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16N
(Fig. 31)

GENERAL:
Theory: See (954FL1A 1956KA1G 1957EL1B.

1. 16N(37)160 Qum = 10.402

From the character of the beta decay, it is concluded'tih(D) has)™ = 2-. See'O.

2. TLi( 1N, 5Li) 6N Qm = 0.589

See (958AL1D).

3. 9Be('Li, 3Li)*Be Qm = 0.368 B, = 20.585

The cross section for this reaction has been measured E@ir) = 1.1 to 2.0 MeV. At the
higher energy it is approximately 1 mbq57NO17.

4. 3C(a, )N Qum = —T7.416

Not reported.

5. 14C(d, 7)!*N Qum = 10.481

At Eq = 1.16 MeV, the cross section is 0.1 mb ((957B0O0J3. At Eq4 = 2.0 MeV, 0 < 0.6 mb
(1956D037.

6. 14C(d, n)°N Qum = 7.987 E, = 10.481

See (950HU72 and'®N.



Table 16.1: Energy levels ¢fN

Ey JT 7172 Or I' (keV) Decay Reactions
(MeV =+ keV)
0 2= | 7mp=737+004sec| (B |1,2,5,12,13,16,19,2
0.120+ 1 0~ T1/2 = 5.7 usec ~y 16, 24
0.295 + 4 3~ v | 16, 24, 25
0.392+ 3 1~ vy 16, 24, 25
(3.53 + 30) sharp 16
3.980 + 20 sharp 16
4.80 £+ 50 230 + 40 16
(5.01 & 50) 16
525+50 |27,3* 200 n 14, 16
12.2 270 dp |7
12.62 190 dp |7
12.8 165 dp |7
7.14C(d, p)sC Qum = —1.007 E, = 10.481

The excitation function has been studied fréin= 0.6 to 3.0 MeV (954RI1B 1956D0O37.
Resonances are observed at 2.0, 2.45 and 2.7 MeV, with cadthsvof 270, 190 and 165 keV,
respectively, corresponding téN*(12.2, 12.62, 12.8 MeV)1956D037. See also{950HU72
1954RI1B and*'>C.

8.1C(d, )'2B Qum = 0.358 E, = 10.481
See (950HU73.

9. 14C(t, n)'SN Qu = 4.223
Not reported.

10.4C(He, p)N Qum = 4.988



Not reported.

11. 1C(a, d)!5N Qm = —13.363

Not reported.

12. UN(t, p)'°N Qm = 4.851

See (953CU1D).

13.15N(n, )N Qum = 2.494

The thermal cross sectionid + 8 ;b (1958HU1§, 80 + 30 ub (1952FE1A.

14.°N(n, n)°N B, = 2.494

The total cross section has been measure@for 2.8 to 3.3 MeV: a resonance is observed at
E, =~ 2.95MeV. .« = 4 b,T" = 140 + 40 keV, corresponding t@, ~ 5.26 MeV, J = 2~ or 3%
(1956BA1A).

15.°N(n, a)1?B Qum = —7.629 By = 2.494

See (948JEOR

16. °N(d, p)°N @ = 0.267
Qo = 0.286 (1957VA1Y);
Qo = 0.269 4 0.010 (1957WAO0).

Levels derived from observed proton groups gngys are listed in Tabl&6.2 Gamma tran-
sitions are shown in the inset Bfg. 31(Energy Level Diagram of°N). Even atE; = 2.7 MeV,
the stripping angular distribution patterns to the lownlyistates are well-developed, and the the-
ory yields quite good fits1956ZI1A 1957WAQ0J). Shell-model theory in intermediate coupling
predicts a close group of 4 levels within about 700 keV, with= 0, 1, 2, 3, odd parity (order
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Table 16.2: Levels of°N from >N(d, p)'°N

B, (keV) | Tom (keV) | 1,0 | g7 [ g2¢

0 sharp 2 2 0.05
120+ 1 sharp 0 0~ 0.19
294+5 sharp 2 3~ 0.05
392+ 3 sharp 0 1~ 0.18

(3530 + 30) sharp
3980 + 20 sharp
4800 £ 50 230 + 40

(5010 =+ 50)
5250 £50 | 290 4 50

& (1957WAO01 E4 = 14.8 MeV). No other proton groups are
observed corresponding tFN* < 9 MeV. Energies of first
three excited states are fromray measurementsl®57FR56
1957WI1B.

b (1957WA0) and (L956ZI1A E4 = 2.75 MeV); J assignments
from stripping and gamma decay data: see text.

© (1957WAO0J.

uncertain), arising from the configuratlons B: and Q 1d5 Levels from p 1d3 should lie several

MeV higher (L953IN1A 1957EL1B. These results are strlklngly conflrmed by the experinlenta
evidence. The ground state is assignee= 2~ on the basis of th&-decay (seé’N(57)'°0).
The first excited state may have= 0~ or 1~ from the stripping pattern; however, the half-life
Ti2 = 6.7 £ 0.5 usec (957FR5@, 5.43 + 0.22 psec (19597119 is much too long for dipole
radiation, and/ = 0~ is indicated {957WI1B. The third excited stater, = 392 keV), again
limited to.J = 0~ or 1~ by the stripping pattern, decays to batiN(0) and'®N*(0.12); J = 0~
is therefore excluded andl = 1~ indicated. Of the possibilitieg = 1—, 2=, 3~ for the second
excited state!®N*(0.285),.J = 1~ is rendered unlikely by the low intensity ofdecay to the sec-
ond excited state and by the absence of,aa 0 component in the stripping patterh956Z11A
1957WAO01 1957WI1B. The assignment = 3~ is strongly favored by the (p) angular correla-
tion (1957FR56.

The observed-branching of °N*(0.395) is in accord with the theory, which predicts lifaes
in the range 1 to&7 x 107! sec. A considerable enhancement through collective eaiawités
required to account for the lifetime of the first excited stafThe reduced neutron widths are
expected to be of the order of the single-particle limit. dD&tion of level shifts and comparison
of observed reduced widths suggests that'fi@* analogues to the first four states 6N are



160%(12.95, 12.78, 13.24, 13.09 MeV)957EL1D: see also(957WI1B and>N(p, p)°N.

17. N(t, d)!°N Qum = —3.765

Not reported.

18. N(a, 3He)'*N Qm = 18.084

Not reported.

19.160(n, p)N Qm = —9.619

The possibility that’N might have a long-lived< sec) isomeric state has been examined, with
negative result}956 TO1A. See alsoi952L124 and'"O.

20.190(t, *He)'SN Qm = —10.384

Not reported.

21.170(d, *He)'*N Qum = —8.271

Not reported.

22.180(n, t)N Qum = —13.349

Not reported.

23.180(p,*He)!°N Qm = —14.114

Not reported.



24.130(d, 2)'N Qum = 4.237
Qo = 4.237 £ 0.009 (1955PA5().

Alpha groups are observedg = 0.85 MeV corresponding t&N*(0, 1166, 30012, 391+
12 keV). No other states are observed belbw= 1.24 MeV (1955PA5(). See also1957B004
and®’F.

25. 19F(n, ) '6N Qum = —1.500

At E, = 4.87 MeV, ana-group has been observed with= —1.77 +0.15 MeV, probably cor-
responding to a transition to one or more excited staté&b{1955JA18. See also(956TO1A
and?°F,



160
(Fig. 32)

GENERAL:

Theory: See (954DE1E1954FL1A 1955HE1E1955JA10 1955MA1K, 1955MA1L, 1955SC1B
1955WI1F 1956EL1C 1956FE1E1956JA1C 1956KA1D, 1956MO10 1956PE1A1956RE1C
1956WI1D 1957EL1B 1957FE1D1957GR1G1957HE1B 1957RE1A1957TA1G 1957TO1A
1958CA1G 1958DA1E 1958DA1F 1958FE1C1958FE1D 1958HALE 1958M0O171958RA1F
1958UM1A 1958WI1H.

1. 2C(a, 7)'0 Qm = 7.148

Resonant capture radiation 160,  is observed a¥, ~ 3.24 MeV, corresponding to the
known.J = 1~ state at 9.58 MeV: seBC(x, a)'2C. The radiative width o6 x 102 eV implies a
T = 1 admixture of the order af x 10~*, an amount slightly lower than usual f81O states. It is
suggested that thE = 1 admixture may derive fronf0*(13.09),J = 1-; T = 1 (1957BL0O):
see also 1953J01A 1956WI1D. This state does not arise in any natural way fromsp or
p~'d (1957EL1B. The integrated capture cross sectionp = 1.60 MeV is < 30 ub-MeV
(1955AL16. See also{958PH37J. The relevance of the capture of alpha particlesi6yto the
buildup of the elements in stars is discussed856CALFE 1956HALC 1956HA1D 1957BU6G6G
1957SA1B.

2. 2C(a, N)°0 Qum = —8.452 B, = 7.148

See (939KI1A).

3. 2C(a, an)!'C Qum = —18.722 B, = 7.148

See (953LI29.

4.2C(a, p)°N Qum = —4.965 B, = 7.148
Seel®N.
5. 12C(a, d)N Qm = —13.579 By = 7.148



Table 16.3: Energy Levels ¢fO

E, JT T Tyn OF Decay Reactions
(MeV + keV) I (keV)

0 0;0 — stable | 1,18, 24, 27, 34, 36, 37, 38, 43
6.056 &+ 10 07,0 | 7, = 72+ 7 psec T 9, 18, 35, 36, 38, 43
6.135+ 10 37,0 | T, = 124+ 6 psec v 18, 24, 27, 35, 36, 38, 43
6.923 + 10 270 | 7, =12+ 3 fsec ~y 18, 33, 36, 38, 43
7.121 + 10 17;0 | 7, = 10 £ 3 fsec ~y 18, 24, 27, 33, 36, 38, 43
8.875+ 10 27;0 y 18, 24, 27, 36, 38, 43

9.58 17;0 650 a, 7y 1,6
9.843 + 12 27;0 0.8 6, 36, 43
10.363 + 14 4t 0 27 « 6, 36, 43
(10.804) (43)
10.937 + 10 0-;0 y (18), 24, (43)
11.070 £ 10 | 37;(0) ~y (6), 18, 24, 36, 43
11.25 0;0 2500 « 6
11.51 £ 30 270 80 «Q 6, 36
11.62 37;0 1200 « 6
12.02 4+ 30 ) 36
(12.29) 40 ~y 20
1243+10 | 17;0 89 a, v, p |6, 20,22
12.52 £+ 10 2- 0.8 p,v,a | 20,22, 36
12.78 £ 10 0—;1 38 P,y 20,21
12.96 £ 10 27;1 2+0.2 p, « 21, 22
13.09 £ 10 1751 130 + 10 p,v,« | 20,21,22, 36
13.25 £ 10 37;1 21 £1 p, o 21,22
13.65 + 10 1%, 0 64+ 3 p, 21, 22
13.97+ 10 2” 22 +2 p, « 21, 22
14.93 £+ 40 4F 43+ 10 p, « 22
15.21 £ 40 2-,3% 72+ 15 p, o 22
15.25 £ 60 2+ 720 £ 100 p, o 22
15.41 + 50 96 £+ 25 p, « 22
15.79 30 p, « 22

10
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Table 16.3: Energy Levels ¢fO (continued)

E, JT T Tyn OF Decay Reactions
(MeV + keV) I (keV)

16.21 1 23 p, N 23
16.3 0~ 250 p, n 23
16.44 24 p, 22
(16.82) p, « 22
(16.93) p, « 22
17.0 ~ 200 p, N 23
17.12 41 p, n 23
17.29 84 p, N 23
17.5 ~ 250 p, n 23
17.63 66 p, n 23
17.85 100 p, n 23
17.96 49 p. N 23
18.05 38 p, N 23
22.05 broad d,n 11
23.05 broad d,n 11
23.54 300 « 6
24.38 broad d,n 11
(25.7) SHe, p,a | 7,8
(26.4) SHe,p | 7

The angular distribution ak, = 42 MeV shows three peaks and three valleys in the range
0..m. = 40° to 150°. The location of peaks and the absolute cross sections elgisady with those
obtained in the inverse reactionfaj = 20 MeV. The experiment provides a test of the hypothesis
of invariance under time reversal and places an upper lif@tfew per cent on possible T-R odd
forces ((958BO7).

6. 2C(a, a)'?C Ey, =17.148

Resonances derived from a phase-shift analysis of thaetasittering are exhibited in Table
16.4(1953HI05 1954B196. At the upper limit of these experiment§©*(12.5)), the existence
of higherJ = 0% and2™" levels is indicated by a pronounced increase inithe 0 andl = 2
phase shifts 953HI05 1954BI96. The inelastic scattering fdr,, = 20.4 to 22.6 MeV indicates
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Table 16.4: ResonancesfC(a, a)'?C

E, (MeV) | I, (keV) | 62 160* (MeV) | J~
3.24° 860 0.85 958 | 1-
3.582° 1 0.0015 9.835 | 2F
4.28° 36 0.26 10.36 | 4F
5.27P 10 (11.10)¢
5.47" 3300 0.76 11.25 | 0F
5.82P 106 0.03 1151 | 2F
5.96" 1600 0.73 11.62 |3~
7.04b 230 0.04 12.43 | 1-

21.85° 400 23.54
a (1953HI03.
b (1954BI98.

¢ (1955RA1B.
d Assignment to present reaction not certain.

aresonance df, = 21.854+0.1 MeV, T' ~ 0.4 MeV (°0*(23.54)). The asymmetry of the angular
distribution is said to indicate at least one other levelppposite parity {955RA1B. See also
(1954DEL1E theor.) and?C.

7. 13C(He, p)°N Qum = 10.668 By, = 22.780

The yields of ground state protons have been studied atalevsgles in the regiod(*He) =
1.4 to 4.8 MeV. There are indications of resonance8@He) ~ 3.6 and 4.5 MeV {°0O*(25.7 and
26.4)) (1956SC011957IL0Y). See alsd’N.

8. 13C(*He, a)2C Qm = 15.632 B, = 22.780

The ground state-group shows a broad weak resonancE@He) ~ 3.6 MeV (1956WO01Q.
See alsd?C.

9. 13C(a, n)'°0 O = 2.203

12



A threshold for'0*(6.05) is observed ak,, = 5.05 MeV (1956B06). See also{951J01¢
and!"O.

10. C(He, nfs0 Qm = 14.607

Not reported.

11. 1N(d, n)°0 Qum = 5.073 By = 20.728

Excitation functions have been measured fyr= 0.6 to 4.5 MeV (L955MA85 1956J01D
1957JO1C1957N0O1G1958M0O14 1958WE3). The yield of ground-state neutrons shows broad
but well-defined peaks dfy = 1.52, 2.62, and 4.19 MeVE, = 22.05, 23.05, and 24.38 MeV.

It is not clear whether the structure is to be attributed ®on@ances or to surface interaction
(1958WE3). See alsd’®O.

12. 1N(d, p)°N Qum = 8.615 By = 20.728

Excitation functions and angular distributions are repary (954JO1F E4 = 0.4 to 0.6
MeV) (1956K026 1956VA17 E4 = 0.2 to 0.7 MeV), and {958B0O18 E4 = 0.6 to 1.0 MeV):
see also 1957JA37. At the lower energies, both stripping and compound nigkeffects are
reported, although the distributions b = 0.6 to 1.0 MeV (1958B0O1§ appear to be explicable
entirely on the basis of overlapping resonance levels. Bee’ and (1954ST1Q.

13. 1N(d, d)N B, = 20.728
See“N.
14. “N(d, t)13N Qum = —4.292 B, = 20.728

See (942BO1A.

15. 1N(d, a)'2C Qm = 13.579 By = 20.728

13



The cross section rises gradually framy = 0.45 to 0.90 MeV (954CA1D. Angular dis-
tributions for 4 = 0.6 to 1.0 MeV indicate that the stripping contribution is smialthis range
(1958B0O1§. The angular distribution ak; = 20 MeV agrees closely with that of the inverse
reaction atf, = 42 MeV (1958B07): see'?C(«, d)!“N, (1957FI1Q and*?C.

16. 14N(d, 4a) Qum = 6.208 B, = 20.728

See (947FO1A.

17. 1N(t, n)!¢0 Qum = 14.470

Not reported.

18. N(*He, p)°0 Qum = 15.235

At E(He) = 2.1 MeV, proton groups corresponding t6O levels up toF, = 13.6 MeV
have been identified. In the regidn, ~ 11 MeV, four groups are resolved, corresponding to
160*%(10.94,11.087 £ 0.020, 11.25, 11.51). The first two are presumably those obsen/Edid,
n)®O at 10.937 and 11.063 MeV. The gamma decay 0f(8.88, 10.94 and 11.07) has been stud-
ied with coincidence techniques: branching ratios arerging=ig. 33 (Gamma-ray transitions in
160). From the observed transition intensities and from)pnd ¢-v) correlations, the assignment
J = 2~ for 10*(8.88) is confirmed, and assignmentsjof= 0~ and3* are fixed for'®0*(10.94
and 11.07), respectively. For the 10.94 MeV statg]', < 0.2, indicating an upper limit for the
intensity of possible opposite-parity admixture~ef2 x 10~ (1959BR68 1959KU79. See also
(1957BR171957L11D, 1958BR1D.

19. “N(a, d)!°0 Qm = —3.116

Not reported.

20.15N(p, 7)!°0 Qum = 12.113

Ground-state capture radiation resonances occhy at 190, 338 keV ((958HES2 and 1050
keV (1952SC281957HA9§ 1958HESY: see Tabld 6.5 The large radiative widtH,, = 150 eV,
of the latter indicates E1 radiation arid= 1~; 7' = 1 for 150*(13.09); on the other hand, the large
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a-width speaks for a strong admixture B6f= 0 (1953WI1B 1956WI1D see also1957BA03J).
The 338 keV resonance is relatively weék,= 8 eV. The Breit-Wigner formula with destructive
interference between these two= 1~ states gives a good account of theyield from £, = 200
to 1200 keV (958HES5). Cascade radiation, vidO*(6 and 7), is weakly resonant &k, = 340
keV (1958HE52: at the higher resonance, the relative amount of cascalifgticn is< 1.3 x 1073
(1953DE1A 1954GO1l:. No further resonances for ground-state radiation apfogal, < 3.3
MeV with intensity> 2% of that atE,, = 1050 keV (1957BA03. Within a few microbarns, the
cross section foF, < 3 MeV is completely accounted for by the 13.09 MeV state; a bnss
from E, = 3 to 4 MeV may reflect higher resonances. This result is in deszment with that of
(1955SP1Bon the inverse reaction in which a level’&4©*(14.7) (E, = 2.8 MeV) is reported.
The isotropy of the radiation over the entire range frBp= 1 to 4 MeV places an upper limit of
3% on the relative intensity of pd in the 13.09 MeV statel@57WI1H); see also{957EL1B.

At E, = 429 keV (1958HES52 and 710 keV {957HA99, resonances for cascade radiation are
found; neither produces any detectable ground state radic@ee alsol958CA13J.

21. N(p, p)*°N E, =12.113

Elastic scattering studies are reported foy = 600 to 1800 keV by {957HA99 and for
E, = 950 to 3960 keV by {956BA1H); see Tablel6.5 The £, = 710 keV state, {°0*(12.78))
havingJ = 0~, does not appear in the (p) reaction or in the ground-state capture: S&¢(p,
7)'¢0. The assignment = 3~ to the state aF,, = 1210 keV (*°0*(13.25)) is in disagreement
with the observed angular distributionitN(p, ;;)'2C* but is confirmed by thev,-y correlation.
The reason for this discrepancy is not know8%7HA99.

By comparison ofJ™ assignments and reduced widths, it is concluded that‘®elevels
formed atE, = 898, 710, 1210, and 1028 keV are the analogues of the first fotesstf'°N
(1956WI1G 1956WI1H 1957EL1B 1957HA99. It is pointed out that the”, = 340 and 429
keV states are also possible candidates, and that in anyapaseciable isobaric spin mixing is to
be expectedl(957HA99. See also{956WI1D).

Elastic scattering at = 132° shows structure at,, = 3000 keV and a large peak of undeter-
mined origin atE, = 3920 4 40 keV (1956BA1H. See also{958CA1J.

22. BN(p, a)'2C Qum = 4.964 B, = 12.113

Two groups ofa-particles occur, td>C(0) (o) and to'2C*(4.43,J = 27) (ay, ). Observed
resonances are exhibited in Tallle.5 The cross section for (jay) is5 x 1077 b at £, = 100
keV (1950SC1A see als01952SC281957BA03). See (957JA3].

Angular distributions (px) have been studied in the ranfig = 230 to 960 keV by (953CO1D,
E, = 500 to 1000 keV by {953NE1B, E, = 920 to 1260 keV by {957HGO0). At and below
the 338 keV resonance, the distribution is isotropic. Sjress ¢ terms develop fo, > 400
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Table 16.5: Levels of°O from >N(p, p)°N, *N(p, 7)'°O and'’N(p, «)'*C

E, Tab Ip a(ap) o(aq) a(vo) (1) 93 J© T Ey
(keV) (keV) (keV) (mb) (mb) (1b) (1b) (%) (MeV)
(190) 40 resf 12.29
3382 94 0.8 f 752 f 0.03f 7f 0.4f 4t c 17;0° | 12.430
429412 0.9 0.020f n.r.g 2002 f 1300f 4b 2- 12.515
710+ 7P 40 + 4 40° n.r. n.r. n.r. res 11 0—:;1b | 12.779
898+ 12 22402 | 1.2 n.r. 800 8.8 271 12.955
1028 £ 10" | 140+10 | 110 500! 15 1000* | < 1.31 10 11 13.088
1210+32 | 225+1 4.1 600! 4254 7.4 37:1 13.247
1640+ 3¢ 68 +3 10 n.r.d 340 0.8 1*:0 13.651
1979+ 3 2342 0.5¢ n.r. 35 2—d 13.968
3000 + 30 4 45 + 10 50 600 4t 14.93
3300 + 35 75415 n.r. 270 2-,3+ 15.21
3350 £ 50 750 + 100 50 205 2+t 15.25
3520 4 40 100 + 25 100 80 15.41
3920° 30 res® 15.79
4610 25 res 16.44
(5020) (res) (16.82)
(5140) (res) (16.93)

2 (1952SC23 values for 338-kev resonance corrected for s-wave pati@tr observedr,,.x = 360 keV, o, (max)= 90 mb.
b (1957HA99.

¢ (1957HGO).

4 (1957BA03.

¢ (1956LI110; see also Tabl&6.6

f (1958HE52.

& n.r.= non-resonant.

h (1954GO1F.

1(1952SC2% (1957HGO]) find 340 and 300 mb respectively.
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keV, with cos? § terms gradually increasing above 700 keV, and higher-deters above 1 MeV.
The terms incos ¢ indicate interference between states of opposite paribhalysis of this effect
led (1953CO1D to the conclusion that the resonances in question \iigre- 338 keV, assigned
J =07, andE, = 1028 keV, J = 1~. Subsequent work has shown, however, that the lower
state isJ = 1-, formed by s-wave protons: evidently the interfering evantp state or states
remain to be identified; see al$tC(a, «)'>C. The 1028 keV resonance has a large width both
for a-particles and E1 radiation and appears to have a mixed aearas regards isobaric spin
(1953WI1A 1953WI1B 1956WI1D 1957HA9S.

Analysis of the (pey) distribution at thez, = 1210 keV resonance indicates= 37, although
J = 4% is not clearly excludedl@57HG0). Angular distributions of (pe;) and the 4.4 Me\/-
ray have been studied at thg = 429, 898, and 1210 keV resonances hp$2BA1C 1952SE1B
1953KR1B. Channel-spin ratios have been interpreted in terms-6fandj-j coupling models
by (1953CH1A. Theq,-distribution atE, = 1210 keV appears to requiré = 47 (1953KR1B
1957HA99, but the (;-v) correlation required = 37, in agreement with elastic scattering re-
sults; the reason for this discrepancy is not cld®57HA99. Angular distributions of the 4.4
MeV ~-rays are reported fafE, = 1050 and 1640 keV by1954KR1Q and for various energies
from E, = 1210 to 3900 keV by {957BA03. See alsol958CA1J.

A pronounced anomaly appearsigs = 1.87 MeV in the (p, «p) excitation curve which is
faintly reproduced in (pg1) but not in (p, p) L957HGO0).

23. 5N(p, n}*0 Qum = —3.542 B, = 12.113

The excitation function has been measured from threshdditeV, and angular distributions
have been studied at several energies: see T&bt Only four levels are found with' < 40 keV,
as contrasted with the ten or more reported’@(y, n)*°0O (1958J0O2%

24.15N(d, n)'60 Qm = 9.886

Slow neutron thresholds have been observell,at 1.192 and 1.335 MeV, corresponding to
160*(10.937 £ 0.010, 11.063 £ 0.015) (1957WE1A. At E; = 5.1 MeV, in this reaction, and at
E, = 5.77 MeV in ’F(p, a)'°O, four~-ray lines are observed which are assignef@: £, =
2.73 (8.87 — 6.14), 3.86 + 0.04 (10.94 — 7.12), 6.14 6.14 — 0), and 7.1 MeV ¢.9 + 7.1 — 0).
The 10.94 MeV state is not observed to decay in any way otlar through the/ = 1~ state
at 7.12 MeV; upper limits to transitions t60*(0, 6.06, 6.14, 6.92, 8.87) are, respectively, 5, 1,
6, 20, and 40% of the observed cascade. The strong transiti§®*(7.1), J = 1-, suggests
J = 0~ for 150%(10.94), although/ = 1% is not ruled out. They-y correlation strongly favors
J = 07. Itis suggested that thisemitting state is to be identified with the first neutron tireld:
160*(10.94), above, and is distinct from either the (doubtfi0*(11.1) reported in?C(a, a)'?C
or the'*O*(11.08) reported it°O(p, P)!O*. Possibly both'®0*(10.94 and 11.08) are involved
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Table 16.6: ResonancesiiN(p, n}°0 (1958J023

E, (MeV) | Ty, (keV) | J™ | E,in 190 (MeV)
4.372 24 1t 16.21
~ 4.5 ~ 250 0~ 16.3
~ 5.3 =~ 200 17.0
5.35 44 17.12
5.52 90 17.29
~ 5.8 ~ 250 17.5
5.88 70 17.63
6.12 105 17.85
6.24 52 17.96
6.33 40 18.05

in “N(®*He, p)°0 (1957BEG6). It is noted that thé’F(p, a)'°O spectrum of {956SQ1A shows
three groups in this range, of which one is definitely attieioito°0*(11.085) (L957WE1A. The
8.87 MeV state has @+ 2 % direct transition td°0, ; (1957BE6). Angular distributions of
ground-state neutrons fdf; = 1.1 to 5.2 MeV are well accounted for by the exchange stripping
theory of (L9570W03 (1958WE31 see!’0). See alsol955AJ6) and (L957EL1E theor.).

25.15N(3He, d)°0 Qm = 6.619

Not reported.

26.15N(a, 1)'°0 Qum = —7.700

Not reported.

27.16N(5-)1°0 Qm = 10.402

16N decays to several states'6O: reported branching fractions are listed in Tabfe7 The
ground-state transition, witliz(max) = 10.33 £ 0.08 MeV (1957MO1A), 10.40 + 0.05 MeV
(1958BR9), has the unique first-forbidden shape corresponding fo= 2, yes, fixingJ™ of
1N as2~ (1957MO1A 1958BR95 1959AL1M). This assignment is also indicated by the fact
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Table 16.7: Beta-decay &fN

Final State A B C D
160* | J™ | Branch | log fot | Branch| log fot | Branch| log fot
(MeV) (%) (%) (%)
0 0F | 2642 6.7 28 6.67% | 24 £+ 2 8.2
6.06 | 07 | <0.015| >8.2
6.14 | 3~ 68 4.5 54 4.6 55 +4 45 | 14+1
6.92 | 2t
7.12 | 1~ 4.9 51 18 4.6 21 +4 4.4 1
8.88 | 27 1.1 4.4

A: (1956WI1A 1958AL13 1959AL1M): includes data of B, C, D.
B: (1958BR9).

C: (1957MO1A.

D: ~-rays (L951MI1B 1956 TO1A 1957B0O03.

@ log (f1t) = 8.0.

® log (fit).

that the transitions t&O*(6.1 and 7.1) are both allowed$51MI1B). There appears to be some
discrepancy between the branching ratio&’af*(6.1 and 7.1) as determined by decomposition of
the g-spectrum {958BR9) and by comparison of the-ray intensities 1951MI1B, 1957BO04
see, however,1059AL1M)). The low ft-value for'°0*(7.1) presents some difficulty for the
theory (L957EL1B. Transitions to the nuclear pair emitting state aré.5 x 10~*: log ft > 8.2
(1958AL13 see also{956EL1G 1957EL1B). A 1.1% branch leads t§0*(8.87) which decays
viathe 7.1, 6.9, and 6.1 MeV levels in the ratio 3 : 1 : 30. Sitha3-transition is allowed,/™ of
160*(8.8) is1, 2~ or 37; the first and last would permit-decay, so/™ = 2~. The~-branching
and they-v correlation §.88 — 6.1 — g@.s.) are consistent with this assignmerig6\WI1A).

The half-life is7.35 +0.05 sec (947BL1A), 7.38 +0.05 sec (954MA97). (1956 TO1A finds
no evidence fop-decay of excited states &fN.

28.160(y, n)I*0 Qum = —15.655

Bies. = 15.60 £ 0.05 (1957BA27 see also{955BA1P).

The cross section exhibits a slow rise for3 MeV above threshold followed by the usual giant
resonance. Characteristics of the giant resonancefare: 24 MeV, I' = 3.5 MeV, 0,ax = 10
mb; f odE = 40 MeV-mb (1951J01B1953MO1B 1954FE161957CA1D.
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Discontinuities in the activation curve are said to indécalbsorption into discrete levels'60:
see Tablel6.8(1955BA1R 1955CO1C 1955PE1D 1957BA27 1958BE74 1958KA1D). From
the cross section it would appear that a substantial fractfdhe absorption takes place through
discrete levels954KA1A, 1955PE1D. However, in a measurement of the absorption in water
for £, = 15 to 25 MeV, using various detectors includifiD, (1958SI11A conclude that the
absorption is generally continuous, with only a small ciwttion from discrete, narrow levels.
See also 1954BI04 1955CA1E 1955SA1FE 1957SP1A 1957SV1A 1958LI11D, 1958WO0O5),
(1955M0O1C 1956WI1D, 1957BA1H 1957EL1B 1958FEL1C 1958FEL1D 1958WI1E theor.)
and (L955AJ6).

29.150(y, p)'°N Qum = —12.113

Resonances are observedm@t = 19.6, 20.6, 22.4 MeV; [ odE = 2, 2, and 20 MeV-
mb for ground-state protond$56C0OS59, £, = 20.7, 21.9, 24.0 MeV (956LI1D). See also
(1955J01D. The 22 MeV resonance appears to be the giant resonanceonRnogular distri-
butions have been measured BPH6CO59 1956L11D, 1957MI1Q. A resonance reported at
E, =14.7 MeV (1955SP1Bsee also1956CO59) does not appear in the inverse reactio(p,
7)'°0 (1955WILF 1957WI1H. (1958SI1A find that the absorption in the range, = 15 to
25 MeV is generally continuous, with only small contributsofrom narrow resonances: see also
160(y, n)**0. See also1955ST1D 1956J01C 1957BR55 1957MI1B, 1957SV1A 1958LI1D,
1958MI89 1958PE1A and (L955MO1B 1956G0O1G1957BA1K 1957WI1J theor.).

30.150(y, a)t?C Qm = —7.148

The cross section for production 6fC exhibits a maximum near 17.5 MeV (~ 5 MeV),
o(max) ~ 50 ub (1953MI131). Evidence is also reported for excited states°af*((14.2), 16.75,
17.3, 22.6, (23.15), and 24.6) with=27; T'= 0 (1954ST89. See alsol955HA1D, 1955TI1A
1956DA1Q and (L955AJ6).

31.160(y, 4a) O = —14.429

The cross section for production of 4-pronged stars showsrdber of maxima: see Tablé.9
(1952GO1A CO54l, 1956DA1Q. An appreciable fraction of the stars appear to involvaterc
states of 2C and®Be (1955AJ6]1 1956DA1C see, however,1053MI31)). See alsol955RA1E
1955HA1D and (L955AJ6).

32. (8)'°O(y, na)iC Qm = —25.870
(b) °O(y, )**N Qu = —25.020
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Table 16.8: Levels in®O from '°O(y, n)**O

E, (MeV)

(1955PE1D)

(1954KA1A)

(1955BA1P 1957BA27)

(1955CO1C1958BE73

15.85
16.03
16.47
16.75
16.95
17.02
17.13
17.18
17.55
17.68
17.84
18.04
18.70
19.01
19.18
20.33
20.58
20.79
20.93
21.21
21.52

22.37
22.54
22.76
23.02

15.9*
16.4
16.7
16.9

17.1

18.9
19.3

20.7

21.54 £ 0.05
21.96 = 0.05

(15.8)
16.03
16.50

(16.7)
16.82
17.04

15.93"
16.17°
16.37¢

16.84¢

& See also1958KA1D).

b (1958BE73.
©(1955C01G.
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Table 16.9: Maxima in®O(y, 4a) ?

E, (MeV)

(1952GO1A | (1956DA1Q | (CO54)
22.6 22.5 23.2
25.8 (26.0) 24.7

(27.5) 27.2
29.5 (29.5) 29.2

325

(35.2)

& Maxima in number of 4-pronged stars.

See (955SC361957ER24.

33 160(,% 7/)160*

Measurement of the resonance scattering cross sectiorBfanél 7.1 MeVy-rays from'F(p,
«)%0 yields mean lifetimes of1.2 4+ 0.3) x 107'* and(1.0 +0.3) x 10~!* sec for'¢0*(6.92 and
7.12), respectively. Values obtained from self absorptimasurements are consistent with these.
The observed life of th€.1 — g.s., E1 transition is consistent with an isobaric spinbition
of the order of 300 (seelf55MA1K)). The lifetime of the 6.9 MeV state is longer than that
expected from a collective model but can be accounted fomeywersion of thev-particle model
(1957SW17J. See also{956KA1D, 1957GR1Gtheor.) and’F(p, )'°0O.

34.160(e, €)!0*

Elastic scattering angular distributionsiat = 240, 360, and 420 MeV strongly favor a shell-
model charge distribution based on a harmonic well with gtleparametes = (1.76 + 0.02) x
10713 cm. The rms radius of the charge distributior2ig0 x 10~'* cm (1958EH1B; see also
(1956FE1B 1957HO1E 1958FE1D 1958RA43.

35.160(n, rf)'6O*

At £, = 7.06 MeV, a6.094 +0.06 MeV ~-ray is observed with a cross sectionl6ft + 25 mb
(1956DA23. See alsoX954TH42 1955BE1H.
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36. 160(p’ p)lﬁo*

At E, = 19 MeV, proton groups are observed correspondingf @*(6.14, 7.02, 8.87, 9.85,
10.34, 11.08, 11.51, 12.02, 12.53, 13.06, and (13.39) M&\3) (keV). Of these, three have not
been reported elsewher€0*(11.08, 12.02, 13.39). The level at 11.08 MeV decays vicade
through the 6 to 7 MeV states; it is presumably not to be idiedtivith the (doubtful) 11.10 MeV
state reported byl@54B196 in >C(«, )'2C since the 10 keV width of the latter would preclude
observation of the/-decay. If it is a purey-emitting state,/ = 2~ is favored. The 12.02 MeV
state appears to give weakradiation; the state at 12.53 MeV yields 4.4 MeMays via'*O(p,
p'a)'2C* as expected from its behavioritN+p. The 8.87 MeV state cascades 80%*i@*(6.1)
and 20% via®0*(6.9 — 7.1) (1955HO6$.

At higher bombarding energies, evidence is reported foeiuitation of states at 6 to 7, 12.5,
and~ 20 MeV (1956ST301957TY36 E, = 96 and 177 MeV). The elastic scattering at high
energies is generally characterized by direct intera@mhmay be described in terms of the opti-
cal model: seel(953BU72 1955FU1A 1955KI143 1956BU95 1956KI154 1957CH321957Gl114
1957VA1B). Polarization of scattered protons has been studiég at 173 MeV by (1957AL39
1957H198 1957MA58. See alsol955K0O1A 1957JA1B 1958MA1B 1958TY49.

37.160(d, d)\°O

See!®F.

38.%0(x, o/)150O*

Both elastic and inelastic scattering distributio€©¢(6 — 7, 8.8)) have been studied At, =
19 MeV by (1957CO1H 1958C0O59. The elastic scattering shows strong diffraction effects

39.170(p, d)\60 Qm = —1.919

Not reported.

40.'70(d, t)'°0 Qm = 2.113

Not reported.
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41."OCHe, a)'%0 Qm = 16.432

Not reported.

42.180(p, 1)'°0 Qm = —3.730

Not reported.

43, 19F(p’a)16o Qn =8.119
Qo = 8.110 £ 0.010 (1956SQ1A.

Levels derived from observedparticle groups are listed in Takl®.10(1956SQ1A1957Y0O04
see also1952AJ39). There is some evidence for a broad level near 9.58 MeV feoat?C(x,
a)'?2C) and for two additional unidentified groups which may reprg levels near 11 MeV (see
5N(d, n)®0O); no other groups appear with intensity 5% of that corresponding t&0*(8.87)
(1956SQ1A. (1957Y004 find no other groups correspondingf®*(6 — 9) with do/dQ > 0.4
mb/sr. The indicated assignments for the first five statewelétom a variety of evidence; see
(1955AJ6).

6.06-MeV state

W, = 6.065+0.009 MeV (1956AL1G. The angular correlation of the monopole pairs is given
by W (6) = 1+ (0.955+0.007) cos #, consistent with/ = 07 — 07 (1955GO1E1958AR1B see
also (L954DE3§). The mean life i7.2 + 0.7) x 10! sec, considerably longer than is given by
the a-model (L954DE3§. Calculations on various models are summarizedI®p{GR1G; see
also (L1956EL1G 1957EL1RB 1957FE1D.

6.14-MeV state

The mean life ig1.2 £ 0.6) x 107! sec ((958K063, 0.5 tol x 107! sec (955DE5). This
transition rate is somewhat faster than that predicted eatparticle model {956KA1D) and is
an order of magnitude faster than indicated by shell-modkelutations {957EL1B. It accounts
for about one third of the total E3 width to the ground staterffl’ = 0 states {958K063. See
also (L958KN1B).

6.92-MeV state

E, = 6.97 £ 0.05 MeV (1955BE62 Doppler corrected). The mean life4$2.5 x 107'* sec
(1956DE22 see alsol955DE5)). Compare®O(y, 7/)1°0*: (1957SW17.

7.12-MeV state
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Table 16.10:60 levels from'F(p, «)'*O

A B

E, (MeV) I' (keV) E.(MeV) |9z2| Jm
0 <20 0 0t
6.051 +0.010 < 20 6.058 £ 0.017 | 0.1 0t
6.131 £ 0.010 < 20 6.138 = 0.011 | 0.8 3”
6.920 £ 0.010 < 20 6.926 £ 0.011 1 2t
7.120 £ 0.010 < 20 7.122 4+ 0.011 2 1~
8.874 4+ 0.012 < 20 8.8824+0.011 | 0.6 2-

9.852 4+ 0.012 < 20
10.363 = 0.014 | =~ 25 — 30

11.085+£0.014 | = 25— 30

A: (1956SQ1A: E, = 7 MeV.
B: (1957Y00%: E, = 5.2 MeV, E, calculated from reporte@-values and
Qm.

a Cross sections in mb/sr ét= 180°.

The mean life is< 1.2 x 107 sec ((955DE5); compare'®O(y, 7/)1°0*: (1957SW1J.
A search for circular polarization of theray yields an upper limit o2.0 x 102 indicating a
maximum of 2 = 3 x 10~® for the intensity of any parity non-conserving part of theveia
function (L1958WI41J).

8.87-MeV state

The direct ground state transition s+ 2 % (1957BE6), 9 + 4 % (1957MC35, 0.6%
(1957WA1B of the cascade decays. The cascade decays take place 6id4hé&.92, and 7.12
MeV states with relative intensities 27 : 1 : 3. The threeays have energie®.75 + 0.02,
1.90 + 0.03, and1.72 4+ 0.03 MeV, fixing the energy of the state 887 + 0.02 MeV. The ob-
served branching ratios, together with the absence-décay fix the assignment a8 = 2—
(1956WI1A 1957MC35. The separation of this state from the neagesstate {°O*(9.85)) is too
large to be accounted for in thkemodel of ((954DE1B (1956WI1A see also1956KA1D)).

10.94-MeV state

At E, = 5.77 MeV, a~-ray of energy3.86 + 0.03 MeV is observed in coincidence with the
7.1 MeV radiation, indicating a level energy ©9.98 + 0.04 MeV. It is presumed that this level
is to be identified with one of the unassigned groups obsanygd956SQ1A 1957BE6). The
direct ground state decay s 5% and cascades vid0*(6.0, 6.1, 6.9, and 8.9) are less than 1, 6,
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20, and 40%, respectively. The strong branch®®*(7.1), / = 1, and the weakness of other
branches suggesf§10.94) = 0, althoughl * is not excluded. The-~ correlation favors/ = 0~
(1957BE61 see alsd®N(d, n)¢0). ((1957WA1B find the~-ray energy to b8.86+0.02 MeV and
report a weak 4.9 MeV/-ray). A search for possible nuclear pairs from the— 0" ground-state
transition yielded an upper limit of 2 x 107" for the pair branch958EK36. The importance
of a definitive assignment of™ for this state is stressed byq57EL1B.

The influence of isobaric spin selection rules on cascadayden 'O has been discussed by
(1953WI1E 1956WI1D see alsol955MA1K, 1955MA1L)). At E,, = 18.5 MeV, thea, angular
distribution has been studied bi956L137: see'’F.

The reaction exhibits a large number of resonances?’dée See alsol(@561S1A 1957BI75
MO57C, 1958M0O1).
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16|:
(Not illustrated)

Mass of F: From the threshold of theN(®*He, n)°F reaction and the Wapstragd55WA1A)
masses fol'N, 3He and n, the mass excess ¥ is15.63 £0.02 MeV. A semi-empirical computa-
tion of the level shifts of the low" = 1 levels of'*N and!®O suggests that the ground state ¥
should have/ = 0~, and be unstable to proton emission by about 1 M&S5(EL1B. Using the
(M — A) stated above'SF is unstable with respect to proton emission by 0.81 MeV. Gihding
energies of a deuteron,*ale-particle, and an-particle in'°F are, respectively, 10.24, 9.37 and
8.98 MeV.

1. “N(®He, n)F Qm = —1.18

A slow neutron threshold has been observed@He) = 1.434 +0.015 MeV corresponding to
the ground state dfF (Q, = —1.18 £ 0.01 MeV). There is some indication of another threshold
corresponding to an excited state=at60 keV. The lifetime of'F for decay into'®O + p is
computed to ber 10~ sec (H. Bichsel, private communication). See alke66BU23.

2. 150(p, n)°F Qm = —16.41
See!F.
3. 160(3He, t)\5F Qu = —15.61

Not reported.
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