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Table 12.22: 12C(p, p)12C angular distribution and correlation studies a (continued)

Ep (MeV) Angular distribution of 12C* Refs.

96 g.s., 4.4, 9.6, 20.8 (1956ST65)

100 g.s., 4.4, 7.7, 9.6 (1966MA38)

142 g.s. (1961TA06)

143 g.s. (1964ST16)

145 g.s., 4.4, 9.6, 14, 18.5 (1966EM01, 1966JA07, 1966JA03)

150 15.1 (1961DE16)

155 g.s., 4.4, 7.7, 9.6, 15.1 (1957AL39, 1964JA03)

180 g.s. (1961JO18)

185 4.4, 7.7, 9.6, 12.7, 15.1, 16.1, 18.2, 19.3 (1964HA34, 1965HA17)

185 13.9 (1967JO1F)

660 g.s. (1963AZ01, 1963AZ1B, 1963AZ1C)

725 g.s. (1965MC04)

1000 g.s., 4.4, 7.6 + 9.6 (1967PA25, 1967FR10)

(b) Angular correlation of protons and gamma rays

Ep (MeV) States involved Refs.

6.5 4.4 (1960HA21, 1961AD04)

8.5 4.4 (1964BA14)

9.9 − 14.6 4.4 (1963NA1D)

10 − 10.8 4.4 (1959BR1J, 1964SC07)

12 − 15 4.4 (1966SC1L)

39 4.4 (1960AD1A, 1964AD1A)

147 4.4 (1964RO1E)

150 4.4, 15.1 (1962SA05, 1961DE16)

a See also 13N.

1964OL1B, 1964PE1C, 1966BR1D, 1966CI1A, 1966FE1C, 1966JO1B, 1966KA1E, 1966KO1D,
1966LI1F, 1966MO1C, 1967BR23, 1967CH1R, 1967LE1G) and 13C.

At En = 14.2 MeV, reaction (c) proceeds about 50% through 12C states which then decay via
8Beg.s. and 8Be*(2.9). Most of the remainder of the observed events take place through 12C(n,
α)9Be* → n + 8Be* and 12C(n, α)9Be* (α) 5He* (n) α. The reaction 12C(n, 5He*)8Be* cannot
be excluded. Four-body break-up is not necessary to explain the results. The α-decay of the 10.8
and 11.8 MeV states, together with stripping results, suggest J π = 1− and 2− for these states
(1964BR25: see also (1966MO05)). See also (1959TS1A, 1960VA10, 1962BA15, 1962BA25,
1964SA1E, 1965GR1V, 1965GR1W, 1966CI1A, 1966FE1C, 1966GR1M).

39. (a) 12C(p, p)12C
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(b) 12C(p, pn)11C Qm = −18.720

(c) 12C(p, 2p)11B Qm = −15.957

(d) 12C(p, pd)10B Qm = −25.188

(e) 12C(p, pα)8Be Qm = −7.369

Up to Ep ≈ 12 MeV, the elastic scattering exhibits resonance structure: see 13N. References
to elastic and inelastic studies at higher energies are listed in Table 12.22. Excitation functions
for both (p, p) and (p, p1(4.43)) exhibit pronounced resonance-like structure for Ep = 14 to 20
MeV (1957PE14, 1961NA02, 1964DA03). An optical model analysis gives a good account of the
data, but the parameters vary strongly with energy (1962NO03: see also (1962RO14)). Between
18 and 30 MeV the elastic scattering and polarization angular distributions show strong energy de-
pendence, while those for inelastic groups are much smoother (1963DI04, 1963DI16, 1966CR04).
An optical model analysis with resonances is discussed by (1964TA1E); see also (1965BA1M). At
40 MeV an 11-parameter optical model fit is satisfactory for elastic differential cross sections, but
unsatisfactory for polarization data (1966BL1E, 1967FR1C: see also (1965BA1U, 1965FR17)).
The same problem arises with the data at 46 MeV (1967SA13) and 49 MeV (1966CR1D). For
analysis of the 140 MeV small angle results, see (1966JA08). See also (1958BE1B, 1959WI1C,
1962RO1F, 1964CR1B, 1967BE1Q, 1967TA1B). At 1 MeV, the differential elastic scattering
cross section exhibits diffraction-like structure associated with the multiple scattering of protons
by nucleons inside the nucleus (1967PA25).

At Ep = 40 MeV, angular distributions of inelastic protons corresponding to 12C*(4.4, 7.7,
9.6) confirm the assigned parities even, even, odd, respectively. Comparison of deformation
parameters for 12C*(4.4) determined by (p, p′), (α, α′) and (e, e′) show considerable differ-
ences (1964ST15): see, however, (1966BA2K, 1967SA13). Angular distribution measurements
at Ep = 46 MeV (1967PE05) have been analyzed by (1967SA13): a large quadrupole deformation
was found (β2 ≈ 0.6); the inelastic scattering agrees best with deformation of both the real and
imaginary parts of the optical potential; the angular distribution for 12C*(7.6) is best described
by double quadrupole excitation via 12C*(4.4). 12C*(14) is interpreted as the 4+ rotational state.
The similarities of distributions corresponding to 12C*(10.8, 11.8) suggest that they have the same
spin (1967SA13). Asymmetries observed with 40 MeV polarized protons on 12C*(4.4) disagree
with DWBA predictions (1966FR1G: see also (1967SA13)). See also (1960BA38, 1963DI16,
1964DA03, 1965FR17, 1966BL1E, 1967FA06, 1967LE1G, 1967LE13, 1967PA1L, 1967SA1L,
1968GA1H, 1968TA1P).

A number of inelastic groups have been studied at Ep = 155 to 185 MeV: see Table 12.23.
When treated in the impulse approximation, the cross sections and angular distributions are closely
related to the electric transition moments. Comparison of (p, p′) and (e, e′) form factors yield the
transition multipolarities indicated in Table 12.23 (1964JA03: see also (1960NI02, 1961BR08,
1961PI04, 1962BR11, 1962RO1F, 1962SA1G, 1963HO1D, 1963NI02, 1964HA1L, 1965HA17,
1965HA28, 1966HA51, 1967HA1U, 1967JO1F). The broad levels reported in the range Ex = 20
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Table 12.23: 12C levels from 12C(p, p′)12C*

12C* a,b Multipolarity c Γ a

(MeV ± keV) (keV)

4.43 ± 100 d,e E2

7.65 ± 100

9.7 ± 150 E3

10.6 ± 400

11.1 ± 400

12.7 ± 200 (M1) h

13.9 ± 100 f

15.15 ± 100 M1 h

16.1 ± 200

18.2 ± 300 500 − 800

19.3 ± 200 M2 g 500 − 800

(20.4 ± 400) 500 − 800

21.4 ± 300 500 − 800

22.1 ± 300 E1 500 − 800

23.4 ± 400 500 − 800

a (1965HA17: 185 MeV).
b (1963DE35, 1964ST15). See also (1956ST65, 1959AJ76, 1960GA10,

1960LA03, 1962NO08, 1963ME04, 1966EM01).
c (1964JA03).
d Ex = 4437 ± 7 keV (1962BR10).
e Ex = 4440.0 ± 0.5 keV (1967KO14).
f (1967JO1F): Jπ = (4+).
g See also (1960RI1C).
h (1962WA31): Γγ /Γ = 0.027 ± 0.007 for 12C*(12.7), 1.15 ± 0.3 for
12C*(15.1).

to 24 MeV are associated with the giant E1 resonance (1961SA1E, 1962SA1G, 1963DE35, 1965HA17).
The energy of the first excited state is 4440.0 ± 0.5 keV, from the γ-ray. The character

of the Doppler broadening indicates rather little spin-flip contribution to the inelastic scattering
(1967KO14: Ep = 23 MeV). Proton γ-angular correlations provide a sensitive measure of the
spin-flip: for Ep = 10 to 15 MeV a considerable contribution is observed (1964SC07, 1966SC1L:
see also (1961AD04, 1961CL1D, 1961GI1C, 1961GO13, 1962NO04, 1964BA14, 1964RO1E,
1967GI1D, 1967KO1N) and Table 12.21).
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The following is a list of other recent theoretical and review papers dealing with this re-
action: (1959GL57, 1959HO95, 1959MC63, 1959PU1A, 1960BE31, 1960LU1B, 1960MA43,
1960MI1C, 1960SA1C, 1960SA1E, 1960SA1G, 1961DO1C, 1961GI1D, 1961MC1C, 1961SA1B,
1962KA1E, 1962MA1P, 1962NI1C, 1963BU1E, 1963LO1A, 1963VI1A, 1964DA07, 1964HO1C,
1964SA1L, 1965CL1E, 1966BO1P, 1966GI1A, 1966LI1F, 1966SA1D, 1967CH1R, 1967VA1K)
and (1959AJ76).

See also (1960WA15, 1961CL09, 1961RA1B, 1964SC1F, 1965DE14, 1965JA1A, 1966YA04).
Reaction (b) is widely used to monitor high-energy proton beams: see (1963CU05, 1963CU1B).

For studies of recoil spectra, see (1962SI09, 1965BE1U). Possible emission of singlet deuterons
is discussed by (1966NO1A). See also (1967HO1M).

In the summed proton spectrum of reaction (c), peaks are observed corresponding to the ejec-
tion of p- and s-shell protons: see 11B. Absolute cross sections are reported by (1965GI1F).
See also (1962AU1A, 1962ST1F, 1964LI1D, 1964LI1E, 1965MC1F, 1965RI1A, 1966BE1B,
1966KO1F, 1966JA1A, 1967CO1V, 1967EL1C, 1967GO01, 1967JA1C, 1967RI08, 1968JA1G,
1968YU1B). At Ep = 57 MeV the reaction involves an excited state at 20.3 MeV (1967EP1B,
1968RO1L).

For reaction (d) see (1963SH1A, 1965BA11, 1967SU1C, FR68A). See also (1962AU1A,
1964BA1P).

Reaction (e) has been studied up to Ep = 660 MeV. Various states in 12C appear to be involved.
At Ep = 57 MeV, the sequential process dominates; α-decay to 8Beg.s. is observed via 12C*(21.1,
22.2, 26); comparison with other reactions suggests (J π; T ) = (1+, 3+; 0), (1−; 0 + 1); (π =
natural; significant T = 0 component) (1967EP1B). See also (1966RO1D, 1968RO1L). See also
(1959VA15, 1960VA10, 1961VA17, 1962VA1A, 1962ZH1B, 1963JA07, 1963VA04, 1963ZH1A,
1964BA29, 1964KE1F, 1964SY02, 1964YU1A, 1965IS05, 1965KU14, 1965SA1K, 1965YU1C,
1965ZH1A, 1966JA1B, 1966ZE1A, 1967GA01) and (1959AJ76).

Total proton reaction cross sections are reported by (1959BU97, 1959GO1D, 1964GI1D, 1964GR1M,
1967CA1K).

40. (a) 12C(d, d)12C

(b) 12C(d, pn)12C Qm = −2.224

The angular distribution of elastically scattered deuterons has been studied at a number of en-
ergies from Ed = 2.8 to 650 MeV: see (1954FR24, 1960BU25, 1960CA1E, 1961IG02, 1961IS02,
1961LO01, 1962SL02, 1963BU1F, 1963CA1E, 1963FR1F, 1963VA23, 1965DI1C, 1965DU01,
1966CO24, 1966DO1B, 1966DU08, 1966GA09, 1966GE03, 1966NG1A, 1967AU05, 1967DU1E,
1967FI07, 1967NE1E, 1967PL1B, 1967WA1M). Inelastic groups corresponding to levels at 4.4
and 9.6 MeV are reported by (1961JA02, 1962SL02, 1966NG1A: see also (1951KE02, 1954FR24,
1956HA90, 1956GR37)). The angular distributions of inelastically scattered deuterons to these
two states and to 12C*(7.7) have been measured at Ed = 25.9 MeV (1963VA23). A system-
atic optical model analysis yields a set of smoothly varying parameters which give a good ac-
count of the elastic angular distributions from Ed = 3 to 34 MeV. For the inelastic scatter-
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ing, Q = −4.4, deformation of the potential corresponding to β = 0.4 − 0.6 was required
(1966SA1C). See also (1961CI08, GO61I, 1963CA1J, 1963SA1G, 1968HI1H), (1958MA52,
1960EL09, 1960FA05, 1960LU1B, 1961RO1G, 1962SA1J, 1963ST1A, 1963ZA1B, 1964HE1H,
1964HO1C, 1964RU1A, 1964SA1K, 1965CA1F, 1965TJ1A, 1966BA2W, 1966JA1J, 1966MA2Q,
1967RE1E, 1967RU1A; theor.) and (1959AJ76).

For reaction (b), see (1963PH1A, 1965LA08, 1965LA1F, 1967MA1N, 1967NO1A) and 13N.

41. 12C(d, 6Li)8Be Qm = −5.897

Differential cross sections measured for Ed = 14.7 MeV are analyzed by DWBA to yield Sα,
a measure of the composition 8Be + α in the wave function of 12Cg.s.. Subject to an uncertain
normalization, Sα is found to be close to unity (1964DA1B, 1966DA1C, 1966DE09).

42. 12C(t, t)12C

Angular distributions of elastically scattered tritons have been determined at Et = 1.0 to 1.75
MeV (1962GU01: see also (1968HE1N)), at 6.4, 6.8 and 7.2 MeV (1964PU01) and at 12 MeV
(1965GL04: optical model analysis; see also (1966GL1B)).

43. (a) 12C(3He, 3He)12C

(b) 12C(3He, pd)12C Qm = −5.494

Angular distributions of elastically scattered 3He particles have been determined for E(3He) =
2 to 6 MeV (1966SC12), 5.5 MeV (1961PA04), 8.5 and 10 MeV (1966SC22), 12 MeV (1965YO1B),
12.0 to 18.6 MeV (1967FO1F), 20.1 MeV (1967MA1G: also 12C*(4.4)), 24.5, 25.3 and 26.8
MeV (1964SE05), 25.7 MeV (1966DA1H: also 12C*(4.4, 7.7)), 26.1 to 32.6 MeV (1963PA15:
also 12C*(4.4)) and 29 − 30 MeV (1961AG1A, 1961CA18, 1962AG01, 1962CA29, 1962GA17,
1965BU1H, 1967BA2P, 1967BR1N). See also (1961FO02, 1962WE1C, 1967AR17, 1967AS1B)
and (1961HO1J, 1964GO1J, 1965FR1E, 1967GR1N, 1967PA1U; theor.). For reaction (b) see
(1965DO1H).

44. (a) 12C(α, α)12C

(b) 12C(α, αn)11C Qm = −18.720

(c) 12C(α, 4α) Qm = −7.274
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Angular distributions of elastic and inelastic α-particles and of 4.43 MeV γ-rays have been
measured at a number of energies: see Table 12.24. DWBA fits to differential cross sections
observed at 40.5 MeV for Q = −4.4 yield B(E2)↓ = 13 e2 · fm4; for Q = −9.6, B(E3)↓ =
50 − 70 e2 · fm6 (1966HA19). Except for the broad 10.1 MeV state all known levels of 12C with
Ex < 14 MeV have been observed by (1966HA19). Angular distributions of α-particles and 4.4
MeV γ-rays have been studied at Eα = 22.5 (1964EI01) and at 43 MeV (1959SH62, 1962MC11).
The studies of (1962MC11, 1964EI01) yield information on the polarization of the 12C*(4.4) as
produced in inelastic scattering. The derived polarizations show strong dependence on scattering
angle and are not explained by simple PWBA or adiabatic reaction mechanisms: DWBA gives
qualitative agreement. Similar studies involving 12C*(9.6) confirm that Jπ = 3− (1963LA07). See
also (1959CA14, 1962BR14, 1964BU1F, 1964LA07, 1967VE1C) and (1959BL31, 1959GL57,
1960RO1E, 1961EI1A, 1962RE1C, 1963DA1B, 1963HO1J, 1964DA1D, 1964GR1L, 1965JA1D,
1966JO1A, 1967BO1W, 1967JA1G, 1967LA1K; theor.) and (1959AJ76). The 9.6 MeV state
decays predominantly through 8Beg.s. (1966BO28).

The angular distribution of alphas corresponding to 12C*(12.7; Jπ = 1+) at Eα = 28.5 MeV
is not accounted for in DWBA. A spin-orbit interaction leading to spin flip appears to be involved
(1967NA06).

For reaction (b) see (1953LI1B). Angular correlations in 12C(α, 2α) (reaction (c)) observed at
Eα = 915 MeV give evidence for strong α-clustering in 12C (1961GO1T). See also (1961VA38,
1962BR14, 1962VA25, 1965YA02).

45. (a) 12C(6Li, 6Li)12C

(b) 12C(7Li, 7Li)12C

See (1964OL1A); see also (1963BE1R, 1966DE09, 1967SI1C).

46. (a) 12C(10B, 10B)12C

(b) 12C(11B, 11B)12C

See (1964OL1A). See also (1963SH1E) for reaction (a) and (1963SA1E) for reaction (b).

47. 12C(12C, 12C)12C

At E(12C) = 126 MeV, strong inelastic peaks corresponding to 12C*(0, 4.4, 14.0 ± 0.5) have
been observed. Groups with Q = −9 and −19 MeV are also seen. Their interpretation is less clear.
Angular distributions suggest that the 14 MeV state has J π = 4+; the large intensity indicates close
association with 12Cg.s. (1962WA24, 1963GA05, 1966BA2K); deformation parameters are listed
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Table 12.24: Summary of 12C(α, α)12C angular distribution data

Eα (MeV) 12C states Refs.

2.5 – 4.8 g.s. (1962JO09)

7.9 – 8.1 4.4 (1964MI12)

7.9 – 19 4.4 (1964MI08)

8.8 – 10.1 g.s. (1967BR1F)

11 – 19 g.s. (1964CA07)

14 g.s., 4.4 (1963JO1F)

18 g.s., 4.4, 7.7, 9.6 (1959CO70)

18.5 7.7 (1964MI08)

18.7 g.s. (1962WO02)

20 g.s., 4.4, 7.7, 9.6 (1959FU62)

20.3, 21.9 g.s., 4.4, 7.7, 9.6 (1964JO14)

21.2 – 22.7 g.s. (1962JO14)

22 g.s., 4.4 (1959HU14)

22.5 g.s., 4.4 (1964EI01)

24 g.s. (1967AG1A)

24.7 g.s. (1964BU1E)

25 9.6 (1966BO28)

27.2 g.s. (1966NE1D, 1967NE1F)

27 – 36 g.s., 4.4, 7.7, 9.6, 12.7 (1960MI03, 1960MI10)

28.5 g.s. (1962AG01)

28.5 g.s., 4.4, 7.7, 9.6, 11.8, 12.7, 14.1 (1967NA06)

31.5 g.s., 4.4, 7.7 (1956WA29)

33.4 g.s., 4.4 (1967AR17)

38 a g.s., 4.4, 7.7, 9.6 (1960VA03, 1960AG01)

40 g.s., 4.4, 7.7, 9.6 (1959YA01, 1956IG02, 1957IG03)

40.5 g.s., 4.4, 7.7, 9.6 (1966HA19)

42 g.s., 4.4 (1959EC13, 1962MC11)

51 g.s. (1966VI1A)

56 g.s. (1967SY1A)

a (1960VA03) report Ex = 4.38 ± 0.04, 7.59 ± 0.04, 9.67 ± 0.06 MeV.
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by (1966BA2K); see also (1962GA02, 1962WI09). The elastic scattering has also been studied for
Ec.m. = 3 to 13.4 MeV (1961BR15) and at Ec.m. = 56.7 MeV (1962SM02). See also (1965GR1F),
(1959AL1H, 1962BE43, 1962SE1G, 1963WI1G) and (1962BU1B, 1963BA1Y).

48. 12C(14N, 14N)12C

Differential cross sections have been determined for the 12Cg.s. transition at E(14N) = 21.5
to 27.3 MeV (1960HA16) and at Ec.m.(14N) = 62.5 MeV (1962SM02); those to the 4.4 MeV
state have been measured at E(14N) = 27.3 MeV (1961HA04). See also (1961KU1D, 1961NE04,
1962WI09) and (1963KU1L).

49. 12C(16O, 16O)12C

Differential cross sections have been determined for the 12Cg.s. transition at Ec.m.(16O) = 8
to 13.7 MeV (1963KU12) and at E(16O) = 35 (1967GO1A, 1968VO1D), 42 (1964NE01), 67
(1959MC1D) and 168 MeV (1964HI09): those to the 4.4 MeV state have been measured at
E(16O) = 42 and 168 MeV (1964HI09, 1964NE01).

A DWBA analysis of the 168 MeV data is given by (1966BA2K). See also (1963KU1L,
1967AB1D).

50. (a) 12C(17O, 17O)12C

(b) 12C(18O, 18O)12C

The elastic scattering angular distributions in both (a) and (b) have been measured at E = 35
MeV (1967GO1A).

51. 12N(β+)12C Qm = 17.342

The decay is mainly to the ground state via an allowed transition. Branching fractions to other
states of 12C are listed in Table 12.25. The half-life is 10.97 ± 0.04 msec; see Table 12.28. Since
transitions to 12Cg.s. and 12C*(4.4) are allowed, Jπ(12N) = 1+. See discussion of 12B(β−) and
(1965WU1A). See also (1962PO02, 1966DU1E, 1967HU10).

52. 13C(γ, n)12C Qm = −4.947
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Table 12.25: Branching in 12N(β+)12C

Decay to 12C* Branch (%) log ft f Refs.

g.s. a 94.25 4.117 ± 0.002

4.44 2.4 ± 0.2 (1963PE10)

2.2 ± 0.25 b (1963WI05)

2.3 ± 0.2 5.06 ± 0.04 mean

7.65 c 2.2 ± 0.6 (1963GL04)

3.0 ± 0.5 (1962MA22)

2.7 ± 0.4 4.34 ± 0.06 mean

10.3 d 0.85 ± 0.6 (1963GL04)

0.44 ± 0.15 (1963WI05)

0.46 ± 0.15 4.36 ± 0.17 mean

12.71 e 0.29 ± 0.13 3.55 ± 0.16 (1967AL03)

15.11 (4.4 ± 1.5) × 10−3 3.30 ± 0.13 (1967AL03)

a Eβ(max) = 16.384 ± 0.015 MeV (1963GL04, 1963PE10).
b 1.72 times 12B value.
c See also (1963WI05).
d (1966SC23).
e See also (1963GL04, 1963WI05, 1966SC23).
f Based on τ1/2 = 10.97 ± 0.04 msec and on Qm: see (1966BA1A).

See 13C.

53. 13C(p, d)12C Qm = −2.722

Angular distributions of deuterons to 12C*(0, 4.4) have been measured by (1966GL01: 8 and
12 MeV) and by (1961BE12: 17 MeV). For the ground state, θ2 = 0.036 at Ep = 8 MeV and
0.058 at 12 MeV; for the 4.4 MeV state θ2 = 0.051 at 12 MeV (1966GL01: PWBA). See also
(1960NE1C, 1964TE1G). At Ep = 54.9 MeV, strong deuteron groups are observed to 12C*(0,
4.4, 12.7, 15.1, 16.1) and partial angular distributions of these groups have been observed. Spec-
troscopic factors (from DWBA) indicate that the summed transition strengths to the four excited
states are approximately equal to the P 3

2

neutron pickup strength in 12C(p, d) (1968TA1V).

54. 13C(d, t)12C Qm = 1.311
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Q0 = 1.311 ± 0.006 (1961TE02, 1964MA57);

Q0 = 1.3109 ± 0.0007 (1967OD01).

Angular distributions of tritons have been obtained by (1954HO48: 2.2 and 3.3 MeV; t0),
(1966GL01: 8 and 12 MeV; t0 and t1), (1960MA10: 14.8 MeV; t0, t1, t2). The relative θ2 for
the ground and first two excited states are 1 : 0.76 : 0.039 (1960MA10, 1966GL01: PWBA).
Assuming θ2 = 0.031 for 12Cg.s., θ2 = 0.024 for 12C*(4.4) and 0.0012 for 12C*(7.7) (1960MA32).
See also (1959KU1C, 1963OG1A, 1965DE26, 1967DE1J).

55. 13C(3He, α)12C Qm = 15.631

Angular distributions have been determined at many energies: see (1962CH02: 1.6 to 3.3 MeV;
α0, α1, α2), (1968MI1H: 1.66 to 3.12 MeV; α0, α1, α2), (1957HO63: 2 MeV; α0, α1), (1960BA25:
1.8 MeV; α0), (1957HO62: 4.5 MeV; α0, α1), (1964DE1E, 1965DE26: 8.8, 9.4, 10.3 MeV; α0,
α1; DWBA), (1966KE08: 12, 15, 18 MeV; α0, α1, α2, α3, α5, α6, α7, α8; DWBA), (1967BA2G:
40 − 45 MeV). (1966KE08) find l = 1 or 0 for all the groups except α3 (to 12C*(9.6)) for which
l = 2. Angular correlations of α-particles and 4.4 MeV γ-rays have been studied at E(3He) =
4.5 MeV (1962HO13). See also (1968NO1E). The 15.1 MeV γ-ray has been observed: see
(1957BR18, 1959AL1A, 1959BR79). See also (1959OW1A, 1961HO1F, 1964EL1B, 1965NE1B,
1967BH1B).

56. 14C(p, t)12C Qm = −4.641

At Ep = 18.5 MeV, the angular distribution of the tritons to the ground state has been deter-
mined: l = 0 (1961LE1A, 1963LE03).

57. 14N(γ, d)12C Qm = −10.272

Not reported.

58. 14N(n, t)12C Qm = −4.015

At En = 14− 15 MeV, the angular distribution of the tritons to the ground state has been fitted
with L = 2 (1967AN08, 1967FE06, 1967LI06, 1967RE01). See also (1959GA14, 1967BA1E,
1967MO21).
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59. 14N(p, pd)12C Qm = −10.272

See (1964BA1C, 1967FU1A).

60. 14N(p, 3He)12C Qm = −4.779

At Ep = 40 MeV, angular distributions of the 3He to 12C*(0, 4.4) have been determined.
They show strong forward peaking (1966BR1X, 1966HO1F). See also (1961CL09, 1962MA1L,
1967HO1N).

61. 14N(d, α)12C Qm = 13.575

Q0 = 13.579 ± 0.006 (1964MA57: see also (1962TE02)).

Alpha groups have been observed corresponding to all 12C states up to 12C*(16.11), with the
exception of 12C*(10.3) and 12C*(14.7) (see (1965BR08)). See Table 12.26 for a listing of en-
ergy parameters measurements. Angular distributions have been obtained at many energies: see
(1966EU01: 0.5 to 2.2 MeV; α0), (1961SJ1B: 0.6 to 0.8 MeV; α0), (1965WI11; 0.8 to 1.9 MeV;
α0, α1), (1965ST02: 0.9 to 1.2 MeV; α0, α1), (1960KA1H: 1.4 to 2.9 MeV; α0), (1961IS03: 1.5 to
3 MeV; α0), (1965SC12: 4 MeV; α0, α1, α2, α3, α5, α6, α7; 7.2 MeV; α7, α8, α9, α11), (1965BR08:
5.9 and 7.2 MeV; α7, α11, α12), (1964CH1C: 4, 6, 8 and 10 MeV; α0, α1, α2), (1962WI05: 10
MeV; α0, α1), (1960HU10: 10.3 to 11.4 MeV: α0, α1), (1966DR04: 11.3 and 12.6 MeV; α0, α1),
(1961YA08: 14.7 MeV; α0, α1), (1959BO40, 1959HE1C: 20.0 MeV; α0), (1959FI30: 20.9 MeV;
α0, α1, α3), (1965PE17: 24 MeV; α0, α1, α2, α3), (1966VI1A: 28.5 MeV; α1). Integrated cross
sections for eight alpha groups have been obtained at Ed = 11.8 MeV (1966JA05). At Ed = 24
MeV, α1 is strongly favored over α0, and α3 is favored over α4. For α0, α1 L = 2 is preferred
(1965PE17). Angular distributions at Ed = 4 MeV are nearly symmetric about 90◦, suggesting a
compound nucleus process involving many overlapping levels (1965SC12).

In a test of isospin conservation, (1965BR08) find, at Ed = 7.2 MeV, the cross section for
excitation of 12C*(15.11, Jπ = 1+; T = 1) = 31% of that for 12C*(12.71, Jπ = 1+; T = 0);
σ(16.11)/σ(12.71) = 4%. Violation of this order can be understood as being due to coulomb
mixing in the compound nucleus.

Comparison of angular distributions of 14N(d, α)12C at Ed = 20 MeV and 12C(α, d)14N at
Ed = 41.7 MeV suggest an upper limit of 3% for the time reversal non-conserving fraction of the
Hamiltonian (1959BO40, 1959HE1C, 1965PE17). See also (1962AL09, 1966ME1E).

At Ed = 1.8 MeV, the alpha particles to the 7.65 MeV state were observed in coincidence with
recoiling 12Cg.s. nuclei. If Γrad ≡ (Γγ +Γπ), the ratio Γrad/Γ = (2.8±0.3)×10−4: see 12B(β−)12C
(1963SE23). See also (1967UI01).
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Table 12.26: Alpha groups from 14N(d, α)12C

Ex (MeV ± keV) Γ (keV) Ref.

4.438 ± 6 a (1951MA08)

4.430 ± 30 (1965PE17)

4.447 ± 10 (1961JA23)

7.665 ± 15 (1955PA50)

7.663 ± 13 (1956AH32)

7.669 ± 10 (1961JA23)

7.66 ± 50 (1965PE17)

9.642 ± 14 30 ± 8 (1956DO41)

9.616 ± 15 (1961JA23)

9.620 ± 3 b (1951MA08)

9.64 ± 50 (1965PE17)

10.85 c (1965SC12)

11 c (1965SC12)

12.7 ± 70 (1965PE17)

13.29 c 355 ± 50 (1965SC12)

14.08 c (1965SC12)

15.11 (1965BR08)

16.11 (1965BR08)

a Based on Qm.
b (1956DO41) suggest that a systematic error exists in

(1951MA08)’s value for this state.
c Nominal value; Ex not determined in this experiment.
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62. 14N(3He, pα)12C Qm = 8.081

See (1962BL1E) and 16O.

63. 14N(α, 6Li)12C Qm = −8.800

At Eα = 42 MeV, angular distributions of 6Li ions corresponding to the ground and first excited
states of 12C have been measured (1964ZA1A). See also (1964BR1L).

64. 14N(10B, 3α)12C Qm = 7.642

See (1965SH1A).

65. 15N(p, α)12C Qm = 4.965

Q0 = 4.954 ± 0.008 (1961LO10).

Searches for double dipole de-excitation of the 4.4 MeV state have been unsuccessful ΓE1E1/ΓE2

≤ 0.5 × 10−4 (1964AL18), ≤ 1.7 × 10−4 (1960MC03). A theoretical estimate of 10−8 is cited by
(1960MC03).

Angular distributions of α-particles leading to the ground and 4.4 MeV states have been deter-
mined for Ep up to 18.6 MeV: (see (1963RO01, 1963MI1H, 1964EC03, 1965WA1N, 1967NO02)).
At the higher energies the ground-state alpha particles show marked backward peaking, in agree-
ment with the inverse reaction 12C(α, p)15N (1964EC03). See also (1963NA1C, 1964HO1D,
1966EV1B).

66. 15N(α, 7Li)12C Qm = −12.382

Angular distributions of the 7Li ions to the ground and 4.4 MeV states have been determined
at Eα = 42 MeV (1966MI1M).

67. (a) 16O(γ, α)12C Qm = −7.161

(b) 16O(γ, 4α) Qm = −14.436

There is evidence for the involvement of many 12C states: see (1965RO05, 1967CA1C).
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68. (a) 16O(n, nα)12C Qm = −7.161

(b) 16O(p, pα)12C Qm = −7.161

(c) 16O(α, 2α)12C Qm = −7.161

For reaction (a), see (1963MO04, 1964MO1D). In reaction (b), 4.4 MeV γ-rays are observed at
Ep = 146 (1962FO03) and 150 MeV (1962RO25). See also (1957CH1A, 1964BA1C, 1965ZH1A,
1967CH04, 1967FU1A). In reaction (c), the angular distributions of 8Be nuclei (identified through
the α-decay) leading to the ground and 4.4 MeV states of 12C have been determined for Eα = 35.5
to 41.9 MeV. The angular distributions and integrated cross sections vary strongly with energy
(1965BR13). See also (1962DO1B, 1962ZU01, 1965KU1B, 1965ZE1B, 1967PA1T, 1967TA1C,
1968YA1C).

69. 16O(d, 6Li)12C Qm = −5.689

At Ed = 14.6 MeV, the ground state angular distribution suggests that direct interaction pre-
dominates (1964DA1B). Qualitative agreement with DWBA is reported (1966DA1C). See also
(1963DR1B, 1964BL1C, 1965SL1C).

70. 16O(3He, 7Be)12C Qm = −5.574

See (1967ZA1B).

71. 16O(10B, 14N)4He4He4He Qm = −2.822

See (1965SH10, 1966SH1B).

72. 16O(14N, 18F)12C Qm = −2.745

See (1966GA10).

73. 17O(d, 7Li)12C Qm = −2.579

See (1967DE03).
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74. 18O(d, 8Li)12C Qm = −8.593

See (1963DE02).

75. 19F(p, 2α)12C Qm = 0.953

See (1962FO03).

76. 19F(d, 9Be)12C Qm = 0.299

Ground-state angular distributions have been measured at Ed = 9 to 14.5 MeV (1964DA1B,
1967DE03, 1967DE14).

77. 19F(3He, 10B)12C Qm = 1.393

See (1967DE14).

78. 20Ne(α, 12C)12C Qm = −4.617

The α-induced fission of20Ne has been studied by (1962LA05, 1962LA03, 1962LA15). See
also (1963HO1H, 1963TA1B).
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12N
(Figs. 7 and 8)

GENERAL: See (1964NA1G, 1964SH1J, 1964ST1B, 1966KE16, 1967KE1L).

Mass of 12N : From a weighted average of the Q0 values for 10B(3He, n)12N and 12C(p, n)12N
(see reactions 2 and 3), M − A for 12N = 17.342 ± 0.005 MeV.

1. 12N(β+)12C Qm = 17.342

Measured values of the half-life are displayed in Table 12.28. The decay is complex; 12N
decays to the ground state of 12C and to several excited states: see 12C.

2. 10B(3He, n)12N Qm = 1.570

Q0 = 1.561 ± 0.009 (1964KA08);

Q0 = 1.568 ± 0.020 (1966ZA01);

Q0 = 1.570 ± 0.025 (1964FI02);

Q0 = 1.574 ± 0.007 (1967AD1E);

Q0 = 1.569 ± 0.005 (mean).

Observed neutron groups are displayed in Table 12.29 (1957AJ71, 1964KA08, 1966ZA01,
1967AD1E). Angular distributions have been studied at E(3He) = 2.5 and 3.6 MeV (1957AJ71) at
E(3He) = 2.4, 2.75 and 2.94 MeV (1967AD1E), and at E(3He) = 4.0 and 5.8 MeV (1966ZA01).
See also (1964BR13, 1966SC23, 1967AL03) and (1965SH1E, 1966SH1F; theor.).

3. 12C(p, n)12N Qm = −18.124

Q0 = −18.122 ± 0.009 (1966BR17).

At Ep = 138 MeV, θ = 3◦ , neutron structure corresponding to the ground state (and possibly
to the unresolved first two energy levels of12N) is observed in addition to structure corresponding
to 12N*(Ex ≈ 6 MeV). At large angles (to θ = 16◦), the latter structure becomes relatively more
prominent. It is suggested that it corresponds to the 12N equivalent of the T = 1 giant dipole state
at Ex ≈ 20 MeV in 12C (1963LA1F; see also (1962BO1F)). See also (1949AL05, 1960TA1K,
1963BA1X, 1963EL1C).
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Table 12.27: Energy levels of 12N

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

g.s. 1+; 1 τ1/2 = 10.97 ± 0.04 msec β+ 1, 2, 3, 4

0.969 ± 7 < 50 2, 4, 6

1.198 ± 9 140 ± 40 2

1.65 ± 80 2

(2.0 ± 100) 2

2.35 ± 80 2

3.15 ± 80 280 ± 80 2

3.55 ± 80 270 ± 80 2

(≈ 6) (1−; 1) 3

Table 12.28: Half-life of 12N

τ1/2 (msec) Ref.

12.5 ± 1 (1949AL05) a

11.2 ± 0.4 (1959FA03)

11.1 ± 0.2 (1962PO02)

10.95 ± 0.05 (1963FI05)

11.0 ± 0.1 (1963PE10)

10.97 ± 0.04 Weighted mean

a This value is excluded from the weighted average.
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Table 12.29: Neutron groups from 10B(3He, n)12N

Ex (MeV ± keV) Γcm (keV)

(1957AJ71) (1964KA08) (1966ZA01) (1967AD1E) (1966ZA01)

g.s. g.s. g.s. g.s. sharp

0.994 ± 20 0.959 ± 20 0.969 ± 10 < 50

1.06 ± 80

1.22 ± 30 1.24 ± 30 1.191 ± 10 140 ± 40

1.56 ± 80 a c

(1.97 ± 100) b

2.35 ± 80 2.4 ± 100 c

3.18 ± 150 3.14 ± 80 280 ± 80

3.46 ± 150 3.57 ± 80 270 ± 80

a There is some evidence for 12N* at 1.72 ± 0.08 MeV.
b The evidence on this state is inconclusive.
c These groups are very weak at E(3He) = 5.8 MeV, typically two orders of magnitude

less than the first two excited states.

4. 12C(3He, t)12N Qm = −17.361

At E(3He) = 44.6 MeV, triton groups are observed to the ground state of 12N and to the first
excited state: Ex = 0.957 ± 0.020 MeV (1969BA06). See also (1965RI1C).

5. 14N(γ, 2n)12N Qm = −30.621

See 14N.

6. 14N(p, t)12N Qm = −22.139

At Ep = 43.7 MeV, triton groups are observed to 12N(0) and to the first excited state: Ex =
0.963 ± 0.030 MeV (1967CE1B).

12O
(Not illustrated)

See (1960GO1B, 1965GO1D, 1966GO1B, 1966KE16).
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