44

4.9636± 0.8 2+; 1 τm < 4 fs γ 6, 21, 30, 40, 42

5.2976± 1.5 4+; 0 1+ τm = 30 ± 5 fs γ, α 6, 9, 10, 11, 21, 40, 42

60



Table 18.24: Energy levels of18F a (continued)

Ex Jπ; T Kπ τ or Decay Reactions

(MeV ± keV) Γc.m.

5.502 ± 2 3(−); 0 τm = 63 ± 25 fs γ, α 6, 10, 21, 40, 42

5.60338± 0.27 1+ Γ = 43.3 ± 1.6 eV γ, α 6, 8, 25, 40, 42, 44

5.60486± 0.28 1−; 0 + 1 Γ < 1.2 keV γ, α 6, 8, 10, 21, 25, 40, 42, 44

5.67257± 0.32 d 1−; 0 + 1 Γ < 0.8 keV γ, α 6, 8, 10, 21, 25, 40, 42, 44

5.786± 2.4 2−; 0 τm = 15 ± 10 fs γ, α 6, 21, 40, 42, 44

6.0964± 1.1 4−; 0 1− Γ = 0.24 ± 0.03 keV γ, p,α 6, 10, 21, 25, 29, 40, 42, 44

6.108 ± 3 (1+); 0 Γ = 0.034± 0.003 keV γ, p,α 6, 8, 21, 23, 29, 42, 44

6.13647± 0.33 0+; 1 Γ ≤ 1 keV γ, p 21, 25, 27, 42, 44

6.1632± 0.9 3+; 1 Γ = 14 ± 0.5 keV γ, p,α 21, 25, 27, 42, 44

6.2404± 0.8 3−; 0 + 1 Γ = 0.19 ± 0.03 keV γ, p,α 6, 21, 25, 27, 29, 42

6.242 ± 3 3−; 0 + 1 Γ = 0.18 ± 0.04 keV γ, p,α 6, 8, 21, 25, 29, 42

6.262± 2.5 1+; 0 Γ = 0.60 ± 0.12 keV γ, p,α 6, 8, 10, 21, 29, 34, 42

6.2832± 0.9 2+; 1 Γ = 10.0 ± 0.5 keV γ, p,α 21, 25, 27, 29

6.3105± 0.8 3+; 0 Γ = 0.95 ± 0.14 keV γ, p,α 6, 21, 25, 27, 29, 44

6.3855± 1.7 2+; 0 + 1 Γ = 0.49 ± 0.09 keV γ, p,α 6, 21, 25, 29, 42

6.4849± 1.5 3+; 0 Γ = 0.40 ± 0.10 keV γ, p,α 6, 21, 25, 29, 42, 44

6.5670± 1.5 5+; 0 1+ Γ = 0.56 ± 0.13 keV γ, p,α 6, 8, 9, 10, 11, 21, 29, 42

6.633 ± 10 1 Γ = 80 ± 2 keV p, α 29, 42

6.6437± 0.8 2−; 1 Γ = 0.60 ± 0.07 keV γ, p,α 6, 7, 21, 25, 29

6.647 ± 4 1− Γ = 91 ± 4 keV p, α 8, 10, 29

6.777± 1.4 4+; 0 Γ = 9.2 ± 1.0 keV γ, p,α 21, 25, 27, 29, 42

6.8031± 1.5 1+, 2,3+; 0 Γ ≤ 2 keV γ, p 10, 21, 25, 27, 42

6.809 ± 5 2− Γ = 88 ± 2 keV p, α 7, 8, 29

6.811 (2+) Γ = 3.0 ± 0.5 keV p, α 29

6.857 ± 10 (3−) Γ = 5.0 ± 1.0 keV p, α 29, 42

6.8774± 1.7 3, 4−; 0 Γ ≤ 2 keV γ, p,α 21, 25, 29

7.201 ± 2 (4+); 0 Γ = 6.5 keV p, α 8, 20, 42

7.247 ± 2 (1+); 0 Γ = 46.5 keV p, α 8, 29

7.291 ± 2 3− Γ = 38 keV p, α 7, 8, 27, 29

7.315 ± 4 (3−; 0) Γ = 52 keV p, α 29, 40

7.336 ± 2 1−; 1 Γ = 16 ± 2 keV γ, p 25, 27

7.406 ± 2 1+ Γ = 14.6 ± 1.4 keV p 27

7.447 ± 10 Γ = 140 keV p, α 29, 31

7.454 ± 2 1− Γ = 6 keV p 27

7.478 ± 2 (2) Γ = 12 ± 3 keV γ, p,α 25, 27, 29

(7.485 ± 2) (1−) Γ = 32 keV p 27
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Table 18.24: Energy levels of18F a (continued)

Ex Jπ; T Kπ τ or Decay Reactions

(MeV ± keV) Γc.m.

7.506 ± 2 4− Γ = 12 ± 2 keV p, α 27, 29

7.513 ± 2 Γ < 4 keV γ, p 25

7.528 ± 2 2−; 1 Γ = 16.5 ± 3.0 keV γ, p,α 25, 27, 29

7.532 ± 5 Γ = 75 keV p, α 27, 29

7.555 ± 2 (1−) Γ = 30 keV p 27

7.584 ± 2 Γ = 9 ± 2 keV γ, p,α 25, 27, 29

7.685 ± 2 3+, 4+ Γ = 36 ± 4 keV p, α 27, 29

7.729 ± 4 ≥ 1 Γ = 66 ± 5 keV p, α 27, 29

7.763 ± 4 Γ = 70 keV p 27

7.878 ± 3 ≥ 2 Γ = 20 keV p, α 27, 29

7.899 ± 2 (2−) Γ = 38 keV p, α 7, 8, 29

7.941 ± 12 (1+) Γ = 112 keV p, α 7, 8, 29

8.064 ± 6 ≥ 4 Γ = 60 keV p, α 27, 29

8.115 ± 8 Γ = 96 keV p 27

8.209 ± 2 2− Γ = 52 keV p, α 27, 29

8.238 ± 2 4+ Γ = 20 keV p 27

9.02 (5−; 1) 31

9.207 ± 15 b 3, 4−; 0 p, d,α 16, 17, 18

9.50 2, 3+; 0 n, d,α 16, 18

9.58 ± 20 c 6+ 1+ d, α 9, 10, 11, 22, 31

10.58 ± 50 11

11.22 ± 30 7+ 1+ d, α 9, 10, 11

12.75 (6−; 1) 31

13.83 4−, 5+ Γ = 60 keV d, α 18

14.02 4−, 5+ Γ = 60 keV d, α 18

14.10 4−, 5+ Γ = 60 keV d, α 18

14.18 ± 40 (8+) (1+) d, α 9, 10, 11

14.65 (7+) 31

15.09 4−, 5+ d, α 18

15.34 5+, 6− d, α 18

15.79 ± 100 (6−; 1) 11, 31

16.07 4−, 5+ Γ = 220 keV d, α 18

16.72 4−, 5+ Γ = 60 keV d, α 18

17.43 4−, 5+, 6− Γ = 70 keV d, α 18

18.62 ± 120 11

(19.00 ± 150) Γ = (500 ± 150) keV γ, 3He 12

62



Table 18.24: Energy levels of18F a (continued)

Ex Jπ; T Kπ τ or Decay Reactions

(MeV ± keV) Γc.m.

20.1 ± 200 (2−; 1) Γ = 1600± 100 keV γ, 3He 12

22.7 ± 200 (2−; 1) Γ = 1200 ± 100 keV γ, 3He 12

(24.1 ± 200) Γ = (1400 ± 300) keV γ, 3He 12

a See also Table18.25for radiative transitions and18.26for τm.
b Uncertainty estimated by evaluators.
c For other states withEx < 9.6 MeV see footnotee in Table 18.17 of (1978AJ03) and Table18.27here. For other states with

10.0 < Ex < 19.6 MeV see Table18.27here, and Tables 18.14 and 18.16 in (1978AJ03). These two tables in (1978AJ03)

display the states deduced from the yields of the isospin-forbiddenα1 groups in14N+α and16O+d, respectively. (1976CH24)

reports 151 isospin-mixed natural-parity states with10.4 < Ex < 17.5 MeV [14N(α, α1)] and (1973JO13) reports 138 such

states with9.2 < Ex < 19.4 MeV [16O(d,α1)] of which 16 haveEx > 17.5 MeV. In the region10.4 < Ex < 20.8 MeV some

167 states with mixed isospin and natural parity have been reported. See also reaction 29.
d (1989BO01).

4. 12C(9Be, t)18F Qm = −4.475

Angular distributions are reported atE(9Be) = 12 to 27 MeV to18Fg.s. and to the unresolved
states at 1 MeV: see (1983AJ01). For excitation functions see (1982HU06, 1983JA09).

5. 12C(11B, αn)18F Qm = −2.701

For 18F*(4.85) [5−; T = 0] τm = 5.2 ± 0.9 ps. The E1 strength is(3.4 ± 0.6) × 10−6 W.u.
for the transition to18F*(1.12) [5+; T = 0] and the E2 strength is14.8 ± 2.6 W.u. for that to
18F*(3.79) [3−; 0]. The latter strength, which is that of a highly collective transition, corresponds
to a quadrupole momentQ0 = 395 ± 35 mb and suggests that18F*(4.85) is the5− state of a
(strongly decoupled)Kπ = 1− band (1982KO24). See also Tables18.14and18.15.

6. 14N(α, γ)18F Qm = 4.415

The non-resonantS-factor for this reaction isS ≈ 0.7 MeV · b: see (1978AJ03). A number
of resonances have been observed forEα < 3 MeV: see Table18.27. Studies of these, principally
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by the Toronto and Queen’s groups [see references in (1978AJ03, 1983AJ01)] in conjunction with
work on 14N(α, α), 16O(3He, p), 17O(p, γ) and 17O(p, α) [see Tables18.29, 18.30, 18.31] have
led to the determination of branching ratios, mixing ratiosand widths (Table18.25), lifetimes
(Table18.26) and theEx, Jπ andKπ assignments for18F states withEx < 6.9 MeV. The reader is
referred to the series of papers by the Toronto group for the most complete and definitive arguments
on the parameters of the low-lying states of18F.

A recent measurement reported in (1989BO01) determines a valueEx = 5672.57 ± 0.32 keV
for the first18F level above the proton threshold. This level is important for calculating the rate of
17O destruction during hydrogen burning in stars.

No evidence is seen for the excitation of the (forbidden) state atEx = 4.753 MeV [Jπ =
0+, T = 1] (1981LE1A, 1983LE08). See also (1987AJ02), and see the tables of reaction rates
(1988CA26) and the reviews of (1989KA24, 1989WH1B, 1989TH1C).

7. 14N(α, p)17O Qm = −1.192 Eb = 4.415

Table 18.25: Radiative decays in18F a

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

0.94 3+; 0 0 100

1.04 0+; 1 0 100

1.08 0−; 0 0 100

1.12 5+; 0 0.94 100

1.70 1+; 0 0 29.8 ± 1.3

1.04 70.2 ± 1.3

2.10 2−; 0 0 38 ± 1 Γγ = (4.6 ± 2.2) × 10−5 eV

0.94 31 ± 1 Γγ = (4.0 ± 1.9) × 10−5 eV

1.08 31 ± 1

2.52 2+; 0 0 74.9 ± 1.8 δ = 3.0 ± 1.0

0.94 21.5 ± 1.2 δ = −(1.5 ± 0.6)

1.70 3.9 ± 0.6 δ = 0.94 ± 0.4

3.06 2+; 1 0 23.2 ± 0.8

0.94 76.7 ± 0.8

1.04 0.11 ± 0.03

3.13 1−; 0 0 39 ± 2 δ = +(0.07 ± 0.05)

Γγ = (5.7 ± 2) × 10−4 eV
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

1.04 34 ± 2 Γγ = (7.3 ± 2.7) × 10−4 eV

1.08 25 ± 2 Γγ = (4.8 ± 1.8) × 10−4 eV

1.70 2.0 ± 0.5 δ = +(0.22 ± 0.15)

3.36 3+; 0 0 45 ± 5

0.94 9 ± 3

1.70 40 ± 4

2.10 < 3

2.52 6 ± 3 δ = −0.4+0.3
−0.5

3.72 1+; 0 0 5 ± 2

1.04 91 ± 2 Γγ = (1.3 ± 0.2) × 10−3 eV c

3.06 4 ± 2

3.79 3−; 0 2.10 68 ± 4 δ = −(0.22 ± 0.06)

2.52 2.2 ± 1.1

3.06 30 ± 3 δ = −(0.09 ± 0.09)

3.84 2+; 0 0 38 ± 2 δ = −(1.8 ± 0.5)

0.94 8.9 ± 1.4 δ = −(0.3 ± 0.3)

1.70 3.0 ± 1.0

3.06 50 ± 3 δ = −(0.1 ± 0.3)

4.12 3+; 0 0 5 ± 3

3.06 95 ± 3 δ = +0.06 ± 0.07

4.23 2−; 0 0 23 ± 2 δ = 0.15 ± 0.15

0.94 49 ± 3 δ = 0.0 ± 0.2

1.08 3.2 ± 1.0

1.70 9.3 ± 1.2

2.10 15 ± 5

3.13 0.9 ± 0.6

4.36 1+ 3.06 100

4.40 4−; 0 0.94 13 ± 4 δ = −(0.2 ± 0.3)

1.12 60 ± 6 δ = −(0.2 ± 0.2)

2.10 27 ± 3

4.65 4+; 1 0.94 17 ± 3
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

1.12 83 ± 3 δ = 0.15 ± 0.15

4.75 0+; 1 0 92 ± 4

1.70 8 ± 4

4.85b 5−; 0 1.12 65 ± 4

3.79 35 ± 4

4.86 1−; 0 1.04 65 ± 11

1.08 8 ± 6

3.06 23 ± 7 δ = −(0.4 ± 0.4)

3.13 4 ± 3

4.96 2+; 1 0 100 δ = 1.2 ± 0.7

5.30 4+; 0 0.94 9 ± 2 δ = −(0.3 ± 0.1)

1.12 7 ± 2 δ = −(1.1 ± 0.5)

2.52 78 ± 3 Γγ = 1.2 ± 0.4 × 10−2 eV c

3.36 5 ± 1 δ = 2.5 ± 0.8

4.65 1.3 ± 0.3

5.50 3(−); 0 3.06 100 Γγ = 2.1 ± 0.7 × 10−3 eV c

5.603 1+ 0 16.7 ± 2.3 Γγ = 0.485 ± 0.046 eV c

1.04 3.8 ± 1.2

3.06 79.5 ± 5.9

5.605 1−; 0 + 1 0 6.7 ± 1.2

1.04 4.2 ± 0.8

1.08 54.3 ± 3.1 Γγ = 0.87 ± 0.07 eV c

3.06 2.6 ± 1.4

3.13 32.2 ± 2.5 δ = −0.05 ± 0.02

5.67 1−; 0 + 1 0 6.2 ± 0.4 δ = −0.01 ± 0.04

1.04 8.1 ± 0.7

1.08 52 ± 3 Γγ = 0.46 ± 0.06 eV c

1.70 0.8 ± 0.3

2.10 0.4 ± 0.2

3.06 4.0 ± 0.4 δ = 0.04 ± 0.06

3.13 28.5 ± 2.0 δ = +0.10 ± 0.03
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

5.79 2−; 0 0.94 40 ± 8

1.08 60 ± 8

6.10 4−; 0 0.94 4.9 ± 0.9 Γγ = 5.1 ± 1.0 × 10−2 eV c

1.12 55 ± 3

2.10 27 ± 2

3.79 1.4 ± 0.3

4.12 1.8 ± 0.3

4.40 0.7 ± 0.3

4.65 8.7 ± 0.7

6.10 (1+); 0 0 24 ± 3

0.94 11 ± 3

2.10 20 ± 6

3.06 45 ± 5

6.14 0+; 1 0 50 ± 3 Γγ > 1.6 eV

1.70 12 ± 2

3.72 36 ± 3

4.36 2.1 ± 0.4

5.603 0.19 ± 0.02

6.16 3+; 1 0 0.2 ± 0.2 Γγ = 0.96 ± 0.26 eV c

0.94 51 ± 3

1.12 1.0 ± 0.1

2.52 5.5 ± 0.4

3.06 1.3 ± 0.3

3.79 11.6 ± 1.3

3.84 25.0 ± 1.6

4.12 1.5 ± 0.3

4.23 0.9 ± 0.3

4.40 2.0 ± 0.2

6.240 3−; 0 + 1 0.94 4.6 ± 0.3

2.10 71.5 ± 3.0 Γγ = 0.8 ± 0.11 eV c

3.36 1.1 ± 0.4
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

3.79 10.6 ± 0.5

3.84 1.0 ± 0.2

4.12 0.5 ± 0.2

4.23 7.8 ± 0.4

4.40 2.9 ± 0.3

6.242 3−; 0 + 1 0.94 4.1 ± 0.3

2.10 71.2 ± 3.0 Γγ = 0.73 ± 0.11 eV c

3.36 0.8 ± 0.3

3.79 11.6 ± 0.6

3.84 0.9 ± 0.2

4.12 1.1 ± 0.4

4.23 8.2 ± 0.4

4.40 2.1 ± 0.3

6.26 1+; 0 0 (100)

6.28 2+; 1 0 0.3 ± 0.1 Γγ = 1.8 ± 0.5 eV c

0.94 67 ± 3

1.04 1.3 ± 0.1

1.70 5.7 ± 0.6

2.10 1.2 ± 0.3

2.52 0.3 ± 0.2

3.13 0.7 ± 0.3

3.36 2.3 ± 0.3

3.72 1.4 ± 0.5

3.84 15.8 ± 1.4

4.12 3.9 ± 0.2

4.36 0.5 ± 0.4

6.31 3+; 0 0 4.0 ± 0.7 Γγ = 0.17 ± 0.04 eV c

0.94 10.6 ± 1.0

1.70 3.0 ± 0.8

2.52 4.0 ± 0.5

3.06 57 ± 3 δ = −(0.03 ± 0.10)
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

3.72 1.4 ± 0.7

3.84 4.6 ± 1.0

4.12 2.4 ± 1.7

4.96 13.0 ± 1.5 δ = −(0.01 ± 0.14)

6.39 2+; 0 + 1 0 1.5 ± 0.5 Γγ = 0.44 ± 0.18 eV c

0.94 75 ± 3 δ = −(0.25 ± 0.10)

1.70 6.8 ± 1.7

3.84 14.1 ± 1.6 δ = 0.1 ± 0.2

4.12 2.3 ± 0.5

6.48 3+; 0 0 13 ± 2 Γγ = 74 ± 21 meV c

0.94 33 ± 2

1.12 10 ± 2

1.70 4 ± 2

2.52 4 ± 2

3.06 21 ± 3

3.79 4 ± 2

3.84 9 ± 2

4.96 2 ± 2

6.57 5+; 0 0.94 15.2 ± 1.6

3.36 83 ± 3 Γγ = 2.6 ± 0.5 × 10−2 eV c,d

5.30 2.3 ± 0.6

6.64 2−; 1 0.94 8.9 ± 0.6 Γγ = 1.4 ± 0.4 eV c

2.10 58 ± 3

3.13 22.0 ± 1.3

3.72 0.9 ± 0.2

3.79 2.4 ± 0.2

4.12 1.0 ± 0.3

4.86 2.6 ± 0.2

5.50 4.0 ± 0.3

6.78 4+; 0 0.94 12.6 ± 0.9 Γγ = 0.31 ± 0.08 eV c

δ = −(0.35 ± 0.18)
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Table 18.25: Radiative decays in18F a (continued)

Ei (MeV) Jπ
i Ef (MeV) Branch (%) Widths and mixing ratios

1.12 25.2 ± 1.3 δ = −(1.4 ± 1.1)

4.65 62 ± 2 δ = 0.13 ± 0.13

6.80 1+, 2+, 3+; (0) 0 20 ± 2

0.94 20 ± 2

3.06 50 ± 3

3.84 3.0 ± 1.6

4.96 7.0 ± 1.7

6.88 3, 4−; 0 2.10 9 ± 2

4.65 91 ± 2

7.34 1−; 1 0 4 ± 0.5

1.08 54 ± 2

2.10 18 ± 1

3.06 1 ± 0.5

3.13 8 ± 0.5

4.23 15 ± 0.6

7.48 (2) 0.94 100

7.52 0.94 5 ± 4

2.10 7 ± 5

3.79 33 ± 5

4.40 55 ± 7

7.53 2− 0 10 ± 3

0.94 14 ± 6

2.10 50 ± 9

3.79 26 ± 7

7.59 0 18 ± 7

0.94 14 ± 12

1.12 9 ± 7

4.65 59 ± 16
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a For earlier references see Tables 18.11 in (1978AJ03) and 18.12 in (1983AJ01). See these tables also

for upper limits for transitions to other states.
b (1982FR15): see reactions 6 and 23.
c Γγ = total radiative width for this state.
d Γα = Γ ≈ 560 eV, Γp < 4.5 eV.
d See Table18.27.

Observed resonances are displayed in Table18.27. See also17O in (1986AJ04, 1993TI07).

8. (a)14N(α, α′)14N Eb = 4.415

(b) 14N(α, 2α)10B Qm = −11.613

(c) 14N(α, 6Li) 12C Qm = −8.798

Table 18.26: Lifetime measurements of some18F states

18F* (MeV) Jπ; T τm References

0.94 3+; 0 67.6 ± 2.5 ps meana

1.04 0+; 1 2.7 ± 0.4 fs b

2.2 ± 0.6 fs (1983CA21)

2.55 ± 0.45 fs (1983CA21) c

1.08 0−; 0 27.5 ± 1.9 ps meana

1.12 5+; 0 234 ± 10 ns meanb

1.70 1+; 0 0.971 ± 0.30 ps (1982BA40)

0.897 ± 0.057 ps (1983MO16) d

0.955 ± 0.027 ps mean

2.10 2−; 0 5.12 ± 0.56 ps (1982BA40)

4.93 ± 0.78 ps (1983MO16)

5.06 ± 0.46 ps mean

2.52 2+; 0 0.605 ± 0.029 ps (1982BA40)

0.554 ± 0.045 ps (1983MO16)

0.590 ± 0.024 ps mean

3.06 2+; 1 < 1.2 fs (1982BA40) a,e

3.13 1−; 0 0.403 ± 0.018 ps (1982BA40)

0.343 ± 0.022 ps (1983MO16)
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Table 18.26: Lifetime measurements of some18F states (continued)

18F* (MeV) Jπ; T τm References

0.39 ± 0.02 psA

3.36 3+; 0 0.435 ± 0.041 ps (1982BA40)

0.451 ± 0.034 ps (1983MO16)

0.44 ± 0.03 psA

3.72 1+; 0 4 ± 2 fs (1973RO04)

2.7+4.1
−2.7 fs A (1982BA40) c

3.79 3−; 0 1.91 ± 0.17 ps (1982BA40)

1.90 ± 0.20 ps (1983MO16)

1.91 ± 0.13 ps mean

3.84 2+; 0 17.4 ± 3.6 fs (1982BA40)

21 ± 4 fs (1983MO16)

19.0 ± 2.7 fs mean

4.12 3+; 0 91 ± 22 fs (1973RO06)

4.23 2−; 0 110 ± 15 fs (1973RO06)

4.36 1+; 0 27 ± 10 fs (1973RO06)

4.40 4−; 0 58 ± 12 fs (1973RO06)

4.65 4+; 1 < 10 fs (1973RO06)

4.85 5−; 0 5.2 ± 0.9 ps (1973RO06)

4.86 1−; 0 66 ± 18 fs (1973RO06)

4.96 2+; 1 < 4 fs (1973RO06)

5.30 4+; 0 30 ± 5 fs (1973RO06)

5.50 3(−); 0 63 ± 25 fs (1973RO06)

5.79 2−; 0 15 ± 10 fs (1973RO06)

A = adopted.
a See Table 18.12 in (1978AJ03).
b See Table 18.13 in (1983AJ01).
c See also (1985KE1C).
d See also (1982MO09).
e See also (1983MO16).
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Table 18.27: Resonances in14N + α belowEα = 5 MeV a

Eα Particles Γc.m. (2J + 1)ΓγΓα/Γ Jπ; T Ex

(MeV ± keV) out (keV) (eV) (MeV)

< 2 × 10−5 4.657

0.559 γ (2.8 ± 0.5) × 10−4 1; 0 4.850

0.698 < 0.5 × 10−4 2+; 1 4.958

1.136 ± 3 γ 0.084 ± 0.004 4+; 0 5.299

1.398 ± 3 γ 0.022 ± 0.003 3(−); 0 5.502

1.527 γ, α0 1.44 ± 0.14 1+ 5.603e

1.529 ± 2 γ, α0 < 1.2 2.60 ± 0.21 1−; 0 + 1 5.604f

1.618 ± 2 γ, α0 < 0.8 1.4 ± 0.2 b 1−; 0 + 1 5.673g

1.765 ± 4 γ 0.047 ± 0.018 2−; 0 5.788

2.160 ± 4 γ 0.20 ± 0.04 4−; 0 6.095

2.166 ± 7 γ, α0 0.08 ± 0.03 1, 2,3(−); 0 6.100
c

2.348 ± 3 γ, α0 < 0.8 3−; 0 + 1 6.241h

2.372 ± 3 γ, α0 < 3 1+; (0) 6.260i

d

2.438 ± 4 γ 0.52 ± 0.12 3+; 0 6.311

2.532 ± 4 γ 1.6 ± 0.4 2+; 0 + 1 6.384

γ 0.16 ± 0.06 3+; (0) 6.480

2.767 ± 4 γ, α0 (< 0.8) 0.29 ± 0.06 5+; 0 6.567

2.870 ± 4 γ, p0 < 1.6 2.7 ± 0.5 2−; 1 6.647

2.870 ± 6 α0 93 ± 5 Γα/Γ = 0.85 1− 6.647

0.12 ± 0.07 4+; 0 6.78

< 0.2 1+, 2+, 3+; (0) 6.803

3.080 ± 6 p0, α0 101 ± 5 2− 6.810

3.576 ± 4 α0 < 4 (4+) 7.196

3.67 α0 45 ± 10 (1+) 7.27

3.72 p0, α0 53 ± 6 (3−) 7.31

4.00 p0, α0 35 (3−) 7.53

4.05 p0, α0 60 7.57

4.11 p0, α0 40 7.61

73



Table 18.27: Resonances in14N + α belowEα = 5 MeV a (continued)

Eα Particles Γc.m. (2J + 1)ΓγΓα/Γ Jπ; T Ex

(MeV ± keV) out (keV) (eV) (MeV)

4.28 p0, α0 120 7.74

4.50 p0, α0 30 (2−) 7.92

4.55 p0, α0 70 (1+) 7.95

a References are displayed in Tables 18.13 of (1972AJ02, 1978AJ03). Higher resonances observed in
14N(α, α1) are listed in Table 18.14 of (1978AJ03).
b ωγ = 0.45 ± 0.02 (1982BE29).
c ≤ 0.07 for 18F*(6.11, 6.16 MeV) (1973RO03).
d ≤ 0.03 for 18F*(6.28 MeV) (1973RO03).
e Γα = 42.8 ± 1.6 eV, Γγ = 0.485 ± 0.046 eV, lα = 0 (1980MA26). See also Table18.30.
f Γα = 32.0± 2.1 eV,Γγ = 0.891± 0.074 eV, lα = 1. ∆Ex for 18F*(5.603, 5.605 MeV) is1.84± 0.04 keV

(1980MA26). See also Table18.30.
g Γα = 130±5 eV,Γγ = 1.4±0.3 eV, lα = 1 (1980MA26). More recently, an accurate energy measurement

for this level by (1989BO01) gaveEx = 5672.57± 0.32 keV.
h This resonance corresponds to two states atEx = 6240 and 6242 keV. The lower member of the doublet

(both of which haveJπ = 3− and mixed isospin) hasΓα = 133 ± 4 eV, Γγ = 0.80 ± 0.11 eV; the higher

hasΓα = 137 ± 0.4 eV, Γγ = 0.73 ± 0.11 eV (1979KI12).
i Γα = 580 ± 12 eV, Γp = 25+35

−25 eV (1979KI12).

Observed anomalies in the elastic scattering [reaction (a)] are exhibited in Table18.27. Res-
onances in theα1 isospin-forbidden yield are displayed in Table 18.14 of (1978AJ03). In theα1

study, carried out forEα = 7.6–16.9 MeV, a partial-wave analysis involving a method of removing
ambiguities and parametrizingS-matrix elements gives the level parameters of 151 isospin mixed,
natural-parity states in18F with 10.4 < Ex < 17.5 MeV. Many of these states have also been
reported in the16O(d, α1) reaction [Table 18.16 of (1978AJ03)]. The agreement is best for low-
lying 2+ or 4+ states, and is quite good for3− and5− states, while for high-J states the greater
centrifugal barrier for16O+ d at the sameEx leads to a relative suppression of high-J states in the
16O+d work. A study of the energy dependence of averaged intensities of the partial waves shows
some indication that the lower partial waves conserve isospin asEx increases.

The total cross sections for formation of10B and6Li have been studied forEα = 21 to 42 MeV
[see (1978AJ03)], as has the cross section for production of 1.64 and 2.31 MeV γ-rays from
threshold toEα = 26 MeV (1985DY05). See also (1987AJ02), and see (1987BU27, 1989BE1R,
1990WE14, 1991LE33).

9. (a)14N(6Li, d)18F Qm = 2.940

(b) 14N(6Li, dα)14N Qm = −1.475
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Angular distributions have been measured for the deuteron groups to18F*(5.34 [4+], 6.56[5+],
9.58, 11.2, 14.1) atE(6Li) = 36 MeV. Angular correlations lead toJπ = 6+ and8+ for 18F*(9.58,
14.1) and the data are consistent withJπ = 7+ for 18F*(11.2) (1983ET02). For the earlier work
see (1978AJ03).

10. 14N(7Li, t)18F Qm = 1.948

At E(7Li) = 36 MeV theKπ = 1+ band appears to be selectively populated. States atEx =
9.58±0.02, 11.22±0.03 and14.18±0.04 MeV are strongly populated. It is suggested that the first
two are the6+ and7+ members of that band: see reaction 8. [Angular distributions are reported
for 18F*(1.70, 2.10, 2.52, 3.36, 4.40, 5.30, 6.57, 9.58, 11.22, 14.18).] See (1978AJ03, 1987AJ02)
for the earlier work.

11. (a)14N(11B, 7Li) 18F Qm = −4.250

(b) 14N(13C, 9Be)18F Qm = −6.233

These reactions have been studied atE(11B) = 115 MeV andE(13C) = 105 MeV. Differential
cross sections at three angles are reported for the transitions to18F*(9.58, 10.57 ± 0.07, 11.2)
in reaction (a) and to18F*(5.30, 6.57, 9.58,10.60 ± 0.08, 11.2) in reaction (b). In addition to
these states18F*(14.18) is strongly excited in both reactions, and transitions to18F*(15.79± 0.10,
18.62 ± 0.12) are also reported: see (1983AJ01).

12. (a)15N(3He,γ)18F Qm = 14.156

(b) 15N(3He,α)14N Qm = 9.745 Eb = 14.160

Excitation functions have been measured forE(3He) = 2.5 to 16 MeV for theγ0 andγ1→4

yields. Resonances are observed corresponding toEx = (19.00 ± 0.15) [γ1→4], (20.1 ± 0.2)
[γ0, γ1→4], (22.7 ± 0.2) [γ0, γ1→4] and (24.1 ± 0.2) MeV [γ1→4], with Γc.m. = (0.5 ± 0.15),
(1.6±0.1), (1.2±0.1) and(1.4±0.3) MeV, respectively. Theγ0 yield is dominated by18F*(20.10)
[(1983WA05): see for(2J + 1)Γ3HeΓγ values]. It is suggested that structures decaying byγ0 have
Jπ = 2− (and possiblyT = 1) (1983WA05). For analyzing power measurements atE(3He) =
33 MeV see (1986DR03).

13. 15N(6Li, t)18F Qm = −1.635
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At E(6Li) = 30 MeV preferential excitation of odd-parity states of18F belowEx = 5 MeV is
reported. Angular distributions of the tritons to18F*(0, 0.94, 2.10, 4.40) [Jπ = 1+, 3+, 2−, 4−] are
all strongly forward peaked: see (1978AJ03).

14. (a)15N(11B, 8Li) 18F Qm = −13.048

(b) 15N(12C, 9Be)18F Qm = −12.119

These reactions have been studied withE(11B) = E(12C) = 115 MeV. Reaction (a) is domi-
nated by the transitions to18F*(1.12) [presumablyJπ = 5+ state, although the group is unresolved]
and to18F*(7.15, 9.45) [Jπ = (7−) and(6−)]. No single state is strongly preferentially populated
in reaction (b). Differential cross sections for18F*(4.40, 6.10, 7.15, 9.45) [Jπ = 4−, (5−), (7−),
(6−)], are fitted by FRDWBA: see (1983AJ01).

15. 16O(d,γ)18F Qm = 7.526

The capture cross section rises from 0.1µb atEd = 0.4 MeV to 25µb at 3.5 MeV:Γγ over this
range is≈ 2 eV: see (1972AJ02).

16. (a)16O(d, n)17F Qm = −1.624 Eb = 7.526

(b) 16O(d, p)17O Qm = 1.919

Excitation functions and polarization studies have been carried out toEd = 17 MeV [see
(1978AJ03, 1983AJ01)] and atEd ≈ 5.6 to 8.3 MeV (1985GR1B; p0, p3, p4). Structures attributed
to states in18F are displayed in Table18.28. See also17O and17F in (1986AJ04, 1993TI07),
(1987AJ02), and see (1992LA08) for applications.

17. 16O(d, d′)16O Eb = 7.526

The yields and polarized observables of elastically scattered deuterons have been reported
for Ed = 0.65 to 56 MeV: see (1978AJ03, 1983AJ01). More recent measurements are those
by (1985GR1B) [excitation functions forEd ≈ 5.6 to 8.3 MeV] and the polarization studies at
Ed = 20.5 MeV (1984FR14; TAP), 56 MeV (1986MA32, VAP, TAP) and 200, 400 and 700 MeV
(1987NG01; VAP, TAP). An analysis forEd = 400 MeV in terms of the folding model is discussed
in (1987GR16). Virtual breakup effects in (d, d) elastic scattering havebeen studied (1988IS02).
For references to earlier work see (1987AJ02), and see the16O sections of (1986AJ04, 1993TI07).
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18. 16O(d,α)14N Qm = 3.111 Eb = 7.526

The yields of various groups ofα-particles have been measured forEd ≤ 20 MeV: see
(1978AJ03, 1983AJ01). The yield curves have been fitted in terms of a large number of states
in 18F: see Table18.28here, and 18.16 in (1978AJ03).

Table 18.28: Maxima in the yields of16O + d a

Ed Particles out Γc.m. Jπ; T Ex

(MeV ± keV) (keV) (MeV)

0.895 p1, α0 210 ± 25 (8.320)

1.048 p1, d0, α0 88 ± 10 1+ 8.456

1.199 α0 230 ± 30 (8.590)

1.298 p1, d0, α0 13 ± 3 (8.678)

1.325 d0, α0 (8.702)

1.482 α0 40 ± 5 (8.842)

1.563 d0, α0 121 ± 15 (8.914)

1.616 α0 19 ± 15 (8.961)

1.765 d0, α0 141 ± 10 (9.093)

1.885 p0, p1, d0, α0 108 ± 12 3, 4−; 0 9.200

2.22 n0, α0 2, 3+; 0 9.50

2.28 α0 2, 3+; 0 (9.55)

2.34 n0, p1 (9.60)

2.55 p1 (9.79)

2.92 n0, p0, p1 10.12

3.05 α0 3, 4−; 0 10.24

3.13 n, p1, α0, α1 ≥ 2; 0 10.31

3.37 n0, p0, p1, α1 10.52

3.47 α0 4, 5+; 0 10.61

3.68 n0, p0, p1, α1 2+ 10.79

3.80 p0, α0 ≥ 2+; 0 10.90

3.94 n, p1, α1 11.03

3.95 p1, α0 ≃ 35 3, 4−; 0 11.03

4.07 n, p1 11.14

4.38 p1, α0 4, 5+; 0 11.42
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Table 18.28: Maxima in the yields of16O + d a (continued)

Ed Particles out Γc.m. Jπ; T Ex

(MeV ± keV) (keV) (MeV)

4.57 α0 5, 6−; 0 11.58

4.80 d0, α0 ≥ 3; 0 11.79

4.93 α0 5, 6−; 0 11.90

5.05 ± 15 α4 40 12.01

5.11 α0, α2, α4 60 4, 5+; 0 12.06

5.17 α0 55 T = 0 12.12

5.32 α0 70 12.25

5.34 α0, α2 170 12.27

5.40 α0, α4 130 12.32

5.47 α4 80 12.38

5.49 α2, α3, α4 120 12.40

5.59 α0, α2 120 12.49

5.65 α0, α2 140 12.54

5.77 α0 180 2+ 12.65

5.80 α0, α2, α4 160 12.68

5.81 α3, α4 80 5− 12.69

5.91 α2 160 12.77

6.00 α0 120 12.85

6.11 α0, α4 120 12.95

6.19 α2, α3 200 ≥ 4; 0 13.02

6.25 α0, α4 150 T = 0 13.08

6.30 α0, α2 160 13.12

6.34 α0, α3 160 5, 6−; 0 13.16

6.38 α0, α3 145 T = 0 13.19

6.43 α0, α2 120 13.24

6.46 α0, α4 100 13.26

6.54 α0, α2 135 13.33

6.61 α2, α3, α4 120 13.40

6.64 α0, α2 200 13.42

6.66 α0 100 13.44
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Table 18.28: Maxima in the yields of16O + d a (continued)

Ed Particles out Γc.m. Jπ; T Ex

(MeV ± keV) (keV) (MeV)

6.72 α2 100 13.49

6.73 α2 100 13.50

6.80 α2, α3 140 13.56

6.84 α0, α2, α4 150 13.60

6.94 α0, α3 90 13.69

7.10 α3, α4 60 4−, 5+ 13.83

7.27 α3 150 13.98

7.31 α2 60 4−, 5+ 14.02

7.34 α0, α3, α4 200 14.04

7.38 α0, α3 210 14.08

7.41 α3 60 4−, 5+ 14.10

7.49 α0 220 14.18

7.58 α0 200 ≥ 4; 0 14.26

7.62 α4 85 14.29

7.66 α0, α2, α4 130 T = 0 14.33

7.67 α0, α2, α3, α4 250 T = 0 14.34

7.74 α3 200 3+, 4− 14.40

7.80 α0, α4 70 14.45

7.82 α0, α2 225 14.47

7.99 α4 200 14.62

8.02 α0 150 14.65

8.03 α3 310 14.66

8.07 α0 120 14.69

8.08 α3, α4 310 14.70

8.21 α2 250 14.82

8.25 α4 380 14.85

8.30 α0, α2, α3 210 14.90

8.34 α4 115 14.93

8.37 α0 130 14.96

8.37 α0, α3 250 14.96
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Table 18.28: Maxima in the yields of16O + d a (continued)

Ed Particles out Γc.m. Jπ; T Ex

(MeV ± keV) (keV) (MeV)

8.40 α0 310 14.99

8.43 α4 120 15.01

8.52 α3, α4 160 4−, 5+ 15.09

8.52 α2 150 15.09

8.56 α2 220 15.13

8.58 α4 180 15.15

8.61 α0, α3 200 15.17

8.65 α0, α2 135 15.21

8.72 α2, α4 120 15.27

8.76 α2 160 15.30

8.79 α0 200 15.33

8.80 α0, α3, α4 200 5+, 6− 15.34

8.89 α3 110 15.42

8.93 α3, α4 190 15.46

8.97 α2, α4 210 15.49

9.00 α0, α2 190 15.52

9.62 α3 220 4−, 5+ 16.07

10.35 α3 60 4−, 5+ 16.72

11.15 α3 70 4−, 5+, 6− 17.43

a For references see Table 18.15 in (1978AJ03). This table does not include the structures

in α1 leading to isospin-mixed states in18F: for the latter see Table 18.16 in (1978AJ03).

A detailed study by (1973JO13) of the isospin-forbiddenα1 yield, analyzed byS-matrix theory,
identifies a large number of isospin-mixed states in18F, possibly as many as 138 with9.2 < Ex <
19.4 MeV. The reaction mechanism appears to be almost entirely compound nuclear. The isospin
impurity, averaged over 1 MeV intervals, is 3–10% for the aboveEx range. The average coherence
width increases from≈ 100 keV atEx = 14 MeV to ≈ 500 keV atEx = 20 MeV. The level
densities appear to be consistent with predictions of the Fermi-gas model (1973JO13). See also
(1985JOZZ). [For mixed isospin states observed in14N(α, α1) see Table 18.14 in (1978AJ03).]
Polarized beam measurements are reported forEd = 6.8 to 16 MeV: see (1978AJ03, 1983AJ01).
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19. 16O(d, 6Li) 12C Qm = −5.687 Eb = 7.526

Vector and tensor polarized beam measurements are reportedfor the transitions to12C*(0,
4.4) atEd = 18 and 22 MeV (1987TA07; VAP, TAP) and 51.7 MeV (1986YA12; VAP; also to
12C*(14.1)).

20. 16O(t, n)18F Qm = 1.269

Recent measurement of neutron yields forEx = 20 MeV are discussed in (1993DR03, 1993DR04).
Applications are discussed in (1987BO16, 1990BA1S). For earlier work see (1983AJ01, 1987AJ02).

21. 16O(3He, p)18F Qm = 2.032

Excitation energies derived from measurements ofγ-rays are displayed in Table18.29together
with l-assignments obtained from distorted-wave analyses, andJπ, T andKπ assignments from
branching ratios, radiative widths, linear polarization,γ-ray angular distributions andτm mea-
surements [see also Tables18.25and18.26]. Studies of this reaction, together with the work on
14N(α, γ) and17O(p,γ), have defined the low-lying states of18F.

The g-factor of18F*(0.94) [Jπ = 3+] is (+0.56 ± 0.05): see (1983AJ01). The circular polar-
ization of the 1.08 MeV→ g.s.γ-ray,Pγ = (−10 ± 18) × 10−4 (1982AH07), (2.7 ± 5.7) × 10−4

(1985BI03, 1988BI07), (1.6±5.6)×10−4 (1985EV03), (1.7±5.8)×10−4 (1987PA07). The weak
pion-nucleon coupling constant deduced from the weighted average of all recentPγ measurements
[(1.2± 3.9)× 10−4] is (0.3+1.0

−0.3)× 10−7. Together with PNC matrix elements in other experiments
this suggests that the isovector weak NN interaction may be strongly suppressed compared with the
isoscalar weak NN interaction (1985EV03, 1987PA07). For a measurement of the ICC of the 0.94,
1.02, 1.04, and 1.08 MeVγ-rays see (1986KR04). See also (1978AJ03, 1983AJ01, 1987AJ02)
and19Ne.

A discussion of nuclear tests of fundamental interactions is presented in (1989MC1C). For
recent work on the use of this reaction for oxygen analysis, see (1991BA62, 1992CO08). For
applications related to18F production see (1991GU05, 1991SU17).

22. 16O(α, d)18F Qm = −16.321

Angular distributions of the deuteron groups to18F*(1.12) [Jπ = 5+] have been studied at
Eα = 28.0 to 33.6 MeV: see (1983AJ01). At Eα = 65.3 MeV a number of angular distributions
are reported to18F states withEx ≤ 11.4 MeV: 18F*(9.49, 10.54) are suggested to haveJπ = 6−

and7+ respectively (1986KA36). See, however, reactions 9 and 10. The use of this reaction in 18F
production is discussed in (1991GU05).
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23. 16O(6Li, α)18F Qm = 6.051

Angular distributions have been measured atE(6Li) = 5.5 to 34 MeV [see (1983AJ01)] and
at E(6Li) = 48 MeV (1984CO05; α0, α1, α4). (1982FR15) report the excitation of a state at
Ex = 4848 ± 0.5 keV which decays(35 ± 4)% to 18F*(3.79) [Eγ = 1056.8 ± 0.4 keV] and
(65 ± 4)% to 18F*(1.12). Alpha-gamma angular correlations are consistent with Jπ = 5−, and
T = 0 (1982FR15). See also (1986GL02) and (1986IC01).

24. (a)16O(11B, 9Be)18F Qm = −8.290

(b) 16O(13C, 11B)18F Qm = −11.153

(c) 16O(14N, 12C)18F Qm = −2.747

See (1983AJ01).

Table 18.29: States in18F from 16O(3He, pγ)18F a

Ex (keV) b l a Jπ; T c Kπ c

0 0 1+; 0 0+

937.1 ± 0.4 2 3+; 0 0+

1040.9 ± 0.5 0 0+; 1

1080.1 ± 0.5 0−; 0 0−

1119.0 ± 0.6 4 5+; 0 0+

1701.4 ± 0.7 0 1+; 0 1+

2099.9 ± 0.6 2−; 0 0−

2523.4 ± 0.7 2 2+; 0 1+

3061.2 ± 0.5 2 2+; 1

3132.8 ± 0.6 1−; 0 1−

3358.2 ± 1.0 3+; 0 1+

3725.4 ± 0.8 1+; 0

3790 ± 0.9 3−; 0 1−

3838.4 ± 0.7 2 2+; 0

4114.5 ± 0.9 3+; 0

4225.8 ± 0.7 2(−); 0 (1−)

4361.0 ± 0.7 1(+)

4398.1 ± 0.7 3−, 4−; 0 d (0−)
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Table 18.29: States in18F from 16O(3He, pγ)18F a (continued)

Ex (keV) b l a Jπ; T c Kπ c

4652 ± 2 4 4+; 1

4753 ± 3 (0+; 1)

4860 ± 2 1(−); 0

4963.6 ± 0.8 2+; 1

5297.6 ± 1.5 4+ 1+

5502 ± 2 3(−); 0

5603 ± 2 1−; 0 + 1

5669 ± 2 1−; 0 + 1

5785 ± 3 2−; 0

6097.4 ± 1.4 4−; 0 1−

6108 ± 3 1, 2,3(−); 0

6138.3 ± 1.0 0+; 1

6164.0 ± 1.0 3+; 1

6241.2 ± 1.0 3−; 1

6263 ± 3 1+

6284.0 ± 1.0 2+; 0 + 1

6310.5 ± 0.8 3+; 0

6383 ± 3 2+; 0 + 1

6480 ± 2 3+; (0)

6567.0 ± 1.5 5+ 1+

6643.0 ± 1.5 2−; 1

6777 ± 2 c 4+

6803.0 ± 1.5 1+, 2,3+; (0)

6878 ± 2 c 3(−), 4−; (0)

a For earlier results derived from measurements of proton spectra and ofγ-rays, see

Table 18.18 in (1972AJ02). See also Tables18.25and18.26here.
b (1973RO03): γ-ray measurements.
c See Table 18.17 in (1978AJ03).
d See p. 179 of (1979KI12).
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Table 18.30: Excited states of18F from 17O(p,γ)18F a

Ex (keV) Ex (keV)

937.18 ± 0.06 3724.19 ± 0.22

1041.55 ± 0.08 3791.49 ± 0.22

1080.54 ± 0.12 3839.17 ± 0.22

1121.36 ± 0.15 4115.90 ± 0.25

1700.81 ± 0.18 4360.15 ± 0.26

2100.61 ± 0.10 5603.38 ± 0.27

2523.35 ± 0.18 5604.86 ± 0.28

3061.84 ± 0.18 5668 ± 2

3133.87 ± 0.15 6136.47 ± 0.33

a See also Table18.31here, and Table 18.17 in (1983AJ01).

25. 17O(p,γ)18F Qm = 5.607

Gamma-ray measurements lead to the very accurateEx determinations for18F states below
6.2 MeV: see Table18.30. Observed resonances are displayed in Table18.31; branching ratios,
radiative widths and multipole mixing ratios are shown in Table18.25; andτm in Table18.26.

The direct capture cross section has been studied forEp = 0.3 to 1.9 MeV:18F*(5.603, 5.605,
5.668, 5.786 MeV) haveJπ = 1+, 1−, 1− and2−. The1− states have mixed isospin. For astrophys-
ical work, see the thermonuclear reaction rate tables in (1985CA41) and the analytical expression
presented in (1988CA26). See also (1978AJ03, 1983AJ01, 1987AJ02).

26. 17O(p, n)17F Qm = −3.543 Eb = 5.607

Observed resonances are displayed in Table18.31. Analyzing power measurements are re-
ported atEp = 135 MeV (1983PUZZ; n0).

For astrophysics-related work see the thermonuclear reaction rate tables of (1985CA41) and
the analytical expressions of (1988CA26).

27. 17O(p, p′)17O Eb = 5.607

The elastic scattering has been studied forEp = 0.5 to 13 MeV [see (1978AJ03, 1983AJ01)]:
observed anomalies are displayed in Table18.31. Analyzing powers have been measured atEp =
89.7 MeV (1985VO12).
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28. 17O(p, t)15O Qm = −11.325 Eb = 5.607

Analyzing powers have been reported atEp = 89.7 MeV for the triton groups to a number of
15O states (1985VO12).

29. 17O(p,α)14N Qm = 1.192 Eb = 5.607

The yield ofα0 shows a number of resonances forEp = 0.49 to 3.0 MeV: see Table18.31. The
R-matrix fit of (1979KI13), obtained using data fromEp = 400 to 1400 keV, confirms the earlier
result [see, e.g., reaction 31 in (1978AJ03)] that a significant quantity of17O is burned up in the
(p, γ) rather than in the (p,α) reaction for a wide range of stellar temperatures (1979KI13). See
also (1987AJ02, 1987AS05).

Table 18.31: Resonances in17O + p a

Ep Particles out Γc.m. (2J + 1)ΓγΓp/Γ Jπ; T Ex

(keV) (keV) (eV) (MeV ± keV)

517.0 ± 1.0 γ, α0 0.24 ± 0.03 0.26 ± 0.05 4−; 0 6.095

525 α0 0.034 ± 0.003 (1+) 6.102

561.2 ± 1.0 γ ≤ 1 2.2 ± 0.6 0+; 1 6.136

587.1 ± 1.0 γ, p0, α0 14 ± 0.5 6.7 ± 1.8 3+; 1 6.161

670.5 ± 1.0 γ, p0, α0 0.19 ± 0.03 c 3−; 0 + 1 6.239

673.0 γ, α0 0.18 ± 0.04 c 3−; 0 + 1 6.242

690 ± 4 α0 0.60 ± 0.12 ≤ 0.02 1+; 0 6.258

714.2 ± 1.0 γ, p0, α0 10.0 ± 0.5 9.1 ± 2.3 2+; 1 6.281

741 ± 2 γ, p0, α0 0.95 ± 0.14 0.64 ± 0.17 3+; 0 6.306

826 ± 2 γ, α0 0.40 ± 0.09 0.60 ± 0.18 2+; 0 + 1 6.386

926 ± 2 γ, α0 0.40 ± 0.10 0.36 ± 0.15 3+; 0 6.481

1015 α0 0.56 ± 0.13 ≤ 0.0023 5+; 0 6.565

1090 α0 80 ± 2 1 6.635

1098.4 ± 0.4 γ, α 0.60 ± 0.07 4.3 ± 1.2 2−; 1 6.6439

1101 ± 4 α0 89 ± 5 6.646

1240 ± 2 b γ, p0, α0 9.2 ± 1.0 2.8 ± 0.7 4+; 0 6.777

1270 γ, p0 ≤ 2 0.54 ± 0.20 1+, 2,3+; 0 6.8031 ± 1.5

1274 ± 5 α0 88 ± 2 2− 6.809
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Table 18.31: Resonances in17O + p a (continued)

Ep Particles out Γc.m. (2J + 1)ΓγΓp/Γ Jπ; T Ex

(keV) (keV) (eV) (MeV ± keV)

1276 α0 3.0 ± 0.5 (2+) 6.811

1338 α0 5.0 ± 1.0 (3−) 6.870

1345 ± 3 γ, α0 ≤ 2 1.0 ± 0.4 3, 4−; 0 6.876

1687.5 ± 1 α0 6.5 3.9 (4+); 0 7.199

1738 ± 2 α0 46.5 8.8 (1+); 0 7.247

1784 ± 2 p0, α0 38 47 3− 7.291

1810 ± 4 α0 52 8.5 (3−; 0) 7.315

1832.5 ± 1 γ, p0, p1 16 ± 2 d 1−; 1 7.336

1906 ± 2 p0, p1 14.6 ± 1.4 1+ 7.406

1950 ± 10 α0 140 5.6 7.447

1957 ± 2 p0 6 1− 7.454

1983 ± 2 γ, p1, α0 12 ± 3 1.5 (2) 7.478

(1990 ± 2) p0 32 (1−) (7.485)

2012 ± 2 p0, α0 12 ± 2 7.2 4− 7.506

2020 ± 2 γ ≤ 4 7.513

2036 ± 2 γ, p0, p1, α0 16.5 ± 3.0 5.5 e 2−; 1 7.528

2040 ± 5 p1, α0 75 7.532

2064 ± 2 p0 30 (1−) 7.555

2095 ± 2 γ, p0, p1, α0 9 ± 2 3.7 f g 7.584

2202 ± 2 p0, p1, α0 36 ± 4 25.1 3+, 4+ g 7.685

2248 ± 4 p1, α0 66 ± 5 28.2 ≥ 1 7.729

2284 ± 4 p1 70 7.763

2406 ± 3 p1, α0 20 24.4 ≥ 2 7.878

2429 ± 2 α0 38 42 (2−) 7.899

2473 ± 12 α0 112 80 (1+) 7.941

2603 ± 6 p1, α0 60 11 ≥ 4 8.064

2657 ± 8 p1 96 8.115

2757 ± 2 p0, α0 52 63 2− 8.209

2788 ± 2 p0 20 4+ 8.238

2828 α0 ≃ 50 8.370
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Table 18.31: Resonances in17O + p a (continued)

Ep Particles out Γc.m. (2J + 1)ΓγΓp/Γ Jπ; T Ex

(keV) (keV) (eV) (MeV ± keV)

3915 ± 20 n 95 9.302

(4163 ± 20) n 19 (9.536)

4235 ± 10 n 33 9.604

4330 ± 10 n 33 9.694

4490 ± 20 n ≃ 100 9.845

(4790 ± 10) n 28 (10.128)

4900 ± 20 n ≃ 140 10.232

a For references see Tables 18.18 in (1978AJ03, 1983AJ01).
b See footnoted in Table 18.18 (1978AJ03).
c This corresponds to a doublet of3−, mixed isospin states, separated by2.09 ± 0.04 keV. ωγp,γ = 2.04 ± 0.45 eV

for the lower resonance and1.16 ± 0.26 eV for the higher one.
d Γγ = 3.5 ± 1.0 eV.
e Γγ = 0.44 ± 0.10 eV.
f Γγ = 0.11 ± 0.03 eV.
g Assumed to be unresolved.

Measurements (1989BO01; see14N(α, γ)18F reaction) of the first level(Jπ = 1−) of 18F
above the proton threshold determinedEx = 5672.57 ± 0.32 keV. This result and a new value
for the proton width of this level deduced from17O(3He, d)18F measurements (1989LA19) lead to
substantial changes in the stellar reaction rate for17O(p,α)14N. [See discussion in (1989LA19).]
A direct search for theEx = 70 keV resonance (Ep = 5672.57± 0.32 keV) was carried out and an
upper limit for the resonance strength (ωγ ≤ 8 × 10−10 eV) was reported in (1992BE21).

30. 17O(3He, d)18F Qm = 0.113

At E(3He) = 15 MeV DWBA analysis of angular distributions of deuteron groups correspond-
ing to states of18F with Ex < 5 MeV have led toJπ values and spectroscopic information: see
(1972AJ02). Proton widhts of states near the proton threshold were measured by (1989LA19). See
also (1987ER05).

31. 17O(α, t)18F Qm = −14.207
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Table 18.32: Some states in18F from 17O(α, t) a

Ex (MeV) b Jπ b σint (mb) c

0.0 1+ 0.26

0.94 3+ 0.41

1.04 0+, T = 1

1.12 5+ 1.92

2.52 2+ 0.02

3.06 2+, T = 1 0.32

3.72 1+ 0.15

4.12 3+ 0.43

4.65 4+, T = 1 0.61

7.44 (5−) d 0.09

9.02 (5−, T = 1) d 0.09

9.58 (6−) d 0.19

12.75 (6−, T = 1) 0.03

14.65 (7+) d 0.07

15.8 (6−, T = 1) d 0.03

a (1992YA08); Eα = 65 MeV.
b Ex andJπ values from (1987AJ02).
c Integrated cross section. See Tables III and IV in (1992YA08)

for spectroscopic factors.
d Jπ value assumed in analysis by (1992YA08).
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Measurements and DWBA analysis of differential cross sections atEα = 65 MeV are re-
ported in (1992YA08). Measured level energies and spectroscopic information are included in
Table18.32.

32. 17O(12C, 11B)18F Qm = −10.350

See (1983AJ01).

33. 18O(π+, π0)18F Qm = 2.939

See (1983AS01, 1984AS05, 1989LE1L).

34. 18O(p, n)18F Qm = −2.437

(1983AN05) have studied the distribution of Gamow-Teller (GT) strength. At Ep = 135 MeV
angular distributions have been studied to the0+ state at 1.04 MeV and to the1+ states18F*(0, 1.70,
3.72, 4.36, 6.26 MeV) as well as to possible1+; T = 1 groups atEx = 9.9, 10.9 and 11.9 MeV.
82% of the observed strength lies in the ground state group and 5.5% in theT = 1 states. The
observed GT strength is≈ 2

3
of that expected from the simple sum rule (1983AN05). Multipole

decomposition of data from measurements atEp = 494 MeV is reported in (1994ME07). See also
(1978AJ03, 1987AJ02).

More recently the (p, n) reaction as a probe of beta decay strength is discussed in (1987GO1V,
1987TA13, 1988MA53). See also (1989RA1G). Studies of stretched state excitation are de-
scribed in (1986AN1E) and measurement of spin observables atEp = 135 MeV are discussed
in (1989WAZZ, 1990WAZT). Total cross sections for18O production from18O(p, n) were mea-
sured by (1990WA10). See (1988HI1F, 1991GU05) for related applications.

35. 18O(3He, t)18F Qm = −1.674

At E(3He) = 16 MeV, the triton spectrum is dominated by strong groups to18F*(0, 0.94) and
to the0+ and2+, T = 1 states18F*(1.04, 3.06). Angular distributions have been studied tothese
and many other states at this energy and atE(3He) = 17.3 MeV. Ay measurements fort0 have
been reported atE(3He) = 33 MeV. See (1983AJ01) for references.

36. 18O(6Li, 6He)18F Qm = −5.163
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Table 18.33: Branching in18Ne(β+)18F a

Decay to18F* Jπ; T Eγ0
Branchb log f0t

c

(MeV) (keV) (%)

0 1+; 0 92.11 ± 0.21 3.096 ± 0.004

1.04d 0+; 1 1041.5 ± 0.3 7.70 ± 0.21 3.473 ± 0.013

1.08d 0−; 0 1080.76 ± 0.13 b (2.07 ± 0.28) × 10−3 7.012 ± 0.059

1.70 1+; 0 1699.9 ± 0.3 e 0.188 ± 0.006 4.477 ± 0.015

a For the earlier work see Tables 18.19 in (1983AJ01) and 18.20 in (1978AJ03).
b (1983AD03). See also (1982HE04).
c Based onτ1/2 = 1672 ± 8 ms: see (1983AD03).
d The splitting of the0+ and0− states is39.20 ± 0.11 keV (1983AD03).
e And 659.2 ± 0.3 keV for theγ-ray to18F*(1.04) (1982HE04).

The reaction was studied atE(6Li) = 156 MeV by (1990MO13). Evaluated cross sections for
Gamow-Teller transitions at0◦ and strengths for analogous beta decays were compared.

37. 18Ne(β+)18F Qm = 4.446

The half-life of18Ne is1672± 8 ms [see18Ne]. The decay is to18F*(0, 1.04, 1.08, 1.70 MeV):
see Table18.33and reaction 1 under18Ne.

38. 19F(γ, n)18F Qm = −10.431

Cross sections have been reported to 30 MeV for the transitions to18F*(0.94, 1.04, 1.08, 3.06,
3.13, 4.75 MeV): see (1983AJ01).

Cross sections for the (γ, n0) photoneutron reaction were measured between48◦ and139◦ for
Eγ = 15–25 MeV by (1989KU10). The E1 absorption strength was deduced.

39. 19F(n, 2n)18F Qm = −10.431

Cross sections have been measured atEn = 18, 21, 23, 25, and 27 MeV (1991HA17).

40. 19F(p, d)18F Qm = −8.207
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Table 18.34:γ-ray intensities in18Ne(β+)18F a

Eγ (keV) Ei (keV) Ef (keV) Iγ
b

659.0 ± 0.2 1701 1042 0.135 ± 0.005

1041.55 ± 0.08 1042 0 7.83 ± 0.21

1080.76 ± 0.13 1081 0 0.00226 ± 0.00021

1700.81 ± 0.18 1701 0 0.0538 ± 0.0018

a (1983AD03).
b γ-ray intensities are per 100 parent decays.

Angular distributions have been reported to many states of18F with Ex ≤ 6 MeV: see Ta-
ble 18.20 in (1983AJ01). See also (1987AJ02). Spectroscopic factors derived from measurements
of Ep = 18.6 MeV are discussed in (1987VA28). See also (1989VAZM).

41. 19F(d, t)18F Qm = −4.174

See (1972AJ02, 1978AJ03), and see (1989VAZM) for cross section measurements and de-
duced level energies and spectroscopic factors. A recent measurement of total cross sections at
Ed = 5–12 MeV (1993AB18) detected eight resonances with widthsΓ ≈ 200–400 keV.

42. 19F(3He,α)18F Qm = 10.146

See (1978AJ03, 1987VA1I, 1988GOZB), and see (1989VAZM) for cross section measure-
ments and deduced level energies and spectroscopic factors.

43. 20Ne(p,3He)18F Qm = −15.557

See (1978AJ03).

44. 20Ne(d,α)18F Qm = 2.796

At Ed = 11 MeV α-groups are observed to many states of18F with Ex < 7 MeV. Weak or
absent (each≤ 0.3% of the total yield at30◦) are the groups corresponding to18F*(1.04, 3.06,
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4.66, 4.74, 4.96 MeV):T = 1. Measurements of the TAP forEd = 10.25 to 12.0 MeV leads to
assignments of2−, 1+, 0+, 1−, 1+, 3+, 3+ to 18F*(4.23, 4.36, 4.75, 4.86, 5.603, 6.16, 6.48 MeV).
See (1972AJ02, 1978AJ03, 1983AJ01) for references and for other results and (1987HI1B) for
applications. Use of this reaction for18F production is discussed in (1991GU05).

45. 21Ne(p,α)18F Qm = −1.741

See (1987GOZX).

46. 23Na(p, X)18F

The 18F yield from protons on23Na atEp = 20–67.5 MeV was measured (1992LA25) and
cross sections were deduced.

47. 23Na(d,7Li) 18F Qm = −12.175

See (1984NE1A).

27Al( 16O, 25Mg)18F Qm = −9.616

Cross sections have been measured forE(16O) = 13.6 GeV/nucleon by (1993CU05).
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18Ne
(Figs. 4 and 5)

GENERAL: See Table18.35.
ForB(E2) of 18Ne* (1.89) and other parameters see (1987RA01) andTable 2here.

1. 18Ne(β+)18F Qm = 4.446

The half-life of18Ne is1672±8 ms: see (1978AJ03) and (1983AD03). The decay is primarily
to 18F*(0, 1.04, 1.70 MeV). In addition there is an extremely weakbranch [(2.07±0.28)×10−3%]
to 18F* (1.08 MeV) [Jπ = 0−; T = 0] (1983AD03): see Table18.33for the parameters of the
decay. The parity mixing in the18F*(1.04, 1.08)0+–0− doublet has been studied by (1983AD03).
It has been proposed as a probe ofT -odd nuclear forces (1992HE12). See also (1982HE04). For
the earlier work see (1983AJ01, 1987AJ02).

2. 12C(12C, 6He)18Ne Qm = −22.913

This reaction was studied at6He angles from0◦ to10◦ with a magnetic spectrometer (1992HAZZ).
New levels atEx > 6 MeV, including18Ne(6.15, 7.35 MeV), were found. Astrophysical implica-
tions are discussed.

3. 14O(α, γ)18Ne Qm = 5.112

The thermonuclear reaction rates for this reaction have been estimated (1987WI11) using in-
formation from the isobaric analog18O. A new18Ne level atEx = 6.15 MeV (see16O(3He, n)) has
been observed (1990GAZW) which may play a role in14O + α burning. See also (1988CA26).

4. 14O(α, p)17F Qm = 1.190

This reaction is considered important in the generation of Z≥ 10 nuclei from products in
the hot CNO cycle. Microscopic multichannel calculations for this reaction are discussed in
(1988FU02, 1989FU01).

5. 16O(3He, n)18Ne Qm = −3.196

93

https://nucldata.tunl.duke.edu/nucldata/HTML/A=18/Table_2_1995.pdf


Fig. 4: Energy levels of18Ne. For notation see Fig. 2.
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Table 18.35:18Ne – General

Reference Description
Reviews:
1987LE1B Strong interaction studies via meson-nucleus reactions
1987RA1D Nuclear processes and accelerated particles in solar flares
1993EN03 Strengths ofγ-ray transitions inA = 5–44 nuclei

Other articles:
1987BE1I Search for a nucleon-participant multiplicity effect on anomalous fragment produc-

tion
1987BU12 An ISOL/post-accelerator facility for nuclear astrophysics at TRIUMF
1987CO31 Simple parametrization for low energy octupole modes of s-dshell nuclei
1987KA39 Delta-hole approach to pion double charge exchange (DCX) reactions
1987PA1H Anomalous behavior of low energy analog double charge exchange
1988MA1Q Identification of one glue-like mechanism of theΛ-hyperon in hypernuclei
1988YU04 Contribution of the 2nd kind of meson exchange current to18O(π+, π−)18Ne(g.s.)
1989BA92 Strangeness production in relativistic heavy-ion collisions
1989CH1P 1s-0d effective interactions of isospin triplet &18Ne-18O Coulomb displacement

energies
1989RA16 Predxns. from systematics & tabulation of B(E2;0+

1 → 2+
1 ) values for even-even

nucl.
1989TR18 2-nucleon and 4-nucleon clusters in light & heavy nuclei
1990BR13 Empir. p-n interactions: global trends, configuration sensitivity & N = Z enhance-

ments
1990BR26 Shell-model calcs. of isospin-forbiddenβ-delayed proton emission of isobaric ana-

log state
1990LO11 Self-consistent calculations of light nuclei
1990MAZW Hybrid quark hadron model of DCX in the delta resonance region (A)
1990PO04 New method of determining masses & quantum characteristicsof light nuclei
1992AV03 The proton-neutron interaction & mass calcs. for nuclei with Z > N
1994CI02 Specific heat and shape transitions in light sd nuclei

(A) denotes that only an abstract was available for this reference.
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Table 18.36: Energy levels of18Ne a

Ex (MeV ± keV) Jπ; T τ or Γc.m. Decay Reactions

0 0+; 1 τ1/2 = 1672 ± 8 ms β+ 1, 5, 9, 10

1.8873 ± 0.2 2+ τm = 0.67 ± 0.06 ps γ 5, 9, 10

3.3762 ± 0.4 4+ τm = 4.4 ± 0.6 ps γ 5, 7, 8, 10

3.5763 ± 2.0 0+ τm = 4 ± 2 ps γ 5, 10

3.6164 ± 0.6 2+ τm = 63+30
−20 fs γ 5, 10

4.519 ± 8 1− Γ ≤ 20 keV (p) 5, 10

4.561 ± 9 3+ 5

4.590 ± 8 0+ Γ ≤ 20 keV (p) 5, 10

5.090 ± 8 (2+, 3−) Γ = 40 ± 20 keV (p) 5, 10

5.146 ± 7 (2+, 3−) Γ = 25 ± 15 keV 5, 10

5.453 ± 10 Γ ≤ 50 keV 10

6.15b, c (1−) 2, 3

6.297 ± 10 (4+) Γ ≤ 60 keV 5, 10

6.353 ± 10 Γ ≤ 60 keV 10

7.059 ± 10 (1−, 2+) Γ = 180 ± 50 keV 5

7.35c 2

7.713 ± 10 Γ ≤ 50 keV 5, 10

7.910 ± 10 (1−, 2+) Γ ≤ 50 keV 5

7.950 ± 10 Γ ≤ 60 keV 10

8.086 ± 10 Γ ≤ 50 keV 5

8.500 ± 30 Γ ≤ 120 keV 5

9.201 ± 9 Γ ≤ 50 keV 10

a See also Table18.37.
b (1990GAZW).
c (1992HAZZ). This work reports the observation of several new levels inthe regionEx > 6 MeV.
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See Table18.38. See also (1983AJ01).
Recent work reported in (1991GA03) found that the3+ level in 18Ne predicted by (1988WI08)

occurs atEx = 4.561±0.009 MeV. Astrophysical consequences are discussed. New levelsin 18Ne
at Ex ≥ 6 MeV observed in16O(3He, n) were reported in (1990GAZW). [See discussion under
14O(α, γ)18Ne.] See also (1989GAZW, 1990GAZR). For applied work related to this reaction see
(1991GU05, 1992DI04).

6. 16O(α, nn)18Ne Qm = −23.773

See (1991GU05) for measurements atEα = 40 MeV.

Table 18.37: Branching ratios and lifetimes of18Ne statesa

Ei (MeV) Jπ
i Ef (MeV) Branch (%) τm (ps)

1.89 2+ 0 100 0.67 ± 0.06

3.38 4+ 1.89 100b 4.4 ± 0.6

3.58 0+ 1.89 100c 4 ± 2

3.62 2+ 0 9 ± 2

1.89 91 ± 2 d 0.063+0.030
−0.020

a For references see Table 18.24 in (1978AJ03).
b Ground state decay is< 1%.
c Ground state decay is< 5%.
d The mixing ratio,δ, is consistent with 0.

7. 16O(10B, 8Li) 18Ne Qm = −18.951

At E(10B) = 100 MeV, the angular distribution to18Ne*(3.38) [(d5/2)
2
4+ state], which is pref-

erentially populated, has been studied.18Ne*(1.89) is also observed (see (1983AJ01). See also
(1983OS07).

8. 16O(12C, 10Be)18Ne Qm = −22.663

Measurements atE(12C) = 480 MeV are reported in (1988KR11, 1988ME10). The4+ level
atEx = 3.38 MeV is observed.
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Table 18.38: States in18Ne from16O(3He, n) and20Ne(p, t)a

Ex (MeV ± keV) Γc.m.
b Jπ a, b

A B (keV)

0 0+

1.8873 ± 0.2 1.886 ± 10 2+

3.3762 ± 0.4 3.375 ± 10 4+

3.5763 ± 2.0 3.580 ± 10 0+

3.6164 ± 0.6 3.612 ± 10 2+

4.513 ± 13 4.522 ± 10 ≤ 20 1−

4.561 ± 9 c 25 c 3+ c

4.587 ± 13 4.592 ± 10 ≤ 20 0+

5.075 ± 13 5.099 ± 10 40 ± 20 (2+, 3−)

5.141 ± 10 5.151 ± 10 25 ± 15 (2+, 3−)

5.453 ± 10 ≤ 50

6.291 ± 30 d 6.297 ± 10 ≤ 60 (4+)

6.353 ± 10 ≤ 60

7.062 ± 12 a 180 ± 50 (1−, 2+)

7.712 ± 20 7.713 ± 10 ≤ 50

7.915 ± 12 a ≤ 50 (1−, 2+)

7.949 ± 10 ≤ 60

8.100 ± 14 a ≤ 50

8.50 ± 30 ≤ 120

9.198 ± 10 ≤ 50

A: 16O(3He, n)18Ne: for references see Table 18.23 (1978AJ03) and

(1981NE09).

B: 20Ne(p, t)18Ne: (1981NE09).
a See also Table 18.23 in (1978AJ03).
b (1981NE09).
c (1991GA03). The widthΓ = 25 keV is estimated from a Woods Saxon

calculation.
d Γ = 180 ± 60 keV.
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9. 18O(π+, π−)18Ne Qm = −6.101

Angular distributions have been studied atE(π+) = 164 and 292 MeV [see (1983AJ01)] and
at 48.3 MeV (1985AL15; to 18Neg.s.) and 100 to 292 MeV (1985SE08; to 18Neg.s.). The excitation
functions for production of18Ne*(0, 1.89) have been measured forE(π+) = 80 to 292 MeV: see
(1983AJ01, 1985SE08). See also (1987AJ02).

The behavior of double charge exchange (DCX) cross sectionsat low energies (50 ± 30 MeV)
was reviewed in (1987PA1H, 1988SE1A, 1989BA1R). See also the review of (1989ST1H). Mea-
surements at energies of 300–500 MeV above the∆(1232) resonance were reported in (1989WI02).
More recently a search for anη bound state in this reaction is described in (1992JOZZ, 1993JO03).

The contribution of the two-nucleon pion absorption emission mechanism is discussed in
(1990CH14). See also (1989CH1O, 1990CH1U) and see (1989YU1A). A quark-antiquark an-
nihilation mechanism is proposed in (1989CH21). A two-amplitude model for the DCX energy
dependence is described in (1989FO02). In other recent work, the contribution of sequential charge
exchange and delta-nucleon charge exchange is examined in (1993GI03). Absorption contributions
nearTπ = 50 MeV are evaluated by (1992OS05). High energy DCX and isovector renormalization
is calculated and compared with data in (1993OS01). See also (1992MA46) for a discussion of
dibaryon effects.

10. 20Ne(p, t)18Ne Qm = −20.022

Observed triton groups are displayed in Table18.38as areJπ derived from DWBA analysis
of angular distributions: The0+

3 state, identified atEx = 4.59 MeV, appears to have a largelys2
1/2

configuration based on its large downward shift with respectto the analog state in18O (1981NE09).

11. 20Ne(3He, nα)18Ne Qm = −7.926

See (1991GU05).

18Na
(Not observed)

18Na has not been observed; its atomic mass excess has been estimated to be 25.32 MeV
(1993AU05); it is then unbound with respect to proton emission by 1.6 MeV: see (1978AJ03). See
also (1986AN07) and (1983ANZQ).

18Mg, etc.
(Not observed)

See (1986AN07) and (1983ANZQ). See also the results of calculations ofβ+/electron capture
half lives for neutron deficient nuclei in (1993HI08).
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Table 18.39: Isospin triplet components (T = 1) in A = 18 nucleia

18O 18F 18Ne

Ex (MeV) Jπ Ex (MeV) Jπ; T ∆Ex (MeV) b Ex (MeV) Jπ ∆Ex (MeV) c

0 0+ 1.04 0+; 1 − 0 0+
−

1.98 2+ 3.06 2+; 1 +0.04 1.88 2+ −0.09

3.55 4+ 4.65 4+; 1 +0.06 3.38 4+ −0.18

3.63 0+ 4.75 0+; 1 +0.08 3.57 0+ −0.06

3.92 2+ 4.96 2+; 1 +0.002 3.62 2+ −0.30

4.46 1−

{

5.60

5.67

1−; 0 + 1

1−; 0 + 1

+0.11

+0.18
4.52 1− +0.06

5.10 3−

{

6.240

6.242

3−; 0 + 1

3−; 0 + 1

+0.10

+0.10

5.09

5.15

(2+, 3−)

(2+, 3−)

−0.01

+0.05

5.25 2+

{

6.28

6.39

2+; 1

2+; 1

−0.01

+0.09

5.34 0+ 6.14 0+; 1 −0.24 4.59 0+ −0.75

5.38 3+ 6.16 3+; 1 −0.26

5.53 2− 6.64 2−; 1 +0.07

6.19 1− 7.34 1−; 1 +0.10

a As taken from Tables18.9, 18.24and18.36.
b Defined asEx(18F) − Ex(18O)− 1.04 MeV.
c Defined asEx(18Ne)− Ex(18O).
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Table 18.40: (T = 2) states in18N and18O a

18N 18O

Ex (MeV) Jπ Ex (MeV) Jπ; T

0 1− b

0.11 (2−) b, c 16.4 2−; 2

0.59 (2−) b

0.75 (3−) b, c 17.03 (3−); 2

17.4 1−; (2)

18.7 (4−); 2

18.9 1+; 2

19.24 (> 2); 2

19.4 1−; (2)

20.36 (4−); 2

21.42 (4−); (2)

22.40 4−; 2

27 1−; (2)

a As taken from Tables18.4and18.9.
b Coulomb-shift computations (R. Sherr, private communication) for these

four levels suggest that the analogs of the18N 1− and(2−) levels atEx = 0

and 0.59 MeV are the18O 1(−) and (3, 2)− levels atEx = 16.21 and 16.95

MeV respectively.
c It is noted (A.H. Wapstra, private communication) that the combined

evidence on these two levels and their analogs in18O is an argument for

assignments of2− and(3−) in both nuclei, and in18O they should lie above

an unobserved1−; 2 state near 16.3 MeV.
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Fig. 5: Isobar diagram,A = 17. The diagrams for individual isobars have been shifted vertically to eliminate the neutron-proton mass difference

and the Coulomb energy, taken asEC = 0.60Z(Z − 1)/A1/3. Energies in square brackets represent the (approximate) nuclear energy,EN =

M(Z, A)−ZM (H)−NM (n)−EC, minus the corresponding quantity for18F: hereM represents the atomic mass excess in MeV. Levels which

are presumed to be isospin multiplets are connected by dashed lines.
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1987BE1H B. Bézard, J.P. Baluteau, A. Marten and N. Coron, ICARUS 72 (1987) 623

1987BE1I M. Bedjidian, D. Contardo, E. Descroix, S. Gardien, J.Y. Grossiord, A. Guichard, M.
Gusakow, R. Haroutunian, M. Jacquin, J.R. Pizzi et al., Z. Phys. A327 (1987) 337

1987BL18 R. Blumel and K. Dietrich, Nucl. Phys. A471 (1987) 453

1987BO16 N. Bordes, G. Blondiaux, C.J. Maggiore, M. Valladon, J.L. Debrun, R. Coquille and
M. Gauneau, Nucl. Instrum. Methods Phys. Res. B24-25 (1987)722

1987BU07 M. Bürgel, H. Fuchs, H. Homeyer, G. Ingold, U. Jahnke and G. Thoma, Phys. Rev.
C36 (1987) 90

1987BU12 L. Buchmann, J.M. D’Auria, J.D. King, G. Mackenzie, H. Schneider, R.B. Moore and
C. Rolfs, Nucl. Instrum. Meth. Phys. Res. B26 (1987) 151

1987BU27 N.T. Burtebaev, A.D. Duisebaev, V.S. Sadkovskii and G.A. Feofilov, Izv. Akad. Nauk
SSSR Ser. Fiz. 51 (1987) 615; Bull. Acad. Sci. USSR Phys. Ser.51 (1987) 191

1987CH14 S. Chakravarti, D. Dehnhard, M.A. Franey, S.J. Seestrom-Morris, D.B. Holtkamp,
C.L. Blilie, A.C. Hayes, C.L. Morris and D.J. Millener, Phys. Rev. C35 (1987) 2197

1987CH1J W.H. Chung, Singapore J. Phys. 4 (1987) 15; Phys. Abs. 67730 (1987)

1987CO07 J. Cook, Nucl. Phys. A465 (1987) 207

1987CO31 P.D. Cottle and K.W. Kemper, Phys. Rev. C36 (1987) 2034

110



1987DJ01 C. Djalali, G.M. Crawley, B.A. Brown, V. Rotberg, G. Caskey, A. Galonsky, N. Marty,
M. Morlet and A. Willis, Phys. Rev. C35 (1987) 1201

1987ER05 T. Erikson, K.F. Quader, G.E. Brown and H.T. Fortune, Nucl. Phys. A465 (1987) 123

1987FA1C A.J. Fahey, J.N. Goswami, K.D. McKeegan and E.K. Zinner, Astrophys. J. 323 (1987)
L91

1987FE04 M.A.G. Fernandes, F.E. Bertrand, R.L. Auble, R.O.Sayer, B.L. Burks, D.J. Horen,
E.E. Gross, J.L. Blankenship, D. Shapira and M. Beckerman, Phys. Rev. C36 (1987)
108

1987GA15 M. Gai, R. Keddy, D.A. Bromley, J.W. Olness and E.K.Warburton, Phys. Rev. C36
(1987) 1256

1987GAZW M. Gai, Z. Zhao and B.A. Brown, Bull. Amer. Phys. Soc. 32 (1987) 1579, EC8

1987GI1C W.R. Gibbs and B.F. Gibson, Ann. Rev. Nucl. Part. Sci. 37 (1987) 411

1987GO1V C.D. Goodman, Can. J. Phys. 65 (1987) 549

1987GOZX J. Gorres, M. Wiescher, U. Giesen, H.W. Becker, C. Rolfs and H.P. Trautvetter, Bull.
Amer. Phys. Soc. 32 (1987) 1062, EG9

1987GR16 J.M. Greben, Phys. Lett. B192 (1987) 287

1987GR1I A.M. Green and J.A. Niskanen, Prog. Part. Nucl. Phys. 18 (1987) 93

1987GR20 A.M. Green and S. Wycech, Nucl. Phys. A467 (1987) 744

1987GU1D Gulkarov and Mansurov, 37th Meeting on Nuclear Spectroscopy and the Structure of
the At. Nucl., Jurmala, USSR, 14-17 April 1987 (Nauka, 1987)516

1987HA1J P. Haapakoski, Mod. Phys. Lett. A2 (1987) 359

1987HE1H T.K. Hemmick, D. Elmore, P.W. Kubik, S.L. Olsen, T.Gentile, D. Nitz, D. Ciampa,
H. Kagan, P. Haas, P.F. Smith et al., Nucl. Instrum. Meth. Phys. Res. B29 (1987) 389

1987HI05 D. Hilscher, H. Rossner, A. Gamp, U. Jahnke, B. Cheynis, B. Chambon, D. Drain, C.
Pastor, A. Giorni, C. Morand et al., Phys. Rev. C36 (1987) 208

1987HI1B R.D. Hichwa, E.A. Hugel, J.J. Moskwa and R.R. Raylman, Nucl. Instrum. Meth.
Phys. Res. B24-25 (1987) 932

1987HO18 D.J. Horen, M.A.G. Fernandes, G.R. Satchler, B.L.Burks, R.L. Auble, F.E. Bertrand,
E.E. Gross, D.C. Hensley, R.O. Sayer and D. Shapira, Z. Phys.A328 (1987) 189

1987JU07 J.W. Jury, P.C.-K. Kuo, K.G. McNeill, C.K. Ross, H.R. Weller and S. Raman, Phys.
Rev. C36 (1987) 1243

1987KA39 T. Karapiperis and M. Kobayashi, Ann. Phys. 177 (1987) 1

1987LE1B F. Lenz, Prog. Theor. Phys. Suppl. 91 (1987) 27

1987LE1L B.-K. Lee, M.-H. Cha and S.-K. Nam, New. Phys. (S. Korea) 27 (1987) 405

1987LI1F X.-Y. Li, S.-H. Yao and Q.-Y. Zhang, High Energy Phys. Nucl. Phys. 11 (1987) 397

111



1987MA22 E. Maglione, G. Poullarolo, A. Vitturi, R.A. Broglia and A. Winther, Phys. Lett. B191
(1987) 237

1987MA40 D.M. Manley and J.J. Kelly, Phys. Rev. C36 (1987) 1646

1987MC1A K.D. McKeegan, Science 237 (1987) 1468

1987ME12 O. Meirav, E. Friedman, A. Altmann, M. Hanna, R.R. Johnson and D.R. Gill, Phys.
Rev. C36 (1987) 1066

1987MI25 D.J. Millener, Phys. Rev. C36 (1987) 1643

1987MIZY A. Middleton, J.D. Brown, L. Herold, K.E. Luther, M.L. Pitt, D. Barker, H.S. Ca-
marda and S. Aziz, Bull. Amer. Phys. Soc. 32 (1987) 1578

1987MO27 M.H. Cha, J.Y. Park and W. Scheid, Phys. Rev. C36 (1987) 2341

1987MU16 H. Muther, R. Machleidt and R. Brockmann, Phys. Lett. B198 (1987) 45

1987NG01 Nguyen Van Sen, Ye Yanlin, J. Arvieux, G. Gaillard,B. Bonin, A. Boudard, G. Bruge,
J.C. Lugol, T. Hasegawa, F. Soga et al., Nucl. Phys. A464 (1987) 717

1987PA07 S.A. Page, H.C. Evans, G.T. Ewan, S.-P. Kwan, J.R. Leslie, J.D. MacArthur, W.
McLatchie, P. Skensved, S.-S. Wang, H.-B. Mak et al., Phys. Rev. C35 (1987) 1119

1987PA12 S.J. Padalino, K. Sartor, L.C. Dennis and K.W. Kemper, Phys. Rev. C35 (1987) 1692

1987PA1H B. Parker, K. Seth and R. Soundranayagam, Panic (1987) 356

1987PO11 V. Ponisch and S.E. Koonin, Phys. Rev. C36 (1987) 633

1987RA01 S. Raman, C.H. Malarkey, W.T. Milner, C.W. Nestor,Jr. and P.H. Stelson, At. Data
Nucl. Data Tables 36 (1987) 1

1987RA1D R. Ramaty and R.J. Murphy, Space Sci. Rev. 45 (1987)213

1987RA28 M. Rajasekaran, N. Arunachalam and V. Devanathan,Phys. Rev. C36 (1987) 1860

1987RA36 M. Rahman, H.M. Sen Gupta, Md.A. Rahman and A.B. Siddique, Nuovo Cim. A98
(1987) 513

1987RI03 J. Richert and P. Wagner, Nucl. Phys. A466 (1987) 132

1987SA25 M.G. Saint-Laurent, Nucl. Instrum. Meth. Phys. Res. B26 (1987) 273

1987SC11 L. Schmieder, D. Hilscher, H. Rossner, U. Jahnke, M. Lehmann, K. Ziegler and H.-H.
Knitter, Nucl. Instrum. Meth. Phys. Res. A256 (1987) 457

1987SC34 A. Scalia, Nuovo Cim. A98 (1987) 589

1987SE1D J.P.F. Sellschop, Nucl. Instrum. Meth. Phys. Res.B29 (1987) 439

1987SH1O H.-Q. Song, Z. Wang, Y. Cai and W. Huang, Chin. Phys.7 (1987) 471

1987SN01 K. Sneppen, Nucl. Phys. A470 (1987) 213

1987SO1E C.P. Sonett, G.E. Morfill and J.R. Jokipii, Nature 330 (1987) 458

112



1987TA07 Y. Tagishi, Y. Aoki, M. Kurokawa, T. Murayama, T. Sakai, M. Takei, M. Tomizawa
and K. Yagi, Phys. Rev. C35 (1987) 1153

1987TA13 T.N. Taddeucci, C.A. Goulding, T.A. Carey, R.C. Byrd, C.D. Goodman, C. Gaarde, J.
Larsen, D. Horen, J. Rapaport and E. Sugarbaker, Nucl. Phys.A469 (1993) 125

1987TA21 M. Tanaka, T. Yamagata, S. Nakayama, M. Inoue, Y. Sakuragi, M. Kamimura, K.
Goto, K. Katori, M. Yanagi and H. Ogata, Phys. Rev. C36 (1987)2146

1987VA19 S.P. Van Verst, K.W. Kemper and J.A. Carr, Phys. Rev. C36 (1987) 628

1987VA1I Valiev et al., in Yurmala (1987) 346

1987VA28 G.S. Valiev, I.R. Gulamov, Yu.I. Denisov, T. Iskhakov, A.M. Mukhamedzhanov, G.K.
Ni, E.A. Romanovskii, V.A. Stepanenko and R.Ya. Yarmukhamedov, Izv. Akad.
Nauk. SSSR Ser. Fiz. 51 (1987) 964; Bull. Acad. Sci. USSR, Phys. Ser. 51 (1987)
124

1987VD1A A.I. Vdovin, A.V. Golovin and I.I. Loschakov, Sov.J. Part. Nucl. 18 (1987) 573

1987VO1B T. von Egidy, Nature 328 (1987) 773

1987WA1F P.G. Wannier and R. Sahai, Astrophys. J. 319 (1987)367

1987WI11 M. Wiescher, V. Harms, J. Gorres, F.-K. Theilemannand L.J. Rybarcyk, Astrophys.
J. 316 (1987) 162

1987YA1E A.I. Yavin, Can. J. Phys. 65 (1987) 647

1987ZHZV Z. Zhao, M. Gai, B.J. Lund, S.M. Rugari, D. Mikolas,B.A. Brown, J.A. Nolen, Jr.
and M. Samuel, Bull. Amer. Phys. Soc. 32 (1987) 1579, EC7

1987ZU1A H.-C. zur Loye, K.J. Leary, S.W. Keller, W.K. Ham, T.A. Faltens, J.N. Micheals and
A.M. Stacy, Science 238 (1987) 1558

1988AP1A J.H. Applegate, Phys. Rep. 163 (1988) 141

1988BA82 H. Bando, Nucl. Phys. A478 (1988) 697C

1988BE1B J. Beer, U. Siegenthaler, G. Bonani, R.C. Finkel, H. Oeschger, M. Suter and W. Wölfli,
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