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analyses explain fairly successfully all nucleon-nucleon
interactions up to several hundred Mev in terms of
central, tensor, and spin-orbit forces that are derived
from potentials with a Yukawa shape and a hard central
core!® or from the Gartenhaus potential plus a spin-
orbit potential.?
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A study has been made of the y rays emitted by the 8.9- and
9.5-Mev levels of N* using the C3(p,y)N" reaction at the 1.47-
and 2.11-Mev resonances. The decay schemes of these levels were
reinvestigated using a three-crystal pair spectrometer, NaI(Tl)
single-crystal measurements, and standard y—+y coincidence
techniques. The anisotropies relative to the bombarding beam of
most of the observed v transitions were measured using the three-
crystal pair spectrometer. The angular distributions of some of the
v transitions were measured using a single NaI(Tl) crystal.
Measurements were made of the Doppler shifts of the ground
state decay of the N* 5.10-Mev level and the cascade from the
N 5.83-Mev level to the N** 5.10-Mev level. From these Doppler
shift measurements the mean lifetime of the N* 5.83-Mev level
was found to be in the range (5-65)X 107 sec; while an upper
limit of 310713 sec was set on the mean life of the N 5.10-Mev
level. The results of the study of the v decay of the N* 9.5- and

I. INTRODUCTION

HE experimental work which will be described in
this paper consists of a detailed investigation of
the v transitions from the resonances in the C*(p,y)N*
reaction at proton energies of 1.47 and 2.1 Mev. These
resonances, which correspond to N levels at excitations
of 8.9 and 9.5 Mev, have been previously investigated
by the C¥(p,p)C¥® reaction' and the C¥(p,y)N™
reaction.*® The proton scattering data of Milne' for
the 1.47-Mev resonance and of Zipoy et al? for the
2.1-Mev resonance showed that these resonances are
formed by even-wave protons. The Wigner sum-rule
limit rules out capture of protons with orbital angular
* Work performed under the auspices of the U. S. Atomic
Energy Commission.
T Present address: Palmer Physical Laboratory, Princeton
University, Princeton, New Jersey.
{ Now at Freiburg University, Freiburg, Germany.
§ Present address: Scientific and Technical Unit, U. S. Naval
Forces, Frankfurt, Germany.
1E. A. Milne, Phys Rev 93 762 (1954).
2 Zipoy, Freier, and Famularo Phys. Rev. 106, 93 (1957).
3D. M. Zipoy, Phys. Rev. 110 995 (1958).

4J. D. Seagrave, Phys. Rev. 85 197 (1952).
5 Woodbury, Day, and Tollestrup, Phys. Rev. 92, 1199 (1953).

8.9-Mev levels combined with the results of earlier measurements
give conclusive assignments of 27, 37, 3, and 2 for the N levels
at 9.50, 8.90, 5.83, and 5.10 Mev. The 5.83-Mev level most
probably has odd parity. A tentative assignment of J=2 is given
to the N* 7.02-Mev level. Evidence is presented, from this and
previous investigations, that indicates the N 8.06-, 8.70-, 8.90-,
and 9.50-Mev levels arise from the s*p?2s and s*p% configurations
with the largest contribution being from the (p1/22s51/2) configura-
tion for the 8.06- and 8.70-Mev levels and from the (pi/2ds/2)
configuration for the 8.90- and 9.50-Mev levels. The analogs of
these T=1 levels in C* are almost certainly the C4 6.09-, 6.89-,
6.72-, and 7.35-Mev levels, respectively. The T'=0, s*4°2s and
s*p°d states of N are also discussed. It is proposed that the
4.91-, 5.69-, 5.10-, and 5.83-Mev levels of N* are 0~ and 1-,
$'p92s1/2 and 27 and 37, s%p%s/» states, respectively.

momentum greater than three, and the complexity of
the angular distributions of the elastically scattered
protons rules out pure s-wave proton formation.!?
Therefore, the 1.47-Mev and 2.1-Mev resonances are
formed at least partially by d-wave protons. Since the
C® ground state has® J7=4~, the possible spin-parity
assignments for the N 8.9-Mev and 9.5-Mev levels
are J*=1, 27, or 3—. The scattering analysis gives a
most probable assignment of J7=3—, with 2~ more
likely than 1-, for the 8.9-Mev level,! and a most
probable assignment of J*=2~, with 3= more likely
than 17, for the 9.5-Mev level 3.7

The N®* 89-Mev and 9.5-Mev levels were first
investigated by Seagrave! who observed the 1.47-Mev
and 2.1-Mev resonances in a general investigation of
the C¥(p,y)N* reaction. Seagrave measured the

8 F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
(1955).

7The most probable assignment for the 9.5-Mev level was
originally given as J7=3" (reference 2). R. K. Adair (private
communication) first showed that the scattering data of Zipoy
et al. (reference 2) indicated a most probable assignment of
Jr=2" rather than J7=3~ for the 9.5-Mev level. The most
probable assignment J*=2~ was verified by Zipoy (reference 3).
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absolute (p,y) cross section and the total width I' of
both resonances. In a later investigation, Woodbury
et al’ determined the major y-decay mode of both
resonances and measured the anisotropy relative to
the proton beam of the primary v transition of these
decay modes. Woodbury et al. observed that the
8.9-Mev level decays to the N* 5.83-Mev level, while
the 9.5-Mev level decays to the N* 5.10-Mev level.
No other decay modes were observed for either res-
onance. The anisotropies obtained by Woodbury et al.
for the 8.9—5.83 and 9.5—5.10 transitions were
both positive. The nonzero anisotropies of these
transitions rules out pure s-wave formation of the
1.47- and 2.1-Mev resonances, in agreement with the
proton scattering experiments.

The strengths of the 8.9-—5.83 and 9.5—5.10
transitions calculated*® from the absolute cross-section
measurements of Seagrave? are large enough to establish
these transitions as predominantly dipole (see Sec.
IIIC). Assuming pure dipole radiation, the theoretical
anisotropy of the primary v transition calculated for
d-wave proton capture and a well-isolated resonance in
the C¥(p,y)N* reaction is positive if the spins of the
resonance level and the final level are the same and
negative if the spins are different (see Sec. IVA).
The strengths of admixtures of quadrupole radiation
in the 8.9— 5.83 and 9.5 — 5.10 transitions consistent
with reasonable values for the quadrupole radiation
matrix elements are not large enough to change the
sign of the theoretical anisotropies (see Secs. III and
IV), so that the anisotropy measurements of Woodbury
et al.b indicate that the 8.9-Mev and 5.83-Mev levels
have the same spin, as do the 9.5-Mev and 5.10-Mev
levels. These anisotropy measurements, combined with
the most probable spin assignments for the 8.9-Mev
and 9.5-Mev levels from analysis of the proton scattering
data, give most probable spin assignments of J=3 and
2 to the 5.83-Mev and 5.10-Mev levels, respectively.
However, these spin assignments are not in accord with
all the experimental information. There is no other
evidence for the spin of the N* 5.83-Mev level, but
the theoretical anisotropy calculated® under the assump-
tions mentioned above with /=3 for both the resonance
level and the final level is in poor agreement with the
anisotropy measurement of Woodbury et al.b for the
8.9 — 5.83 transition. The anisotropy measurement of
Woodbury et al. for the 9.5— 5.10 transition is in
agreement with the theoretical anisotropy with J=2
for both levels; however, an assignment of J=1 for
the 5.10-Mev level has been suggested®® from other
evidence. This evidence will be discussed in Sec. IVC.

One purpose of the present investigation was to
resolve these discrepancies and to obtain spin assign-
ments for the N levels at 9.5, 8.9, 5.83, and 5.10 Mev
independent of the most probable spins obtained from
previous results, but dependent on the definitely

8 Broude, Green, Singh, and Willmott, Phil. Mag. 2, 1006
(1957).
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established even-wave proton formation of the 8.9- and
9.5-Mev levels and the absolute cross section measure-
ments of Seagrave.!

For both resonances Woodbury et al.® compared the
measured anisotropies of the primary + transitions to
theoretical anisotropies calculated for a well-isolated
resonance. The actual anisotropies are subject to the
effects of interference with other levels, so that inter-
ference of the v transition to a given level with a
v transition originating from another resonance (or
a nonresonant background) and feeding the same level
could have an important influence. A search for such
interference effects was then an important part of the
present investigation. An assumption made in the pres-
ent comparison of the measured anisotropies of Wood-
bury et al.® with the theoretical anisotropies was that
the 89— 5.83 and 9.5—5.10 transitions are pure
dipole in character. The validity of this assumption
and the extent of multipole mixing in general for the
various transitions observed in the present investigation
were carefully considered in the analysis of the results
presented in this paper.

In addition to reinvestigating the 8.9 — 5.83 and
9.5 — 5.10 transitions, the present experiments include
a search for v transitions corresponding to other decay
modes of both resonances and an investigation of the
properties of the v transitions corresponding to the
decay of the N* 5.83-Mev and 5.10-Mev levels. The
data obtained from these experiments were instrumental
in the assignment of unique spin values to the 9.5
8.9-, 5.83-, and 5.10-Mev levels of N. Moreover,
these data provided information useful in comparison
of these levels with theoretical descriptions. In Sec. V
the information obtained in the present investigation
relating to these levels, as well as information obtained
in previous investigations relating to these and other
levels of N* and C¥, is compared with shell-model
systematics.

II. EXPERIMENTAL METHODS
A. Apparatus

The experiments described in this paper were carried
out using two different elemental carbon targets, both
of which were enriched to 709, in C%. One target was
cracked onto a 0.004-in. gold backing. The thickness
of this target was 100 ug/cm? which corresponds to
about 12 kev for 2-Mev protons. The other target was
deposited on a 0.005-in. platinum backing.’ The target
profile was measured at the narrow (I'=100 ev)? 1.76-
Mev CB(p,y)N" resonance and the target was found to
be nonuniform with an average thickness for 1.76-Mev
protons of 45 kev (~60 kev for 1.47-Mev protons) and
a maximum thickness of approximately 100 kev. All the
experiments on the 2.1-Mev resonance were done with

9 Obtained from the Atomic Energy Research Establishment,
Harwell, England.

10§, S. Hanna and L. Meyer-Schiitzmeister, Argonne National
Laboratory Report ANL-5937 (unpublished).
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the thinner target while the experiments on the 1.47-
Mev resonance were carried out with both targets.

The protons were accelerated by the Brookhaven
Research Van de Graaff accelerator. For some measure-
ments the target was mounted on a tantalum strip,
which was set at 45° to the beam inside a cylindrical
glass target holder of uniform wall thickness. This
arrangement was chosen in order to minimize y-ray
absorption corrections in angular distribution measure-
ments. The beam current for this arrangement was
limited to 1 pa. In order to use higher proton currents,
the target was soldered with indium onto the bottom
of a water-cooled brass cylinder. Proton currents up
to 20 ua were used with this arrangement. To eliminate
the y-ray background from the F**(p,a)O' reaction,
all surfaces struck by the proton beam were carefully
cleaned by grinding with a carborundum wheel or
boiling repeatedly in distilled water. In this manner
the y-ray background from the fluorine contamination
was reduced to a negligible value.

The energy of the proton beam was determined and
controlled by means of an electrostatic analyzer using
the Hyt beam for regulation. With this analyzer the
relative proton energy was reproducible to better than
1kev. The analyzer was calibrated using the Li’(p,n)Be’
reaction for which the threshold energy was taken as
1.8814-+-0.0011 Mev.6

Gamma rays with energies higher than 1 Mev were
detected with a 3 by 3 in. NaI(Tl) crystal which was
mounted on a Dumont 6363 photomultiplier. For the
lower y-ray energies a 2.5-in. long by 1.7-in. diameter
NaI(Tl) crystal, mounted on a Dumont 6292 photo-
multiplier, was used. This same crystal served as the
center unit in a three-crystal pair spectrometer, for
which two 3-in. crystals were used to detect theannihila-
tion radiation. The triple coincidence circuitry asso-
ciated with the three-crystal pair spectrometer was
essentially the same as described by Alburger and
Toppel.!! In all cases the y-ray spectra were displayed on
a RIDL 100-channel pulse-height analyzer.

B. Procedures

The studies of the v rays from the decay of the N*
89-Mev and 9.5-Mev levels consisted of relative
intensity, angular distribution, anisotropy, and Doppler
shift measurements.

The relative intensity measurements were carried
out using the three-crystal pair spectrometer. For this
purpose the relative efficiency of the pair spectrometer
as a function of y-ray energy was calculated for the
2.5-in. long center crystal from the cross section for
pair production.!?

The angular distributions of the v rays, for which

( u ? E. Alburger and B. J. Toppel, Phys. Rev. 100, 1357
1955).

2 See R. D. Bent and T. H. Kruse, Phys. Rev. 108, 802 (1957)
for details of the efficiency and resolution of a similar spectrometer.
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the full-energy-loss peaks were sufficiently resolved
in NaI(Tl) single-crystal spectra, were determined from
spectra recorded with the crystal placed at various
angles to the beam at a distance of 12 cm from the
target. At each angle the total charge of protons
collected by the target was monitored with a current
integrator, and also the reaction in the target was
monitored with a second NaI(Tl) crystal viewing the
target in a fixed position. In most cases the angular
distribution of a given v ray was obtained by taking
the areas under the full-energy-loss peak from the
spectra recorded at the various angles. The angular
distribution data were corrected for the solid angle
effect following the procedure outlined by Rose.’®

Because of the complexity of the spectra observed at
the two resonances, it was difficult, in most cases, to
obtain significant angular distribution measurements
from the single-crystal spectra. Hence the anisotropies
of the principal v rays were determined from three-
crystal pair spectra for which the background and
resolution conditions are significantly better than for
single-crystal spectra.

The anisotropies were determined with the three-
crystal pair spectrometer by recording the spectra at
0° and 90° to the bombarding beam. The anisotropy 4
of a particular v ray is defined as 4=1(0°)/1(90°)—1,
where I(6) is the intensity of the v ray at an angle 8
relative to the bombarding beam. The measured
intensity depended very strongly on geometric factors
which were difficult to reproduce and on the stability
over extended periods of time of the window settings
of the single-channel analyzers which accepted pulses
from the escape annihilation quanta. Consequently,
the 0° and 90° pair spectra were normalized with a
line having a previously measured anisotropy.

The method of setting limits on the lifetime of a
nuclear level by measuring the y-ray Doppler shift
due to the center-of-mass motion of the ~y-emitting
nuclei has been well described.'*:*5 This method can be
used to measure the mean lifetime 7 of nuclear levels
in the range 5X107227>5X 107" sec. The essential
feature of the measurement is to observe the slight
shift in the observed pulse height of the full-energy-loss
peak between observations made in forward and
backward directions relative to the bombarding beam.
When the measured shift of the peak is considered along
with the stopping time (~3X107% sec) of the recoil
nuclei, a limit, or limits, on the lifetime of the y-emitting
level can be set. The measurements of the Doppler
shifts presented in this paper were carried out in a
way which has been described previously.!®17

13 M. E. Rose, Phys. Rev. 91, 610 (1953).

14 R, G. Thomas and T. Lauritsen, Phys. Rev. 88, 969 (1952).

15 Devons, Manning, and Bunbury, Proc. Phys. Soc. (London)
A68, 18 (1955).

16 H, J. Rose and E. K. Warburton, Phil. Mag. 2, 1468 (1957).

17 E. K. Warburton and H. J. Rose, Phys. Rev. 109, 1199 (1958).
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III. EXPERIMENTAL RESULTS
A. Decay of the 9.50-Mev Level

The principal experimental results from observing
the v rays following the decay from the N* 9.5-Mev
level (formed by bombarding C*® with 2.1-Mev protons)
consisted of relative intensity and anisotropy measure-
ments of the principal ¥ rays obtained by means of a
three-crystal pair spectrometer at 0° and 90° to the
bombarding beam. Gamma rays at 0.73, 1.64, 3.68,
5.56, and 5.83 Mev not previously reported in the
decay of the 9.5-Mev level were observed, and their
decay modes were checked with standard y—+v coin-
cidence techniques. The angular distribution about the
beam of the 4.41- and 5.10-Mev vy rays corresponding
to the 9.5—5.10 and 5.10— 0 transitions, and a
measured of the Doppler shift of the 5.10-Mev vy ray
were also obtained.

In order to check the condition of the target and to
observe the width and location of the 2.1-Mev res-
onance, an excitation function over the resonance was
obtained as shown in Fig. 1. From observing this
resonance curve it can be concluded that the resonances
is located at a proton energy E,=2.1124-0.006 Mev,
which corresponds to a N level at 9.504:£0.006 Mev,
and the resonance width is given by I'=44+42 kev in the
laboratory frame of reference.

A (p,y) excitation curve, yielding E,=2.10-Mev and
I'=45-+3 kev, was previously obtained for this reso-
onance by Seagrave.! Zipoy et al.2?® reported a N* level
at 9.51+£0.02 Mev with I'~40 kev from an analysis of
the C®(p,p)C* reaction. Since the width of the 2.11-Mev
(p,v) resonance is almost entirely due to the (p,p)
reaction, it is apparent from the agreement in energy
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Fi1c. 1. The N 9.50-Mev level observed in the C13(p,y)Ni4
reaction with a 12-kev thick, 709, enriched C!® target. The
resonance curve was obtained with a single-channel analyzer
set to count v rays with energies between 3 and 5.5 Mev. The
resonance was observed at a proton energy of 2.1184-0.005 Mev
and the measured width was I'=46.5+2 kev. The actual energy
location and width of the resonance, obtained by correcting the
observed values for the target thickness, were E,=2.112+0.006
Mev and I'=44-+2 kev. The N4 level position corresponding to
E,=2.11240.006 Mev is 9.504-0.006 Mev. The background is
mostly due to contaminants and the nonresonant 9.5-Mev v ray.
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Fi6. 2. Three-crystal pair spectrum of the v rays from a 12-kev
thick C' target bombarded by 2.118-Mev protons. The center
crystal of the spectrometer was placed at 0° to the beam and 6 cm
from the target. The spectrum corresponds to an integrated charge
of 0.15 coulomb and was taken with a 10-ua proton beam. Because
of the low yield of the reaction no collimator was used, but the
side crystals of the spectrometer were shielded against direct
irradiation from the target. The y-ray peaks are labeled by the
computed energies of the transitions to which they are assigned.

and width of the resonance observed by Zipoy et al.23
with the one shown in Fig. 1 that the 2.1-Mev
CB(p,p)C¥ resonance and the 2.1-Mev CB(p,y)N™
resonance correspond to the same N* level.

Three-Crystal Pair Spectra

In Fig. 2 is shown one of several y-ray spectra from
the decay of the 9.50-Mev level observed at 0° to the
beam with the three-crystal pair spectrometer. In
order to determine the anisotropies of the v rays and
to search for vy rays which may have escaped detection
at 0° because of a large negative anisotropy, other
v-ray spectra were recorded at 90° to the beam. One
of the spectra recorded at 90° is shown in Fig. 3. From
various pair spectra, single-crystal spectra, and coin-
cidence measurements taken at various proton energies
over the resonance it was observed that all of the v rays
identified in Figs. 2 and 3 were due to the 2.11-Mev
resonance.

In Table I are listed the energies, assignments in
the decay scheme, the relative intensities, and the
anisotropies of the v rays obtained from analysis of
these three-crystal pair spectrometer runs. The spectra
of Figs. 2 and 3 were decomposed into individual line
shapes with the aid of comparison spectra from the
Co® 1.33-Mev v ray, the ThC” 2.62-Mev v ray, and
the 6.14-Mev v ray from the F9(p,a)01*(y)0O®
reaction. The background subtraction was aided by a
comparison with pair spectra taken off-resonance.
Corrections have been made for anisotropies as well as
for pair-spectrometer efficiency in calculating the
relative intensities of the v rays. The correction for
anisotropy was performed assuming all angular distribu-
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Fic. 3. Three-crystal pair spectrum of the y rays from a 12-kev
thick C®® target bombarded by 2.118-Mev protons. The center
crystal of the spectrometer was placed at 90° to the beam and
6 cm from the target. The spectrum corresponds to an integrated
charge of 0.30 coulomb and was taken with a 10-ua proton beam.
Because of the low yield of the reaction no collimator was used,
but the side crystals of the spectrometer were shielded against
direct irradiation from the target. The y-ray peaks are labeled by
the computed energies of the transitions to which they are
assigned.

tions were of the form W (#)=1+4A4 cos?, where A4 is
the anisotropy. The errors listed for the intensities are
principally due to counting statistics and uncertainties
in background. The 2.79- and 5.83-Mev v rays contain
additional uncertainties due to the possibility of their
distributions having terms in cos’d (see Sec. IV). To
obtain the anisotropies of the v rays listed in Table I,
the ratios 1(0°)/I(90°) were normalized using the
single-crystal spectra measurement of the anisotropy
of the 5.10-Mev v ray as well as the isotropic 2.31-Mev
y-ray peak corresponding to the ground-state decay of
the 0t, N** 2.31-Mev level.® The errors on the anisot-
ropies listed in Table I contain the uncertainties in
the relative intensities of the normalization peaks as
well as the statistical errors of the measurements and
the uncertainties in the background.

A separate search was made for the 9.5-Mev ground-
state transition. A pair spectrum taken with low gain
showed a 9.5-Mev v ray with an intensity approximately
1/50 the intensity of the 4.41-Mev v ray. A separate
excitation curve was then obtained for the 2.11-Mev
resonance with a window set between 8.5 and 10 Mev.
The 9.5-Mev v ray was found to be nonresonant with
an upper limit to any possible resonant component of
109, so that a limit of less than 1/500 the intensity of
the 4.41-Mev v ray was set for the ground-state
transition of the 9.50-Mev level. An upper limit of 1/50
the intensity of the 4.41-Mev v ray was set for any other
v ray from this resonance with energy between 6 and
9 Mev.

In obtaining the excitation curve of Fig. 1, single-
crystal spectra were recorded at each proton energy
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setting. Another excitation curve was obtained by
extracting the area under the full-energy-loss peaks of
the 4.41- and 5.10-Mev vy rays from these spectra.
The excitation curve obtained in this manner agreed
with the one of Fig. 2 with the background removed,
and the relative cross section, which was checked
between proton energies of 2.0 and 2.25 Mev, was in
agreement with the simple dispersion formula within
the experimental errors of the measurement. This
measurement, together with the fact that the relative
intensities of the various vy rays were independent of
proton energy within the experimental errors of the
measurement for 2.0<E,<2.25 Mev, served to set
limits on the effects of interference with other levels
yielding the same v rays.

To confirm the decay modes of the 0.73-, 1.64-,
3.68-, 5.56-, and 5.83-Mev v rays, which had not been
observed previously at this resonance, coincidence
measurements were carried out. By gating the coin-
cidence circuit on the pulses due to the full-energy-loss
peak of the 5.56-Mev v ray in a 3-in. NaI(Tl) crystal
and displaying the coincidence spectrum on the
100-channel analyzer, the 5.56-Mev v ray was shown
to be in coincidence with v rays at 2.31 and 1.64 Mev
and was assigned to the 9.50— 3.95 transition since
the N 3.95-Mev level is known!8 to decay 969, by
cascade through the N* 2.31-Mev level. In the same
manner it was determined that the 5.83-Mev vy ray
is in coincidence with a 3.68-Mev v ray, and that the
5.10-Mev v ray is in coincidence with v rays at 4.41,
3.68, and 0.73 Mev, which is consistent with the
previous assignment®!7 of a 0.73-Mev v ray to the
5.83 — 5.10 transition.

TaBLE I. Decay scheme assignments, relative intensities, and
anisotropies of v rays from the decay of the N4 9.50-Mev level
formed by bombardment of a 12-kev thick, 709, enriched C3
target with 2.118-Mev protons.

y-ray energy@ Relative Anisotropy
M

(Mev) Assignmente intensity L[1(0°)/1(90°) —1]

L 1.64b 3.95— 2.31 14:£6 —0.25:£0.4

L 231 231 -0 4943 —0.0140.10°

279 5.10— 2.31 3148 +0.7 £0.2
3.68° 9.50 — 5.83 2142 —0.174+0.11
441 9.50 — 5.10 10034 +0.7040.10
5.10 5.10—0 8043 —0.094-0.05¢
5.56P 9.50 — 3.95 841 —0.43£0.10
5.83b 5.83—0 341 +23 £1.0
9.50 9.50 =0 <0.2 e

2 The energies listed were computed from the known positions of the
energy levels of N4 (see reference 6).

b Gamma rays previously unreported in the decay of the 9.50-Mev level.

¢ The assignments of the v rays in N¢ were made on the basis of previous
assignments (reference 6), rough energy measurements (<80 kev),
v —v coincidence measurements (see text), and the known positions of the
N1 energy levels (reference 6).

d Normalization standard for relative intensities.

e Normalization standards for anisotropies. The 2.31-Mev y ray is known
to be isotropic (reference 6) and the value of the anisotropy of the 5.10-Mev
~ ray was obtained in the single-crystal measurements (see text).

18 Gove, Litherland, Almqvist, and Bromley, Phys. Rev. 103,
835 (1956).
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Angular Distributions

The full-energy-loss peaks of only the 5.10- and
4.41-Mev v rays were sufficiently resolved in the
NaI(Tl) single-crystal spectra so that a significant
angular distribution measurement could be obtained.
As can be seen in Fig. 4, only for the 5.10-Mev full-
energy-loss peak is it fairly obvious how the separation
of the peak from the background should be made.
The angular distribution measurement obtained from
the 4.41-Mev full-energy-loss peak is less exact since
this peak has to be corrected for the presence of the
5.10-Mev one-quantum-escape peak and separated
from a somewhat indefinite background.

The angular distribution of the 5.10-Mev ¥ ray is
shown in Fig. 5(a). The curve shown is a least-squares
fit to the function W (f)=14A4 cos®. After corrections
have been made for solid angle and the presence of the
5.56- and 5.83-Mev v rays, the least-squares fit gives
W (6)=1— (0.094-0.05) cos?. To determine the possible
amounts of a cos’f term in the distribution, a least-
squares fit to the distribution W (6)=1-+A4, cos®
+ A4 cos’® was carried out, yielding the result that
| A4] <0.07.

Figure 5(b) shows the data obtained on the 4.41-Mev
v-ray distribution. The flags on each point give error
estimations which are almost entirely due to separation
of the 4.41-Mev full-energy-loss peak from the one-
quantum-escape peak of the 5.10-Mev 4 ray. This
separation was feasible only because the 5.10-Mev
distribution is almost isotropic. A second method was
used to estimate the angular distribution of the 4.41-
Mev v ray. In this method all counts between 2.9
and 5.3 Mev were summed to obtain an accurate
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F16. 4. Single-crystal spectrum of the v rays from a 12-kev
thick C'3 target bombarded by 2.118-Mev protons. The spectrum
was taken with a 3X3 in. NaI(Tl) crystal placed at 0° to the beam
and 12 cm from the target. The full-energy-loss peaks of the
v rays are labeled by the computed energies of the transitions to
which the v rays ate assigned.
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F1c. 5. Angular distributions of (a) the 5.10-Mev + ray and
(b) the 4.41-Mev v ray observed following the bombardment of a

12-kev thick C!3 target with 2.118-Mev protons. The solid curves
are least-squares fits to the experimental data.

estimate of the angular distribution for this part of
the spectrum, and then corrections were made for the
contributions of the 3.68- and 5.10-Mev v rays. The
two methods gave the same angular distribution,
W (0)=1+(0.704-0.15) cos®d, for the 4.41-Mev v ray,
with | 44] <0.15.

Doppler Shift Measurement

In order to obtain a lifetime estimate of the 5.10-Mev
level, a measurement of the Doppler shift of the
5.10-Mev v ray was carried out. The 5.10-Mev level is
populated approximately 859, by the 4.41-Mev
cascade from the 9.50-Mev level. The partial v width
obtained by Seagrave? for the 9.50-Mev level from the
measurement of the absolute cross section of the
CB(p,¥)N* reaction at this resonance is I'y=25/(2J+1)
ev. This width corresponds to a mean lifetime
7=3(2J4+1)X107Y sec, where J is the spin of the
9.50-Mev level. Therefore the population of the
5.10-Mev level via the 4.41-Mev v ray takes place in a
time short compared to the stopping time (~3X10~3
sec) of the N™* recoils and will not influence the
Doppler shift of the 5.10-Mev « ray.

The measurement was made using a 3-in. NaI(Tl)
crystal which viewed the target alternately at 0° and
150° to the beam at a distance of 12 cm. The spectra
were recorded by means of the 100-channel analyzer
with the gain chosen so that the 5.10-Mev full-energy-
loss peak appeared at channel 85. The spectrum was as
shown in Fig. 4. A precision attenuator was used so
that the 5.10-Mev v ray could be displayed at about
the same pulse height as the 1.33-Mev Co® v ray which
was used as a reference for the measurement. The
spectrum of the reference v ray was recorded before and
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after each measurement of the 5.10-Mev vy ray.
Altogether 20 measurements were obtained of the
Doppler shift, yielding a result of (0.0740.07)9, for
the measured Doppler shift of the 5.10-Mev line.
The error given is the standard deviation. The expected
full shift between 0° and 150° for a lifetime short
compared to the stopping time is 0.729, after correcting
for solid angle. Therefore this measurement shows that
the mean life 7 of the N* 5.10-Mev level is long
compared to the stopping time of the nitrogen recoils.
Since the thinner target (about 12-kev thick for
2-Mev protons) was used for this measurement the slow-
ing down of the N¥* recoils takes place partially in the
carbon target and partially in the gold backing. In the
absence of reliable data on the slowing down of nitrogen
in gold, a conservative limit of +>3X10~% sec is set
for the 5.10-Mev level from this measurement. This
limit includes the uncertainty due to the 159, contribu-
tion to the 5.10-Mev v ray arising from cascade via
the 5.83-Mev level, i.e., the possible error introduced
because the 0.73-Mev vy ray from the 5.83— 5.10
transition may not have a lifetime which is negligibly
short compared to the stopping time of the N** recoils.

B. Decay of the 8.90-Mev Level

Similar techniques as were employed in the study of
the 9.50-Mev level proved useful for the investigation
of the v rays following the decay of the 8.90-Mev level
(formed by bombarding C® with 1.47-Mev protons).
Three-crystal pair spectra obtained at 0° and 90° to
the beam provided +y-ray relative intensities and
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F1c. 6. The N4 8.90-Mev level observed in the C!3(p,y)Ni4
reaction with a 14-kev thick, 709, enriched C!3 target. The
resonance curve was obtained with a single-channel analyzer set to

" count y rays with energies between 2.8 and 6 Mev. The resonance
was observed at a proton energy of 1.473240.005 Mev and the
measured width was I'=21.142 kev. The actual energy location
and width of the resonance, obtained by correcting the observed
values for the target thickness, are E,=1.466+0.006 Mev and
I'=16+2 kev. The N4 level position corresponding to E,=1.466
+0.006 Mev is 8.90340.006 Mev. The background is mostly
due to the + transitions associated with the decay of the broad
N4 8.70-Mev level.
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Fic. 7. Three-crystal pair spectrum of the v rays from a 60-kev
thick C'8 target bombarded by 1.49-Mev protons. The center
crystal of the spectrometer was placed at 0° to the beam and 13
cm from the target. The spectrum corresponds to an integrated
charge of 0.43 coulomb and was taken with a 20-ua proton beam.
The side crystals of the spectrometer were shielded against direct
irradiation from the target by a 10.5 cm long conical lead col-
limator placed between the center crystal and the target. The
y-ray peaks are labeled by the computed energies of the transitions
to which they are assigned.

anisotropies. Gamma rays at 1.89, 2.47, 3.80, 6.44, and
7.02 Mev not previously reported in the decay of the
8.90-Mev level were observed, and their decay modes
were checked with standard y—v coincidence tech-
niques. Angular distribution measurements of the 0.73-,
3.08-, 5.10-, and 5.83-Mev v rays, corresponding to
the 5.83 — 5.10, 8.90 — 5.83, 5.10— 0, and 5.83 —0
v transitions were carried out using a single scintillation
crystal. A measurement of the Doppler shift of the
0.73-Mev v ray yielded limits on the lifetime of the
5.83-Mev level.

The excitation function over the 1.47-Mev resonance
was obtained as shown in Fig. 6. From this resonance
curve it can be concluded that E,=1.4664-0.006 Mev,
which corresponds to a N level at 8.9034-0.006 Mev,
and I'=1642 kev in the laboratory frame of reference.

A (pyy) excitation curve yielding E,=1.47 Mev and
I'=20 kev was previously obtained for this resonance.*:
This level has also been observed from the C¥(p,p)Ct
reaction'; however, the proton scattering data has not
been analyzed to obtain the energy position or the



Ci3(p,y)N14 1.47-
width of the resonance. The background under the
resonance curve of Fig. 6 is for the most part due to the
board (I'=500 kev)* C®(p,y)N* 1.25-Mev resonance,
which corresponds to the 0—, N* 8.70-Mev level.6 A
cursory investigation of the < transitions associated
with this background was made as an aid in the
interpretation of the 8.90-Mev level decay.

Three-Crystal Pair Spectra

Two of the pair spectra observed with the three-
crystal spectrometer at 0° and 90° to the incoming
proton beam are shown in Figs. 7 and 8, and the
assignments in the decay scheme, relative intensities,
and anisotropies of the v rays obtained from these
spectra are given in Table II.

The data of Table II were obtained from the pair
spectra in the same manner as described previously
for the 2.11-Mev resonance with the exception that
the 0° and 90° spectra were normalized with the
isotropic 2.31-Mev v ray alone, and the relative
intensities were corrected for the contribution of the
background by subtracting from the spectra of Figs. 7
and 8 other spectra taken under similar conditions
but off-resonance (E,=1.40-Mev). All the labeled
peaks in Figs. 7 and 8 with the exception of the ones
at 3.2 and 3.38 Mev, which are not resonant at a
proton energy of 1.47 Mev, arise at least partially from
v rays associated with the 1.47-Mev resonance. The
3.2-Mev + ray has a large negative anisotropy so that
its presence is apparent in the 90° spectrum (Fig. 8)—
by filling in the valley between the 3.08- and 3.38-Mev
peaks—but not in the 0° spectrum (Fig. 7). The 3.8-
and 2.31-Mev peaks contain appreciable contributions
from the background. The other background peaks

TasrE II. Decay scheme assignments, relative intensities, and
anisotropies of v rays from the decay of the N4 8.90-Mev level
formed by bombardment of a 60-kev thick, 709, enriched C13
target with 1.49-Mev protons.

e’rylerrag};a Relative Anisotropy
(Mev) Assignmente intensity [1(0°)/1(90°) —1]
1.890 8.90 — 7.02 o cee
2.31 231—-0 29 94 +0.0140.12f
2.47v 8.90 — 6.44 6 44 oo
2.79 5.10 - 2.31 17 &5 +0.7 +0.4
3.08 8.90 — 5.83 100 H-13d.e +0.6 £0.2¢
3.80P 8.90 — 5.10 5.54£2.54 —0.3 £0.3d
5.10 5.10—-0 40 +6 —0.0940.12
5.83 583 —0 17 £3 +1.87+0.42
6.44° 644 —0 2 =1 +0.1 0.5
7.020 702 -0 1.4+0.8 —0.35+£0.4
8.90 8.90—0 <2.5 [

2 The energies listed were computed from the known positions of the
energy levels of N4 (see reference 6).

b Gamma rays previously unreported in the decay of the 8.90-Mev level.

¢ The assignments of the v rays in N4 were made on the basis of previous
assignments (reference 6), rough energy measurements (<80 kev),
v —v coincidence measurements (see text), and the known positions of
the N4 energy levels (reference 6).

d The uncertainties in these measurements contain a large contribution
from the uncertainty in the subtraction of the off-resonance (Ep=1.40
Mev) spectra.

e Normalization standard for relative intensities.

f Normalization standard for anisotropies.
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Fi1G. 8. Three-crystal pair spectrum of the v rays from a 60-kev
thick C13 target bombarded by 1.49-Mev protons. The center
crystal of the spectrometer was placed at 90° to the proton
beam and 13 cm from the target. The spectrum corresponds to an
integrated charge of 0.71 coulomb and was taken with a 20-ua
proton beam. The side crystals of the spectrometer were shielded
against direct irradiation from the target by a 10.5 cm long
conical lead collimator placed between the center crystal and the
target. The y-ray peaks are labeled by the computed energies
of the transitions to which they are assigned.

are unresolved from, and small compared to, the 5.10-
and 5.83-Mev peaks. None of the decay modes of the
8.90-Mev level (see Table IT) were the same as those
observed for the background to the 1.47-Mev resonance.
Only the data relating to the 1.47-Mev resonance are
listed in Table II.

The increase of the intensity above 7 Mev in Figs. 7
and 8 is caused by the 8.9-Mev v ray which corresponds
to the ground-state decay of the broad 8.70-Mev level.
A search was made for the ground-state transition of
the 8.90-Mev level using the 14-Kev thick CB target. A
single-channel analyzer window was set to count v rays
between 7.5 and 9.5 Mev as the proton bombarding
energy was varied over the 1.47-Mev resonance. In
this way an upper limit of 59, was set for any component
of the 8.9-Mev v ray associated with the 8.90-Mev
level. The intensity ratio of the 8.9-Mev v ray to the
3.08-Mev v ray was determined to be approximately
1:2 at E,=147 Mev from a three-crystal pair
spectrum taken with lower gain. Hence an upper limit
of 1/40 of the intensity of the 3.08-Mev v ray was set
for the ground-state branch from the 8.90-Mev level.

To confirm the decay modes of the v rays at 1.89,
2.47, 3.80, 6.44, and 7.02 Mev, which had not been
previously observed at this resonance, y—+ coincidence
measurements were carried out. It was thus shown
that the 1.89-Mev v ray was in cascade with the
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TaBLE III. Decay scheme assignments, relative intensities,
and anisotropies of vy rays following proton bombardment of a
65-kev thick, 709, enriched C!3 target with 1.40-Mev protons.

eze‘;ﬁé};ﬂ Relative Anisotropy
(Mev) Assignmente intensity [1(0°)/1(90°) —1]
2.31 N4(2.31 — 0) 1943 0.04-0.1¢
3.11 N14(8.80 — 5.69) 1142 —0.9540.1
3.38 N14(5.69 — 2.31) 7x2 —0.1+0.3
3.89 N14(8.80 — 4.91) 642 —0.5+0.3
4.83 N14(8.80 — 3.95)} 742 ceof
4.91 N4(4.91 — 0) cot
5.69 N14(5.69 — 0) 241 +0.14+0.4
6.14 F19(p ) O16%

(6.14 — 0)O16 7+0.5 —0.1540.1¢
8.80°  N4(8.80 — 0) 100204 .

a The energies listed were computed from the known positions of the
energy levels of N4 (see reference 6).

b This energy was calculated from the incident proton energy and from
the targat profile determined at the 1.47-Mev resonance.

¢ The assignments of the v rays in N4 were made on the basis of previous
assignments (reference 6), rough energy measurements (<480 kev),
coincidence measurements (see text), and the known positions of the N4
energy levels (reference 6).

d Normalization standard for relative intensities.

e Normalization standard for anisotropies. The anisotropy of the Q16
6.14-Mev v ray was previously measured at the Ep =1.38-Mev resonance
in F19($,a)016%(y)O16 to be A =0.14+0.03 [J. E. Saunders, Phil. Mag. 44,
1302 (1953) 1.

f The 4.83- and 4.91-Mev ~y-ray peaks were unresolved.

7.02-Mev v ray, as was the 2.47-Mev v ray with the
6.44-Mev v ray and the 3.80-Mev v ray with the 5.10-
Mev v ray. Furthermore, it was shown that the
0.73-Mev transition is in cascade with the 5.10-Mev
transition, which implies that the 0.73-Mev v ray is
from a transition between the 5.83- and the 5.10-Mev
levels, in agreement with previous assignments®!?
and the present investigation of the 9.50-Mev level
decay.

Gamma-Ray Background at the 1.47-Mev Resonance

The v radiation background to the 1.47-Mev res-
onance was investigated in order to separate the
contributions of this background from the v radiation
arising from the N 8.90-Mev level and to search for
possible interference between v transitions associated
with this background and the v transitions associated
with the 8.90-Mev level. The principal results consisted
of pair spectra taken with the thick C® target at a
proton energy of 1.40 Mev. The results obtained in
this investigation which give information relating to
the v decay of the 0-, N* 8.70-Mev level will be
discussed in Sec. IVC.

Three-crystal pair spectra were recorded at 0° and
90° to the beam at E,=1.40 Mev, each with an
integrated charge of 0.4 coulomb. The decay scheme
assignments, relative intensities, and anisotropies of
the observed v rays derived from the pair spectra and
from other measurements are listed in Table ITI. The
v-ray peak at 6.14 Mev was assumed to arise from the
F19(p,a)0*(y)O reaction, which has a strong res-
onance at £,=1.38 Mev.® The 6.14-Mev peak was not
observed at E,=1.47 Mev, where the F'°(p,a)O16*(y)O'¢
reaction has no resonance. From the excitation curve
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obtained for the thick target at the 1.47-Mev resonance,
the average excitation energy in N for 1.40-Mev
protons incident on the thick target was calculated to
be 8.804-0.02 Mev. The suggested assignments to the
N* cascades given in Table IIT were checked by y—v
coincidence measurements, and also by measurements
of the y-ray energies obtained from both single-crystal
and coincidence spectra.

The 3.11- and 5.69-Mev v rays were shown to be in
cascade by displaying the spectrum in coincidence with
each in turn. The energy of the 3.11-Mev vy ray was
measured in single-crystal spectra to be 3.114-0.03 Mev.
This measurement rules out the possibility that this
v ray contains an appreciable contribution from the
8.80— 5.83 transition. Assignment to the C2(p,y)N* re-
action, for which the ground-state transition would have
an energy of 3.20 Mev for the target and proton energy
used, is also ruled out by this energy measurement. A
ground-state transition following the C*?(p,y)N* reac-
tion at E,=1.40 Mev was not observed in the bombard-
ment of a natural carbon target, thus further excluding
the assignment of the 3.11-Mev v ray to the C*?(p,y)N®
reaction.

By displaying the spectrum in coincidence with the
pulses from a 400-kev wide single-channel analyzer
window centered at 4.8 Mev, the 4.83-Mev v ray was
found to be in coincidence with v rays at 1.64 and 2.31
Mev. In the same manner the 3.89-Mev vy ray was
shown to be in cascade with a v ray having an energy
of 4.9640.07 Mev. From the upper limit set on the
intensity of the 2.79-Mev v ray (5.10 — 2.31 transition),
which was not observed in the spectrum in coincidence
with the 3.89-Mev v ray, an upper limit of 1 :2 was
set to the ratio of the intensities of the vy rays feeding
the 5.10- and 4.91-Mev levels. The statistics and
resolution of the three-crystal pair spectra were not
sufficient to separate the 3.70- and 3.89-Mev v rays
corresponding to the 8.80—5.10 and 8.80— 4.91
transitions, or the 4.83-) 4.91-, and 5.10-Mev v rays
corresponding to the 8.80—3.95, 4.91—0, and
5.10 — O transitions. Therefore, it is possible that the
3.89-Mev peak and the unresolved 4.83- and 4.91-Mev
peaks listed in Table III contain a contribution from
the 8.80 — 5.10 and 5.10— 0 transitions, with the
8.80 — 5.10 transition one-half as intense as the
8.80 — 4.91 transition.

Single-crystal spectra, as well as coincidence spectra
similar to those described above, were taken at various
proton energies between 1.40 and 1.54 Mev. All the
v rays assigned to N in Table III were observed on
both sides of the 1.47-Mev resonance, and a rough
check showed that the intensities of these v rays were
the same within a factor of two at E,=1.40 and 1.54
Mev. No large fluctuations in the intensities of the vy
rays listed in Table IIT were apparent between these
two energies. The background correction to the pair
spectra obtained at the 1.47-Mev resonance was
carried out assuming that the background spectra was
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the same at E,=1.40 and 1.47 Mev with the exception
of the increase in the energy of the primary v rays,
such as the 3.11-Mev v ray corresponding to the
8.80 — 5.69 transition. The background correction was
made by subtracting the E,=1.40-Mev 0° and 90°
spectra, properly normalized, from the E,=1.47-Mev
0° and 90° spectra (Figs. 7 and 8), respectively, to
obtain the data of Table II.

In none of the measurements described above were
any vy-ray transitions, except the ground-state transition
of the 0+, N 2.31-Mev level, observed arising from
the background to the 1.47-Mev resonance which were
the same as any of the y-ray transitions assigned to
the 8.90-Mev level. These measurements, then, give
the principal justification for treating the 1.47-Mev
resonance as well-isolated (i.e., being able to neglect
the effects of interference with overlapping levels) in
the analysis of the experimental y-ray anisotropies.
The possibility of a weak transition to the 5.10-Mev
level from the nonresonant background of the 1.47-
Mev resonance cannot be excluded by the present ex-
periments, however, and is indicated by the results of
Broude et al.® (see Sec. IVC). For this reason the
analysis of the data from the investigations of the
1.47- and 2.11-Mev resonances was carried out in a
way which was independent of the results obtained for
the 8.90 — 5.10 transition.

Angular Distributions

A single-crystal spectrum of the vy rays from the
decay of the 8.90-Mev level as observed with a 3-in.
NaI(Tl) crystal is shown in Fig. 9. As can be seen from
this spectrum, none of the y-ray lines can be separated
from overlapping peaks or from the background with
great accuracy. Nevertheless, it was possible to obtain
rough measurements of the angular distributions of the
3.08-, 5.10-, and 5.83-Mev v rays and a measurement of
the anisotropy of the 0.73-Mev v ray. The angular
distributions were obtained from 18 spectra taken at 8
different angles between 0° and 150° to the beam
using a 3-in. NaI(Tl) crystal.

The angular distribution of the 3.08-Mev v ray was
obtained from spectra recorded by the 100-channel
analyzer with a bias of 2.7 Mev, as shown in the insert
of Fig. 9. Two different angular distribution functions
were obtained from these spectra by taking the area
under the 3.08-Mev full-energy-loss peak assuming the
two limits for the background shown by B; and B, in
the insert of Fig. 9. Both angular distribution functions
were of the form W (0)=14-4 cos®¥ within the experi-
mental error, i.e., | 44| <0.10. However, the anisotropies
obtained from the two background estimates, which
were assumed to be limiting values, were 4=-40.8
for By and A=+0.3 for B,. This large difference
reflects the sensitivity of anisotropy measurements of
highly anisotropic v rays to the method of background
subtraction.
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Fic. 9. Single-crystal spectrum of the y rays from a 60-kev
thick C13 target, bombarded by 1.49-Mev protons. The spectrum
was taken with a 3X3 in. NaI(Tl) crystal placed at 0° to the beam
and 12 cm from the target. The full-energy-loss peaks of the v rays
are labeled by the computed energies of the transitions to which
the v rays are assigned. The insert shows the full-energy-loss
peak of the 3.08-Mev v ray recorded by the 100-channel analyzer
with a bias of 2.7 Mev.

The angular distribution functions of the 5.10- and
5.83-Mev v rays were obtained from the areas under
their respective full-energy-loss peaks (see Fig. 9)
Again the accuracy of the measurement was determined
by the extraction of the peak areas from the spectra.
A least-squares fit of the data for the 5.83-Mev v ray
gave W (6) =14 (0.70.3) cos®+ (1.0£0.5) cos'¢*® with
A=1.754-0.40. A least-squares fit of the data for the
5.10-Mev v ray gave W (6) =1+ (0.074-0.12) cos?d with
a limit on a possible cos®d term of | 44| <0.10.

The anisotropy of the 0.73-Mev v ray, which arises
from the 5.83 — 5.10 transition, was also determined
from single-crystal spectra using the 60-Kev thick C**
target. The anisotropy was obtained from six spectra
recorded using a 2.5 by 1.7 in. NaI(Tl) crystal placed
alternately at 0° and 90° to the beam. The 0.73-Mev
full-energy-loss peak was well resolved and superim-
posed on a uniform background so that a relatively accu-
rate determination of the anisotropy could be made. The
average value obtained was 4 =—0.254-0.06.

Doppler Shift Measurement

In order to investigate the lifetime of the 5.83-Mev
level, a measurement of the Doppler shift of the
0.73-Mev vy-ray cascade between the 5.83- and 5.10-Mev
levels was made. The 5.83-Mev level is populated at
this resonance by the 3.08-Mev y-ray cascade from
the 8.90-Mev level. The partial width T, of the 8.90-Mev
level is 2.9/(2J+1) ev* which corresponds to a mean

19 The existence of a cos¥ term in the angular distribution of
the 5.83 — 0 transition was found to be practically independent
of the background assumed in extracting the 5.83-Mev full-
energy-loss peak from the spectra. Therefore, in spite of the large
uncertainty in its value, the existence of a positive 44 in the
angular distribution of the 5.83-Mev v ray was established
without any question.
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life 7=2.3(274+1)X107%¢ sec, where J is the spin of
the 8.90-Mev level. Since this mean life is negligibly
short compared to the stopping time of the N** recoils
(~3X107*% sec), the Doppler shift of the 0.73-Mev y
ray is unaffected by the lifetime of the 8.90-Mev level.

The detector, a 2.5 by 1.7 in. NalI(Tl) crystal,
viewed the target at a distance of 6 cm at 0° to the
beam, and at a backward angle of 120°. The thick
target was used. The 0.73-Mev full-energy-loss peak,
from which the Doppler shift was obtained, was
well-resolved on a flat, uniform background.

Three independent sets of data were obtained using
three different bias and gain settings in conjunction
with the 100-channel analyzer. In the first set, eight
determinations of the Doppler shift yielded a shift of
(0.4240.09)%, the second set of six determinations
gave (0.354-0.05)%, while the third set of six determina-
tions gave (0.43+0.16)%. The errors given are the
standard deviations. A weighted average of these
three results yields (0.39+£0.05)9, for the Doppler
shift of the 0.73-Mev v ray. The Doppler shift calculated
from the kinematics assuming a lifetime short compared
to the stopping time of the N“* nuclei, is 0.58%,
including the solid angle correction. The Doppler shift
measurement, then, indicates that the mean lifetime of
the 5.83-Mev level is of the order of the stopping time
of the N™* recoils, and limits can be placed on the
mean lifetime from an estimate of the N“* stopping
time.

The stopping time of nitrogen in carbon was
estimated by extrapolating stopping power data® and
also by using the curves of range versus velocity of
nitrogen ions in nitrogen given by Blackett and Lees.?
From these data it was found that the range versus

TaBrLE IV. Partial gamma widths and Weisskopf matrix

elements for the primary v rays observed at the 1.47- and 2.11-
Mev resonances.

w|M|2b
Transition wlyf a E1 M1 E2 M2 A(%)e
1.47-Mev resonance
8.90 — 5.10 0.040 0.0011 0.034 12 390 45
8.90 — 5.83 0.65 0035 106 580 18000 3.3
8.90 — 6.44 0.022 0.0023 0.072 63 1970 33
8.90 — 7.02 0.010 © 0.0024 0.072 106 3360 57
2.11-Mev resonance
9.50 — 3.95 0.37 0.006 0.102 17 540 17
9.50 — 5.10 4.8 0.088 2.66 710 22600 3.8
9.50 — 5.83 1.0 0.031 095 366 11600 12

» The statistical factor w is (2J +1) /4, where J is the spin of the resonance
level. The total partial v width I’y from reference 4 has been apportioned
into the fractional partial v widzhs T/ for each decay mode from the
relative intensities of Tables I and II.

b The Weisskopf matrix element |M |2 for a particular multipolarity is
defined as the ratio of the experimental Ty/ to the Weisskopf estimate for
the radiative width of that multipolarity.

¢ The uncertainty A, which is the percentage uncertainty in both wI%/
and «|M|2 was obtained from the relative intensity measurements
(Tables I and II), and does not include the uncertainty assigned (ref-
erence 4) to the I'y.

2 S. K. Allison and S. D. Warshaw, Revs. Modern Phys. 25,
779 (1953).

21 P. M. S. Blackett and D. S. Lees, Proc. Roy. Soc. (London)
A134, 658 (1932).
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velocity curve in the region of interest was quite linear
with the constant « from the expression R=av given
by a=(4.041.5)X 10~ sec. The mean lifetime = was
obtained from the expression!®

Measured Doppler shift — «/7
Calc. full Doppler shift 14-a/r

which gave 6.5X1078>7>5X10"* sec, where the
limits correspond to two standard deviations from the
measured Doppler shift (i.e., 0.299, and 0.499,
respectively). When combined with the branching
ratio of the 5.83-Mev level obtained from the relative
intensities of Tables I and II, the lifetime limits on
the 5.83-Mev level gives 5X1072>7>2.5X1071 sec
for the 5.83 — 0 transition and 7.7X 107> 7> 6X 10~
sec for the 5.83 — 5.10 transition.

C. Summary of Experimental Results

In the next section (Sec. IVA) the measurements
reported in Secs. ITTA and B, together with the absolute
CB(p,y)N* cross-section data of Seagrave* and the
assignments for the 8.90- and 9.50-Mev levels of

=17, 27, or 3~ consistent with the proton scattering
analysis of Milne! and Zipoy et al.,2? will be used to
assign spin values to the N* 9.50-; 8.90-, 5.83-, and
5.10-Mev levels. In Sec. IVB the information obtainable
from the experimental data (past and present) which
relates to the multipole mixtures of some of the observed
v rays will be discussed. For the convenience of discus-
sions which will follow in the remainder of this paper,
the absolute cross section data of Seagrave* is combined
here in tabular form (Table IV) with the relative
intensity data of Tables I and II to give parameters
useful in the assignment of multipolarities to the
y-ray transitions. '

From the absolute cross-section measurements on the
CB(p,y)N* reaction at the 2.11-Mev and 1.47-Mev
resonances, Seagrave! obtained partial widths T, for
v decay of 6.15/w and 0.72/w, respectively, where w is
a statistical factor given by (2J/+41)/4. In Table IV
these partial widths are apportioned among the various
decay modes given in Tables I and II for the 2.11- and
1.47-Mev resonances. In Table IV, o',/ is the fraction
of wI'y due to a particular transition. The T',” were
obtained from the relative intensities given in Tables
I and II. The matrix elements |M|? for dipole and
quadrupole transitions can be obtained for a particular
value of J from the w|M|? listed in Table IV. The
matrix element | M |2 is defined as the ratio of ',/ to the
Weisskopf?? single-particle estimate of the radiative
width of the transition. The single-particle estimates
were calculated from formulas given by Wilkinson.?

2V, F. Weisskopf, Phys. Rev. 83, 1073 (1951).

% D. H. Wilkinson, Phil. Mag. 1, 127 (1956), and Proceedings
of the Rehovoth Conference on Nuclear Structure, edited by H. J.
Lipkin (North-Holland Publishing Company, Amsterdam, 1958),
Session IV, p. 175.
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The y-ray angular distribution and lifetime data,
which have not been included in Tables I and II,
are collected in Table V. For comparison, anisotropies
obtained from the three-crystal pair spectrometer
measurements (see Tables I and II) and from previous
investigations are also shown. The anisotropies obtained
from the single-crystal measurements and the pair
spectrometer measurements are seen to be in good
agreement. The anisotropy given by Woodbury et al.®
for the 9.50 — 5.10 transition is in fair agreement with
the present result. The anisotropy measurement of
Woodbury et al. was obtained from single-crystal
spectra, and most probably would have been influenced
by the presence of the 9.5 — 5.83 transition which has
a negative anisotropy (see Table I). A correction for
the presence of this transition, of which they were
unaware, would bring their anisotropy measurement of
the 9.50 — 5.10 transition into closer agreement with
the anisotropy obtained in the present work. The
anisotropy given by Woodbury ef al.® for the 8.90 — 5.83
transition, also obtained from single-crystal spectra,
is in poor agreement with the present result. Again a
correction for the presence of the transitions correspond-
ing to other decay modes (see Tables IT and IIT) would
bring their anisotropy measurement into closer agree-
ment with the anisotropy obtained in the present work.
Moreover, as discussed previously, the value of the
anisotropy obtained for the 8.90 — 5.83 transition from
single-crystal spectra is quite sensitive to the assumed
background used to extract the 3.08-Mev full-energy-
loss peak.

Most of the conclusions which will be drawn in the
remainder of this paper will depend on the assumption
that the 1.47-Mev and 2.11-Mev resonances are well
isolated in the sense that for a particular y-ray transi-
tion the contribution from other levels or from a non-
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resonant background, is negligible. The intensity data
presented in Tables I and II are relatively insensitive to
contributions from overlapping resonances since the
contributions to the total intensity (i.e., integrated over
the sphere) of a particular 4 ray from different reso-
nances add incoherently. However, the contributions
from different resonances to a particular y-ray intensity
I(6) at an angle 6 to the proton beam add coherently so
that the anisotropy of the v transition is dependent on
the relative amplitudes of the interfering resonances and
is quite sensitive to the contributions of overlapping
resonances (see Devons and Goldfarb* for a discussion
of interference in $,y reactions). The measurements de-
signed to determine the extent of any possible interfer-
ence effects were (1) the determination of the excitation
function over the resonance for each particular decay
mode in order to set limits on the nonresonant contribu-
tion to each y ray as previously discussed for the
2.11-Mev resonance, (2) a check of the symmetry of
the angular distributions about 90° for the more
important vy rays, since a lack of symmetry about 90°
is a sensitive indication of interference with a level of
opposite parity, (3) a determination of the anisotropy
of the 3.08-Mev v ray of the 8.90-Mev resonance with
both the thin (14 kev thick) and thick (60 kev
thick) targets to investigate the energy dependence
of the anisotropy. In none of these measurements were
any effects attributable to interference observed within
the experimental errors.

These measurements do not constitute an exhaustive
examination of the possibility of interference for the
resonances involved; however, they indicate limits on
the possible effects of interference to a sufficient extent
so that conclusive spin assignments can be obtained
from an analysis carried out under the assumption of
well-isolated resonances.

TaBLE V. Summary of the single-crystal angular distribution and lifetime measurements.

Transition W) A (singles)® A (pair)e A (previous)d A (average)e Lifetime limits

1.47-Mev resonance

8.90 — 5.83 | 44] <0.10 +0.3<4<0.8 +40.6 £0.2 +0.25+£0.10 40.6 £0.2 oee

583 -0 A2=0.7£03 +1.7540.40 +1.87+£0.42 v +1.8 £04 SX1072>7>2.5X 10713 sec

As=1+0.5

5.83 —5.10 e —0.25+0.06 oo —0.25+£0.06 7.7X1018>7>6X10714 sec

5.10—0 |44} <0.10 +0.07£0.12 —0.0940.12 —0.0140.12 e
2.11-Mev resonance

9.50 — 5.10 |44] <0.15 +0.70£0.15 +0.704+0.10  +0.48+0.15 +40.7040.10 o

5.10—-0 |44] <0.07 —0.0940.05 f oo —0.09£0.05 +>3X1078 sec

(for 5.10-Mev level)

2 W(6) =1+A2 cos? +A4 costf.

b The anisotropy 4 is 7(0°)/I1(90°) —1, so that A =As-}+As.
¢ From Tables I and II.

d See reference 5.

e Average of 4 (singles) and A (pair).

f The anisotropy obtained for this v ray in the singles spectra was used for normalization of the 0° and 90° pair spectra.

28, Devons and L. J. B. Goldfarb, Handbuch der Physik (Springer-Verlag, Berlin, 1957), Vol. 42, p. 362.
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IV. ANALYSIS OF RESULTS
A. Spin Assignments

Using the experimental data which was presented in
the previous section together with the requirement
that the 8.90- and 9.50-Mev levels have J7=1—, 2—,
or 3~ (see Sec. I), it is possible to give conclusive
spin assignments to the 5.10-, 5.83-, 8.90-, and 9.50-Mev
levels in N*. It is also possible to give a tentative spin
assignment to the N* 7.02-Mev level.

The available empirical evidence? for light nuclei
indicates that the Weisskopf lifetime estimate for £2
transitions is a good lower limit if collective contribu-
tions to the radiative transition rate are taken into
account. There is little available evidence for M2
transitions in light nuclei; however, what evidence®
there is, and the evidence from heavier nuclei,?® indicates
that the Weisskopf estimate is as good a lower limit
for M2 transitions as for E2 transitions. For the
purpose of drawing conclusions as to the maximum
contribution of quadrupole radiation to the y transitions
observed in N an upper limit of 25 (i.e., collective
enhancement by all the protons outside the 1s shell)
is set for the matrix element |M|? for quadrupole
radiation. With this conservative limit as a guide, it is
apparent that the 8.90—5.83, 9.50— 5.83, and
9.50 — 5.10 transitions are at least partially dipole in
character since the smallest value of |M|? obtained
from Table IV for these three transitions is | M |2=209
(the 9.50— 5.83 E2 transition with J=3 for the
9.50-Mev level). The 9.50 — 3.95 transition can also
be established as at least partially dipole by using the
spin-parity assignment to the N 3.95-Mev level.
The most probable assignment to the 3.95-Mev level
given in the compilation of Ajzenberg and Lauritsen® is
Jr=1*. The evidence for this assignment and later
work verifying it is discussed in the next paragraph.

Stripping analysis of the C¥(d,n)N* reaction
indicates?® J=0%, 11, or 2% for the N* 3.95-Mev level.
The parity assignment has been verified by a study of
the linear polarization of the 3.95— 2.31 transition.””
The 3.95-Mev level decays 969, by cascade through
the 0+ 2.31-Mev level and 49, by a direct transition
to the J™=1*%, N* ground state.’® Therefore J"=0% is
eliminated and 1% is favored over 2+ for the 3.95-Mev
level. The N* 8.62-Mev level, for which J*=0% has
been observed®28 to decay to the 3.95-Mev level. If the
decay scheme established by Wilkinson and Bloom?®
for the 8.62-Mev level is combined with the partial
width T', given by Seagrave! for the 8.62-Mev level, a
radiative width of 1.26 ev is obtained for the 8.62 — 3.95
transition. This width corresponds to an E2 matrix

25 M. Goldhaber and A. W. Sunyar, Befa- and Gamma-Ray
Spectroscopy, edited by K. Siegbahn (North-Holland Publishing
Company, Amsterdam, 1955), Chap. XVI (II), p. 453.

26 R, E. Benenson, Phys. Rev. 90, 420 (1953).

27 A, E. Litherland and H. E. Gove, Bull. Am. Phys. Soc.
Ser. II, 3, 200 (1958).

28 D, H. Wilkinson and S. D. Bloom, Phil. Mag. 2, 63 (1957).
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element of |M|?=140 which is clearly impossible.
Therefore, the 8.62— 3.95 transition must be pre-
dominantly M1 and the 3.95-Mev level has J7=1+.

With the 3.95-Mev level established as J7=1*, the
transition to it from the odd-parity 9.50-Mev level
must be E1, M2, etc. The M2 matrix elements for
the 9.50 — 3.95 transition are (see Table IV) 720,
430, and 310 for spin assignments to the 9.50-Mev level
of 1, 2, and 3, respectively. It is apparent, then, that
the 9.50— 3.95 transition is predominantly E1. The
J7=1% assignment to the N* 3.95-Mev level together
with the dipole character of the 9.50 — 3.95 transition
eliminates the possible assignment of J7=3~ for the
9.50-Mev level. Consequently, the dipole character of
the 9.50—5.10 and 9.50— 5.83 transitions limits
the possible spin values of the 5.10- and 5.83-Mev
levels to J<3. The anisotropies of the 5.83—0,
5.83—5.10, and 5.10 — 2.31 transitions (see Tables I,
II, and V) eliminate the possibility of J=0 for the
5.83- and 5.10-Mev levels.

The angular distributions of the v rays about the
beam were calculated for the possible reaction and level
parameters from the theoretical formulas given by
Biedenharn et al.?® and by Devons and Goldfarb.?* In
what follows, 4 (y;) is used to denote the theoretical
anisotropy of the ith v ray in a y-ray cascade originating
at the resonance level. The anisotropies 4 (y1) for dipole
transitions between the resonance level with spin J
and a level with spin J, are listed in Table VI. For pure
dipole radiation the angular distribution function must
have the form W,.(0)=1+A4(y:) cos’d, so that the
anisotropy completely defines W;(8). The anisotropies
of Table VI were calculated for d-wave protons and
for the allowed values of the channel spin .S, which are
S=11for Ji=1o0r 3, and S=0or 1 for J;=2. For J;=2,
the anisotropies are given in terms of the fractional
contribution of channel spin S=0,

a=[40)|Y/[|41)[*+]40)]2],

after the notation of Biedenharn et al.2®

It is seen from Table VI that for pure dipole radiation,
if J1=J, the anisotropy is positive, while if J154J, the
anisotropy is negative. The anisotropies of the observed

TaBre VI. Anisotropies computed for pure dipole radiation
following d-wave proton capture by C13.

=
S

A(v)

—0.60

+0.43

—0.07

= (3+43x)/(9+x)
+(3432)/ (1 —x)
— (3+4-3x)/ (29+42)
—0.44

+0.82

—0.20

WWW NN ===
BWN W= N-RO

2 Biedenharn, Arfken, and Rose, Phys. Rev. 83, 586 (1951).
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v rays are subject to perturbations from the values
of Table VI due to the interference of the quadrupole
and dipole components of the transition. The effects of
this interference were investigated by calculating the
angular distribution functions of the various possible
transitions in terms of the relative intensities of
quadrupole and dipole radiation. From these angular
distribution functions, one of which is given in Sec.
IVB, it was apparent that, within the limits set on the
intensity of the quadrupole radiation by the matrix
elements of Table IV (again using the limit | M |2<25
for quadrupole radiation), the signs of the anisotropies
of the 8.90—5.83, 9.50—5.10, and 9.50 — 5.83
transitions could not be changed by the quadrupole
contribution to the transitions. The 8.90— 5.83
transition was observed (see Table II) to have a
positive anisotropy while the 9.50 —5.10 and 9.50
— 5.83 transitions were observed (see Table I) to have
positive and negative anisotropies, respectively. There-
fore as long as the 8.90-Mev level does not have J7=1-,
in which case the possible interference between s-wave
and d-wave formation of the level must be considered,®
the 8.90-Mev level has the same spin as the 5.83-Mev
level. Likewise, if the 9.50-Mev level has J7=2— (3~
having been excluded by the dipole character of the
9.50 — 3.95 transition) it has the same spin as the
5.10-Mev level, and its spin differs by one unit from
that of the 5.83-Mev level.

In order to obtain conclusive spin assignments for
the 9.50-, 8.90-, 5.83, and 5.10-Mev levels, it is neces-
sary to use the anisotropies measured for the second
and/or third v rays in the y-ray cascades assigned in
Tables I and II. One means of obtaining the spin
assignments of these levels is from the anisotropies of
the v rays in the cascade

Y1 Y2 Y3
8.90(J1) — 5.83(J2) — 5.10(J5) — 2.31(J4).

The anisotropies calculated for these v rays, assuming
d-wave formation of the 1.47-Mev resonance and pure
dipole radiation for v, and #s, are given in Table VII.
These anisotropies were calculated for all combinations
of the spin assignments to the 8.90-, 5.83-, and 5.10-Mev
levels consistent with the arguments presented above
and using the known zero spin of the 2.31-Mev level.
The multipole order of s is, of course, determined by
the spin J3 of the 5.10-Mev level.

As in the case of the anisotropies 4 (v1) of the first v
rays in the v-ray cascades, the anisotropy A (y:) of
the 5.83 — 5.10 transition is subject to an uncertainty

0 A J7=1~ resonance in N can be formed from CB+45 by
s-wave or d-wave protons, a J*=2" resonance can only be formed
by d-wave protons. A J7=3" resonance in N can be formed
from C®+p by d-wave or g-wave protons. The effects of g-wave
formation were investigated by calculating the possible interference
between d waves and g waves with the maximum g-wave ampli-
tude allowed by the barrier penetrability and the Wigner limit
to the reduced width. It was found that the effects of g-wave
formation were entirely negligible.
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due to the possible quadrupole component in the
transition. A limit on the intensity of the quadrupole
radiation was set, in this case, by the lifetime measure-
ment (Table V) of the 5.83-Mev level. Using the
Weisskopf estimates for quadrupole radiation with
E,=0.73 Mev (7=9.1X10"" sec for E2 and r=2.9
X108 sec for M2), the limit | M |2<25 for quadrupole
radiation, and the upper limit on the lifetime of the
5.83 — 5.10 transition (7<7.7X 107" sec), it is apparent
that the 5.83—5.10 transition is predominantly
dipole, and it was found that the allowable contribution
of quadrupole radiation was not enough to change the
sign of any of the anisotropies A (ys) calculated for
this transition.® Since the quadrupole mixture in v;
will affect the anisotropies of the successive v rays i1,
Yits, etc., through the intensity ratio of the quadrupole
and dipole components and not through the amplitude
ratio, the quadrupole component of vy; will have
negligible affect on A () and 4 (v3) and the quadrupole
component of v, will have negligible effect on 4 (vs3).

In the case of J1=1 the angular distribution functions
of the various cascade y rays must be of the form
Wi(0)=14a2Ps(cosf)=1+4 cos?d. If the resonance
level with Jy=1 is formed by a mixture of s-wave and
d-wave protons, then the constant a,, calculated for
pure d-wave formation, will be multiplied by*

(1F2v28.)/ (14462,

where §; is the ratio of the amplitude of s-wave forma-
tion to d-wave formation, including the relative phase
factor, for formation of a N* 1~ level from CB+4p.
It is apparent then that any mixing of s-wave formation
in the case of J;=1 will affect all the 4 (v;) in the cascade
in the same sense. That is, the magnitude of each ani-
sotropy in the cascade will be changed in the same
direction and if the sign of one is changed the sign
of all of them will be changed.

The measured anisotropies (Table IT) of the 3.08-Mev
v ray (v1), 0.73-Mev v ray (vs), and 2.79-Mev v ray
(vs) were 40.604-0.20, —0.2540.06, and +0.74-0.4,
respectively. Keeping in mind the limits on the effects
of quadrupole radiation mixing in v; and ys and the
functional behavior of the effects of mixing of s-wave
and d-wave formation of the 8.90-Mev level for J,=1,
it is seen from Table VII that the combination of

TaBLE VII. The anisotropies of the first (v1), second (y2),
and third (ys) v rays in a y-ray cascade following capture of
d-wave protons by C!? and assuming pure dipole radiation for
v1 and va.

J1 J2 Ji Ju A(vy) A (v2) A (v3)

1 1 1 0 +0.43 —0.18 —0.18

1 1 2 0 +0.43 -+0.04 —0.18

1 2 1 0 —0.07 —0.24 —0.24

2 2 1 0 4@+3x)/(7—x) —B+3x)/(17+x) —(3+3x)/(17+x)
2 2 2 0 +Q@+3x)/(7T—x) +A+3x)/(15—x) +(7x—1)/(3+3x)
3 3 2 0 4-0.82 —0.34 +0.65

31 See Sec. IVB for a typical example of the effects of quadrupole
mixing on the anisotropy of the 0.73-Mev ~ ray.
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Fic. 10. The decay schemes of the N4 8.90- and 9.50-Mev
levels as determined in the present work. Only the levels involved
in the decay of the 8.90- and 9.50-Mev levels are shown. The spin
assignments of the 9.50-, 8.90-, 7.02-, 5.83-, and 5.10-Mev levels
are discussed in the text. The other spin and parity assignments
are from previous work.

spins J1=3, Jo=3, and J3=2 is compatible with the
measured anisotropies for i, vs, and vs, while all the
other possible combinations of spins give anisotropies
in great disagreement with the measured anisotropies.
Therefore, the 8.90- and 5.83-Mev levels are assigned
J=3, while the 9.50- and 5.10-Mev levels are assigned
J=2.

Other arguments can be advanced from the data of
Sec. IIT to give independent evidence for the spin
assignments of these four levels. For instance the
appearance of a term in cosd (see Table V) in the
angular distribution of the 5.83 — 0 transition observed
at the 1.47-Mev resonance establishes J321 for the
8.90- and 5.83-Mev levels independent of other evidence.
The cos* term in the 5.83 — O transition also eliminates
the possibility that the 1.47-Mev resonance could be
formed by p-wave protons. However, for the 9.50-Mev
level, p-wave formation with J7=2+ cannot be defi-
nitely ruled out on the basis of the present exper-
iments alone. Therefore, the spin assignments made
above are not independent of the proton scattering
experiments'—® which show that the 9.50-Mev level, as
well as the 8.90-Mev level, is formed predominantly by
d-wave protons.

From Table IV it is seen that the 8.90 — 6.44 and
8.90 — 7.02 transitions most likely have dipole compo-
nents so that the relative intensity measurements give
probable spins of J=2, 3 or 4 to the 6.44- and 7.02-Mev
levels. The anisotropies of the 2.47- and 1.89-Mev vy
rays corresponding to the 8.90 — 6.44 and 8.90 — 7.02
transitions were not measured because of the relatively
weak intensity of these v rays and the small pair
production cross section for £, <3 Mev. The anisotropy
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measurement of the 6.44-Mev v ray corresponding to
the 6.44-Mev level ground-state transition was too
inaccurate to allow any significant conclusions to be
drawn. The anisotropy of the 7.02-Mev v ray, corre-
sponding to the 7.02-Mev level decay to the 1+, N
ground state, was measured to be —0.3540.40. The
calculated anisotropies A (y;) for d-wave formation of
a J1=3" resonance level are —0.43, 40.68, and +1.62
for Jo=2, 3, and 4, respectively, if y; and v, are assumed
to have the lowest allowed multipolarities. Therefore,
insofar as the 8.90 — 7.02 transition is dipole and the
7.02— 0 transition proceeds by the lowest allowed
multipolarity, the 7.02-Mev level most likely has
J=2, so that a tentative assignment of J=2 is given
to the 7.02-Mev level. This result is in agreement with
the stripping analysis® of the C**(d,%n)N" reaction which
gave a slight indication that the N* 7.02-Mev level has
JrL2t

In Fig. 10 is shown the decay schemes of the 8.90-
and 9.50-Mev levels. The branching ratios were
calculated from the relative intensities given in Tables
I and II. Other transitions with branching ratios
comparable to those given in Fig. 10 may exist for
either resonance. For instance, a transition from the
9.50-Mev level to the N 5.69-Mev level, with a
branching ratio approximately one-half or less that of
the 9.50 — 3.95 transition, would probably have been
undetected. The branching ratios for the N* 5.10- and
5.83-Mev levels were previously obtained by Woodbury
et al.® The present results for the 5.10-Mev level are in
agreement with the results of Woodbury ef al., while
the present results for the 5.83-Mev level are not.
The disagreement for the branching ratios of the
5.83-Mev level may be due to the large anisotropies of
the 8.90 — 5.83, 5.83 — 0, and 5.83 — 5.10 transitions,
for which Woodbury et al. did not make a correction.

The spin assignments discussed above were made by
comparison with the signs, but not the measured values,
of the anisotropies of the observed v rays. This method
was used so that the conclusions would be as inde-
pendent as possible of complicating effects. In Table
VIII a comparison is made of all the measured ani-
sotropies (obtained from Tables I, IT, and V) with the
anisotropies calculated from the spin assignments shown
in Fig. 10. The theoretical anisotropies were calculated
assuming all the transitions proceed by the lowest pos-
sible multipolarity. From a comparison of the experi-
mental and theoretical anisotropies for the 9.50 — 5.10,
9.50 — 5.83, and 5.10 — 2.31 (from the 9.50-Mev level)
transitions, %, the fractional contribution of channel
spin S=0 in the formation of the 9.50-Mev level, was
determined to be =0.56+0.14.

The experimental anisotropies of the 8.90 — 5.83,
5.83— 5.10, and 5.10 — O transitions from the 8.90-
Mev level and the 5.10 — 0 transition from the 9.50-
Mev level are seen, from Table VIII, to be in poor
agreement with the theoretical anisotropies; thus
implying the mixing of higher multipolarities in these
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transitions.?? In the next subsection the experimental
anisotropies and angular distributions obtained for
these transitions will be compared to the angular
distribution functions calculated assuming mixing of
the lowest and next-to-lowest allowed multipole orders.

B. Gamma-Ray Transitions with
Mixed Multipolarities

The theoretical angular distribution functions for a
transition involving both the lowest (L) and the
next-to-lowest (L41) allowed multipolarities were
calculated from formulas given by Devons and Gold-
farb.* The functions are given in terms of 8§, where 6
may be interpreted as

#*=T/(L+1)/T/(L),
with (1)
Y (L+1)+TY (L) =T,

so that T',/(L) is the contribution of the Lth multipole
order to the radiative width T,/ of the transition. The
phase of & is the same as that given by Devons and
Goldfarb. The functions were calculated using the spin
assignments and cascades given in Fig. 10 with d-wave
formation of the 8.90- and 9.50-Mev levels. In the case
of the 5.10 =0 transition the angular distribution
functions given are weighted averages of two functions
since, for both resonances, the 5.10-Mev level is fed
by both the resonance level and the 5.83-Mev level.

In Figs. 11 through 13 are shown the anisotropies
calculated as a function of & for the 8.90— 5.83,
5.83—5.10 and 5.83 — 0 transitions of the 1.47-Mev
resonance, while in Figs. 14(a) and (b) are shown the
mixing curves of the 5.10 — 0 transition of the 2.11-
and 1.47-Mev resonances, respectively. The theoretical
angular distribution functions and the ranges of 6
corresponding to the anisotropy measurements are
given in the figure captions.

The experimental anisotropies of the 8.90 (J=3)
—5.83 (J=3) and 5.83 (J=3)—5.10 (J=2) transi-
tions (see Figs. 11 and 12, respectively) almost overlap
with the theoretical anisotropies (4=-4-0.82 and
—0.34, respectively) for pure dipole radiation, so that
there could very well be no mixing of quadrupole
radiation in these transitions. The mixing curves for
these transitions are given for the following reasons:
(1) To illustrate the statement made in the last sub-
section that the sign of the anisotropies of these
transitions could not be changed from that calculated
for pure dipole radiation within the allowable limits on

3 Because the 3~ 8.90-Mev level is formed by channel spin
S=1 and the 0~ 8.70-Mev level is formed by channel spin S=0,
no interference between these two levels is possible, so that
multipole mixing is the most likely explanation for the difference
of the theoretical and experimental anisotropies for the 1.47-Mev
resonance as well as for the 2.11-Mev resonance.

3 For both resonances the angular distribution function for
the 5.10 — O transition was almost entirely determined by the

- more intense cascade to the 5.10-Mev level, and the error intro-
duced by the uncertainty in the branching ratios was negligible.

AND 2.11-MEV RESONANCES

229

TaBLE VIIL. Comparison of the experimental and theoretical
anisotropies corresponding to the decay schemes of Fig. 10.

Transition A (experimental)s A (theoretical)?

1.47-Mev resonance

8.90 — 7.02 —0.44
8.90 — 6.44 s +0.82
8.90 — 5.83 +-0.6040.20 +0.82
8.90 — 5.10 —0.3 +£03 —0.44
7.02—0 —0.354+:0.4 —0.44
644 —0 +0.1 +0.5 +0.68
5.83—-0 +1.80+0.40 +0.68
5.83 —5.10 —0.2540.06 —0.34
5.10 —» 0 —0.014-0.12 —0.34
5.10 — 2.31¢ +0.7£0.4 +0.65
231-0 0.040.12 0.0
2.11-Mev resonance
9.50 — 5.83 —0.170.11  —(3+3x)/(29+x)
9.50 — 5.10 +0.70+0.10 +(3+3x)/(7T—x)
9.50 — 3.95 —0.43+0.10 —(34+3x)/(9+x)
583 -0 +23+£1.0 (434—49x) / (840—273x)
5.10 - 0° —0.09+0.05 —(3+3x)/(174x)
5.10 — 2.31¢ +0.704+0.20 + (7x—1)/(3+3x)
3.95—231 —0.2540.4 — (34+3x)/ (9+=x)
231 -0 —0.0140.12 0.0

a See Tables I, II, and V.

b Calculated from references 24 and 29.

o A (theoretical) was calculated for the major cascade, the error due to
neglecting the 8,90 — 5.10 cascade, in the case of the 1.47-Mev resonance,
and the 9.50 — 5.83 — 5.10 cascade, in the case of the 2.11-Mev resonance,
is within the experimental uncertainties.

the matrix elements for quadrupole radiation. (2) To
illustrate the most probable sign of §, since the relative
phase of the dipole and quadrupole amplitudes might be
of future interest for comparison with model-dependent
analysis of the N" levels. (3) To give the limits on 4,
and thus an estimation of the limits on the matrix
elements for quadrupole radiation.

The Weisskopf matrix elements calculated from the
T,/ of the 8.90 (J=3) — 5.83 (J=3) transition assum-
ing pure E2 and M2 radiation are (see Table III) 330
and 10 000. From Eq. (1) it is seen that §%/(14-8?) is the
fraction of the transition intensity which is assigned
to the quadrupole radiation if it is assumed that there
is no contribution from multipole orders with L2 3.
Therefore, the limit on the quadrupole matrix element
| M|2<25, corresponds to |8]<0.27 [ie., &/(1+&)
<25/330] for M1-E2 mixing and |6 <0.05 for E1-M2
mixing in the 8.90 — 5.83 transition. From Fig. 11,
then, it is seen that the possible values of 6 are given by
0£6<0.2 corresponding to |M|?<13 for E2 radiation
and | M |2£400 for M2 radiation.®

The upper limit to the mean lifetime 7 of the 5.83
— 5.10 transition was calculated to be (see Table V)
7.7X10™8 sec, while the Weissiopf estimates for this
transition are 9.1X 107 sec for E2 and 2.9XX10~® sec
for M2. From these values and the limit on the quad-
rupole matrix element |M|2<25, a limit |§]|£0.15
is calculated for the 5.83 (J=3) — 5.10 (J=2) transi-
tion. Therefore, observation of Fig. 12 shows that the
requirement that |M|2<25 for quadrupole radiation

3 Since these limits are intended as rough guides the uncertain-
ties in the |M |2 of Table IV are neglected.
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Fic. 11. The anisotropy of the 8.90 (J=3) — 5.83(J=3)
v transition following the formation of the 3=, N4 8.90-Mev level
by d-wave protons. The transition is assumed to be a mixture of
dipole and quadrupole radiation with an intensity ratio 82=I',7(2)/
T,/ (1). This figure shows as a function of |8| the anisotropy 4 of
the angular distribution of the v transition relative to the proton
beam. Each one of the two curves corresponds to a definite sign
of 8. The two curves were calculated from the theoretical angular
distribution function: W (0)=1+asP2(cosf)+asPs(cosd), where
2=0.43(1426—0.5244%) / (14-82) ;a4= —0.308%/ (1+6%). The form-
ulas for computing W (¢) can be found in reference 24. The meas-
ured anisotropy is also shown. The measured anisotropy limits
the possible values of § to 056<0.2 and —1.2>6>—1.9.

rules out the positive values of é allowed by the meas-
sured anisotropy, and the limits on & are 026> —0.1,
corresponding to |M|*512 for E2 and |M|25380
for M2.

The mixing curve for the 5.83 (J=3)—0 (J=1)
transition of the 1.47-Mev resonance (Fig. 13) indicates
a mixture of quadrupole and octupole radiation with
an unambiguous choice of the sign of 6. The limits on
é corresponding to the measured anisotropy are —0.4>48
> —4.%5 The limits on the mean lifetime of the 5.83 — 0
transition calculated from the measurement of the
Doppler shift of the 0.73-Mev v ray were SX 1072 sec
>7>2.5X 1078 gec. From the upper limit to the mean
lifetime of the transition and the lower limit on &2
a lower limit can be estimated for the matrix element
of the octupole radiation component of the 5.83 —0

% The angular distribution of the 5.83-Mev v ray gave W (6)
=1+4(0.74-0.3) cos?+ (140.5) cos9, with A=1.75104. The
positive value of 44 rules out values of & greater than —0.3 and,
since & is limited to —0.7>6> —3 for 44>0.5, gives some indica-
tion that —0.7262 —3. The anisotropy calculated for the
5.83 — 0 transition at the 2.11-Mev resonance assuming mixing
of quadrupole and octupole radiation is quite similar to that for
the 1.47-Mev resonance. The anisotropy measurement of the
5.83 — 0 transition at the 2.11-Mev resonance was quite uncertain

(see Table VIII) but gives good agreement with the range of |8|
obtained from the 1.47-Mev resonance.
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transition. The Weisskopf estimates for the mean
lifetime of this transition are 2.8X1074, 8.8X107%,
2X10719 and 3X10~? sec for E2, M2, E3, and M3,
respectively. The experimental lifetime is consistent
with the quadrupole component being either £2 or M2,
while the Weisskopf matrix elements for £3 and M3
corresponding to 7=5X10"2 sec and §=-—0.4 are
|M|2=5.5 for E3 and |M|?=140 for M3; therefore,
the limits on |M |2, corresponding to 7<<5X1012 sec
and §>—0.4, are |M|?25 for E3 and | M |22 140 for
M3. The N* ground state has positive parity so that,
insofar as an E3 matrix element greater than 5 is
more likely than an M3 matrix element greater than
140, the 5.83-Mev level most likely has negative
parity.

The values of 6 allowed by the anisotropy measure-
ments of the 5.10 — 0 transitions at the 1.47- and
2.11-Mev resonances are in good agreement [see
Figs. 14(a) and (b)]. Since El1, M1, E2, and M2
radiation are all consistent with the limit (z>3X 1013
sec) set on the mean lifetime of the 5.10-Mev level, no
choice can be made between the two signs of § allowed
by the anisotropy measurements from this limit.
However, an indication that the range of § correspond-

. +
Aexp =-0.25-0.06

0.6— 8§50 —
-0.8— —]
Dipole Quadrupole
—_—
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el N ] | T
1072 107! [ 10 100
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F1c. 12. The anisotropy of the 5.83 (J=3) — 5.10 (J=2)
v transition following the formation of the 3~, N 8.90-Mev
level by d-wave protons. The transition is assumed to be a mixture
of dipole and quadrupole radiation with an intensity ratio
#=TI,/(2)/T'y/(1). This figure shows as a function of |5| the
anisotropy A of the angular distribution of the y transition
relative to the proton beam. Each one of the two curves corre-
sponds to a definite sign of 8. The two curves were calculated
from the theoretical angular distribution function: W) =1
+a2P2(cosd) +a.Ps(cosd), where as=—0.257(145.4956—0.356%)/
(14-8?); a4=0.0758%/(1+8%). The measured anisotropy is also
shown. The measured anisotropy limits the possible values of
§t0 026> —0.09 and 4<5<5.6.
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ing to §<0 is the proper choice is given by the limit
on the cos® coefficient (|A4] <0.07) obtained from
the angular distribution measurement of the 5.10-Mev
v ray at the 2.11-Mev resonance (see Table V). For this
distribution the coefficient of P; (see the caption of
Fig. 14) is proportional to Sx—2, where x is the
fractional contribution of channel spin S=0 to the
formation of the resonance. Using the algebraic relation
between the two forms of the angular distribution
function W(0)=1+4 A, cos¥+ A4 cos’0=1+-a2P2(cosh)
+a4Ps(cosh), it is found that the limit on A4 corresponds
to the limits 0.38<x<0.42 for the positive range of &
allowed by the anisotropy measurement, while 4, (and
therefore a4) is calculated to be negligible for all x for
the negative range of 6 allowed by the anisotropy
measurement. Since x was determined to be (see Sec.
IVB) 0.564-0.12, the 5.10 — O transition is most prob-
ably predominantly dipole.

C. Comparison with Previous Results

With the exception of the disagreement (see Sec.
IIIC) with the anisotropy reported by Woodbury
et al.’ for the 8.90 — 5.83 transition, the present work
is in good agreement with previous investigations'—®

A“p=l.8030.40~
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Fi16. 13. The anisotropy of the 5.83 (J=3) — 0 (J=1) y transi-
tion following the formation of the 3=, N¢ 8.90-Mev level by
d-wave protons. The transition is assumed to be a mixture of
quadrupole and octopole radiation with an intensity ratio
#=T,/(3)/T',/(2). This figure shows as a function of |§| the
anisotropy A of the angular distribution of the v transition
relative to the proton beam. Each one of the two curves corre-
sponds to a definite sign of 8. The two curves were calculated
from the theoretical angular distribution function: W (@) =1
~+a2Ps(cosf) +asPs(cosd), where a2=0.367(140.8756+41.315%)/
(148%); as=-—0.050(144.675—0.085%)/(1+4%). The measured
anisotropy is also shown. The measured anisotropy limits the
possible values of 6 to —0.4>6>—4.0.
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F16. 14. The anisotropy of the 5.10 (J=2) — 0 (J=1) v transi-
tion after formation, by d-wave protons, of (a) the 2=, N4 9,50-
Mev level, and (b) the 3=, N4 8.90-Mev level. The transition is
assumed to be a mixture of dipole and quadrupole radiation with
an intensity ratio 8=T,7(2)/T,/(1). This figure shows as a
function of |8| the anisotropy 4 of the angular distribution of the
~ transition relative to the proton beam. The measured anisotropy
is shown for both (a) and (b). Each curve in (a) and (b) corre-
sponds to a definite sign of 8. The curves were calculated from the
theoretical angular distribution function: W (f) =1--asP2(cosd)
+a4P(cosf). For (a), as=1.06(x+1) (—0.1254-0.5605+0.08982) /
(14#), and as=—0.81(5x—2)(0.2544?)/(1+8%). The anisotropy
is shown for x=0.4 for 6>0 and x=0.6 and 0.4 for §<0. The
measured anisotropy limits the possible values of § to —0.1>8>
—0.2 and 3.6<8<6 for 0.2<x<1.0. For (b), a2=2.12(—0.125
+0.5606+0.0898%) / (1+4?%), and @4=0.197(0.2545?)/(1+4-8%), and
the measured anisotropy limits the possible values of § to —0.14
>5>—0.28 and 4.0<5<8.6.

of the 1.47- and 2.11-Mev resonances for the capture of
protons by C¥. In particular, the spin assignments
established in the present work (see Fig. 10) confirm
the most probable spins assigned (see Sec. I) to the
N 9.50-, 8.90-, 5.83-, and 5.10-Mev levels on the basis
of these previous investigations. The only serious
disagreement with the present work involves the spin
assignment of J=2 given to the N* 5.10-Mev level.

It has been suggested® that the intensity ratio of
1:2 for the 5.10— 2.31 transition to the 5.10—0
transition (see Fig. 10) favors J=1 over J=2 for the
N 5.10-Mev level because, for J=2, the quadrupole
5.10 — 2.31 transition would be competing with a
5.10 — 0 transition which could be dipole. However,
a consideration of the inhibition®®7 of AT=0 magnetic
transitions in self-conjugate nuclei, and the selection
rule for E1 transitions in self-conjugate nuclei, leads
to the conclusion that the observed branching ratio of

3 G. Morpurgo, Phys. Rev. 110, 721 (1958).
87 E. K. Warburton, Phys. Rev. Letters 1, 68 (1958).
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the 5.10-Mev level is consistent with both J=2 and
J=1.

Broude ef al.® have investigated the C¥(p,y)NU
reaction at proton energies of 0.9 and 1.0 Mev, corre-
sponding to N excitation energies of 8.46 and 8.37
Mev, respectively. They reported a transition to the
N 5.10-Mev level and assigned this transition to the
decay of the broad (I'=500 kev)* N 8.70-Mev level
which has J7=0-16 The partial width T, for the
8.70-Mev level was measured by Seagrave! to be T,
=51.2 ev. Most of this width arises from the 8.70 — 0
transition. If the transition to the 5.10-Mev level
reported by Broude ef al.® is assigned to the 8.70-Mev
level, its intensity relative to the 8.70 — O transition
gives I'y/=13 ev. This width corresponds to
Weisskopf matrix elements of 0.05, 1.6, 800, and
2.5X10* for E1, M1, E2, and M2 transitions, respec-
tively, for a 3.32-Mev v ray corresponding to a 8.42
— 5.10 transition. Therefore, if in actual fact the 0-,
N 8.70-Mev level decays to the N** 5.10-Mev level with
the strength reported by Broude ef al.,® the 5.10-Mev
level must have J=1. Consequently, since the assign-
ment of J=2 for the 5.10-Mev level seems to be
conclusive, it is almost certain that the transition to
the 5.10-Mev level reported by Broude et al. does not
originate with the N* 8.70-Mev level.

Some information as to the possible source of the
transition to the 5.10-Mev level observed by Broude
et al. was obtained from the present investigation of the
C®(p,v)N* reaction at proton energies in the range
1.35<E,<1.54 Mev. The principal results obtained in
this investigation consisted of the pair spectra taken
with the thick C® target at a proton energy of 1.40 Mev.
The results obtained from these pair spectra were
presented in Table III of Sec. IIIB. The decay scheme
assignments of Table IIT are the same as given by
Broude et al. except for the transitions involving the
5.10-Mev level, which were not observed in the present
work (see Sec. IIIB) but were observed by Broude
et al. The principal contribution to the y-ray intensities
of Table III should most certainly be due to the broad,
N 8.70-Mev level which is centered at E,=1.25 Mev.*
Significant contributions to the decay modes listed in
Table III from sharp resonances in the energy region
investigated (1.35<E,<1.54 Mev) in the present work
are ruled out by the weak energy dependence of the
y-ray intensities and anisotropies. However, contribu-
tions from broad or relatively distant levels cannot be
excluded. Therefore, the decay modes observed at
E,=1.40 Mev in the present work, and at E,=0.9
and 1.0 Mev in the work of Broude et al.,® cannot be
conclusively assigned to the N 8.70-Mev level.

A striking result of the pair spectra measurements
(Table III) is the highly negative anisotropy of the
3.11-Mev v ray corresponding to the 8.80— 5.69
transition. This anisotropy shows that the 3.11-Mev
v ray cannot arise from the 0~ 8.70-Mev level alone,
and is somewhat suggestive of interference of the
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8.70-Mev level with another level or with a nonresonant
background. Since interference takes place, for over-
lapping resonances, through the same channel spin .S,
the 0~ 8.70-Mev level, which is formed by S=0 only,
can interfere with resonances with J7=1*, 2, etc.,
and cannot, for example, interfere with the 3— 8.90-Mev
level. The 5.69-Mev level has J=1,% so that 1+ and 2~
are the only alternatives for the level interfering with
the 0~ 8.70-Mev level if the 3.11-Mev v ray is dipole.
An attempt was made to ascertain the parity of the
interfering level (if any) by measuring the angular
distribution of the 3.11-Mev v ray at E,=1.40 Mev
from single-crystal spectra. The interference term in the
angular distribution would be proportional to cosf if
the interfering level were of even parity.?* Angular dis-
tribution data were obtained at angles to the beam from
0° to 150° and it was found that any terms in odd
powers of cosf—if actually present—were small com-
pared to terms in even powers of cosf. Thus the ani-
sotropy of the 3.11-Mev vy ray cannot be caused by
interference of the 8.70-Mev level with an even parity
level. The anisotropy of the 3.11-Mev y ray obtained
from the single-crystal spectra was in good agreement
with the pair spectra measurement (Table III).

The N%4.91-Mev level has been given a most
probable assignment of J7=0".6 The parity assignment
is based on analysis of the C¥(d,n)N'* reaction2®
which gives a strong indication that the 4.91-Mev
level is J*=0~ or 1=. The 4.91-Mev level has been
observed to decay by vy emission to the 7'=0, N
ground state but not to the 7'=1, 0¥, N* 2.31-Mev
level.® If the 4.91-Mev level (which is assumed to be
T=0) where J"=17, it would be expected to decay
preferentially by E1 radiation to the 2.31-Mev level
since E1 radiation to the ground state is an isotopic-spin
forbidden transition. Therefore, the evidence for
J™=0" is rather strong. If the 4.91-Mev level were
J7=0", a v transition to it from the 0—, N* 8.70-Mev
level would, of course, be forbidden.

The highly negative anisotropy of the 8.80 — 5.69
transition, the observation of a cascade to the 4.91-Mev
level at E,=0.9 and 1.0 Mev in the work of Broude
et al.® and in the present work, and the observation of a
cascade to the 5.10-Mev level by Broude et al.,® but
not in the present work, cannot be fully explained at
the present time. A possible explanation of the appear-
ance of the cascades to the 5.10- and 4.91-Mev levels
at E,=0.9 and 1.0 Mev as reported by Broude et al.?
is that these cascades are due to a resonance approx-
imately midway between these two energies (i.e.,
between 8.37 and 8.46 Mev in N'). A level (or levels)
in this energy range (at 8.454-0.07 Mev in N%) has been
observed?® by means of the N*(a,a’) N reaction. How-
ever, it seems most probable that the same broad level
or nonresonant background that gives rise to the highly

38 Miller, Carmichael, Gupta, Rasmussen, and Sampson, Phys.
Rev. 101, 740 (1956).
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negative anisotropy of the 8.80 — 5.69 transition is re-
sponsible for the cascades to the 4.91- and 5.10-Mev
levels. The anisotropy measurement of the 3.89-Mev vy
ray (see Table III) gives some indication that the cas-
cade to the 4.91-Mev level does not arise from a spin-
zero level.

It would seem that a careful investigation of the
CB(p,y)N™ reaction in the energy region 0.85 E,<1.6
Mev will have to be made before these anamolies are
understood and the decay scheme of the N* 8.70-Mev
level is established.||

V. COMPARISON WITH SHELL-MODEL
SYSTEMATICS

A. Introduction

A shell-model calculation of the non-normal energy
level spectrum of mass 14, such as the recent calcula-
tions on mass®® 15 and mass® 16, would be a formidable
task. In lieu of such a calculation, and in order to
provide an orientation in the event that such a calcula-
tion were to be undertaken, it is desirable to have a
qualitative description of the odd-parity spectrum of
mass 14. Towards this end, then, this section is devoted
to a comparison of the odd-parity states of mass 14
with expectations based on the work on neighboring
nuclei and to a discussion of these levels from the
viewpoint of simplifying assumptions. It is recognized
that much of this section is speculative in nature; but
it is hoped that, at the least, this discussion will serve
as a stimulus to further work

The energy level diagrams of N* and C* are displayed
in Fig. 15. The diagram for C** is taken from Warburton
and Rose.!” The diagram for N* is taken from Ajzenberg
and Lauritsen® apart from later additions and correc-
tions—which include the results of the present paper.
A few remarks concerning some of these changes are
necessary. The spin-parity assignments given to the
N# 5.69- and 6.23-Mev levels are from the work of
Wilkinson and Bloom.?® The spin-parity assignments
for all the other N* levels below 7.1 Mev have been
reviewed in the present paper or are the same as given
by Ajzenberg and Lauritsen.® The 9.16- and 10.43-Mev
levels were both previously given J*=2~ as the most
probable assignment®:%:4; the reason why a preference
for odd-parity is not indicated for these levels in Fig. 15
has been discussed in a recent paper.*

In the N* energy level diagram of Fig. 15 known
T=1 states are indicated, known T'=0 states are not.
The T'=1 assignments for the N* levels above 8 Mev

|| Note added in proof—The most likely explanation of the de-
cays to the 4.91-; 5.10-, and 5.69-Mev levels is direct radiative
capture of p-wave protons as proposed by Warburton et al.
[Warburton, Pinkston, Rose, and Hatch, Bull. Am. Phys. Soc.
Ser. 11, 4, 219 (1959)].

® E. C. Halbert and J. B. French, Phys. Rev. 105, 1563 (1957).

“ J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London)
A242, 57 (1957).

4 Willard, Bair, Cohn, and Kington, Phys. Rev. 105, 202 (1957).

2 E. K. Warburton, Phys. Rev. 113, 595 (1959).
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F1c. 15. Energy levels of C!* and N4, The references for the
information given in the C'* energy level diagram are given in
reference 17. The information for the N energy level diagram
was obtained from the compilation of Ajzenberg and Lauritsen
(reference 6) except for later additions and corrections (see text).
Uncertain or less likely assignments are enclosed in parentheses.
Uncertain levels are denoted by dashed lines. The 7'=1 assign-
ments are indicated, T'=0 assignments are not. The C!* ground
state is matched in energy with its isotopic-spin analog in N at
2.31 Mev in order to exhibit the correspondence of levels belonging
to isotopic-spin triads. Levels for which the correspondence seems
well-established are connected by solid lines, while levels for
fyhich the correspondence is less certain are connected by dashed
ines.

are based on the observation of dipole transitions—from
these levels to known 7T'=0 levels—with strengths
greater than allowed for AT=0 transitions by the
selection rules for M1%4 and E1 transitions in self-
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conjugate nuclei. The T'=1 assignments for the 8.62-,
8.90-, 9.16-, 9.50-, and 10.43-Mev levels have been
discussed in a recent paper.”? The uncertain levels at
7.94, 8.45, and 10.05 Mev have been observed by the
N¥(a,0')N* reaction®® only, and thus are assigned
T=0. There is no conclusive evidence concerning the
isotopic spin of the other levels above 7.4 Mev in N
for which a preference for 7’=1 has not been indicated.
Except for the 2.31-Mev level, there is good evidence
for an assignment of 7'=0 to all of the N* states below
7.4 Mev 5283842

B. T=1, Odd-Parity States of Mass 14

The large proton reduced widths*® of the N* 1~
8.06-, 0~ 8.70-, 3~ 8.90-, and 2~ 9.50-Mev levels indicate
that these levels belong predominantly to the s'p%2s
and s‘p?1d configurations with the ground state of C®
as their main parent. The description of the 8.06- and
8.70-Mev levels as s'p°2s has been suggested pre-
viously.28# The strong E1 transitions® of these two
levels to the s'p' states of N* is in accord with this
description. Because of the large (=5 Mev) splitting
of the 1d; and 1d; orbitals, it would be expected that
the T=1 levels at 8.90 and 9.50 Mev in N, which are
formed by capture of d-wave protons, are largely ds
levels. For a J™=2-, ds level the fractional contribution
of channel spin S=0 in the formation of the level by
capture of d-wave protons is calculated to be x=0.6.
For a J*=2-, d; level, « is calculated to be 0.4. There-
fore, the value of x(=0.56-0.14) determined for the
2-, N 9.50-Mev level in the present work is consistent
with the N 9.50-Mev level belonging to the s!pd;
configuration, but does not rule out large admixtures
of s*p%ds. Zipoy et al.,*? using the value x=0.6, obtained
a good fit to the angular distributions of the protons
elastically scattered from the N 9.50-Mev level.

We consider next the reduced widths of the N
8.06-, 8.70-, 8.90-, and 9.50-Mev levels and the known
odd-parity levels of C“ These reduced widths give
valuable information relating to the configurational
mixing of the states involved and to the correspondence
of levels belonging to isotopic-spin triads. The neutron
reduced widths of C* were obtained by analysis of the
CB(d,p)C" reaction, while the proton reduced widths of
N were obtained from the resonant capture of protons
by C®3. Since the relation between stripping and
resonant reduced widths is rather obscure, the widths
of the C* and N* levels are compared to the respective
stripping and resonant single-particle reduced widths.

Reduced Widths

In general the reduced width for a single-nucleon
emission can be written in the form*

= 86", (2)
8 A, M. Lane, Massachusetts Institute of Technology, 1955

(unpublished).
47, B. French, Phys. Rev. 103, 1391 (1956).
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where 6o is the single-particle reduced width and 8
(hereafter called the relative reduced width) is the
probability that the heavier nucleus will arrange itself
in a configuration corresponding to the lighter nucleus
plus a nucleon. For the case considered here—that of
the transfer of a nonequivalent nucleon—S§ is limited
by 8§ <1, where §=1 corresponds to a state completely
described as a nonequivalent nucleon bound to the
ground state of the lighter nucleus. The most reliable
procedure for obtaining a value for 6¢(s) or 65%(d) for
both resonant and stripping reactions is to measure the
reduced width of a “single-particle” reaction [such as
O%+5% or 0'(d,p)O'] leading to s or d states of a
“closed-shell-plus-one” nucleus. Alternatively, a lower
limit for 64%(s) or 6(d) can be obtained from the
observed width for a process which adds a 2s or 1d
nucleon to an unfilled s*p” core. An example of the
latter is the resonant capture of protons by C® into
the N, s;, 2.37-Mev and ds, 3.56-Mev levels or the
“mirror” reaction, C*(d,p)C®, leading to the 2s; and
ds states at 3.09 and 3.86 Mev in C®3, There is theoretical
and experimental evidence®*® that for these mass-13
levels 8~1, and in the discussion of the resonant
reduced widths of N* it will be assumed that the
reduced widths for the capture of protons by the N
2.37- and 3.56-Mev levels have the single-particle value.

Both the resonant and stripping reduced widths are
given here in units of 3(T37.it.; TsT.r)*H?/2ua, where
(TAT.it.; TyT.y) is the isotopic-spin vector addition
coefficient for a neutron (f,=%) or proton (f,=—3%
reduced width, u is the reduced mass of the system,
and ¢ is the interaction radius.

The C* Reduced Widths.—From the various experi-
ments on the O%(d,p)OY reaction,® Halbert and
French?®® estimate that the best values for 62(s) and
6,2(d), extracted from the stripping cross sections to
the 53 and dj levels of OV, are 6*(s)~0.3 and 6,*(d)~0.1.
These values are in good agreement with the stripping
reduced widths of 62(s)=0.28 and 6?(d)=0.12 obtained
for the C2(d,p)C® reaction?® (with E;=14.8 Mev)
leading to the 3.09- and 3.86-Mev levels of C3.47

In Table IX are listed the stripping reduced widths
calculated? from the expermental C¥(d,p)C* angular
distributions?® for the six known bound states of CU.
These results have not been previously published and
so are given here in some detail. The first four columns
of Table IX give the experimental results, column 5
gives the spin-parity assignments corresponding to the
pairing (discussed below) of C!* and N* levels shown in
Fig. 15, and column 6 gives the reduced widths corre-
sponding to the spin-parity assignments of column 5.4

4% A. M. Lane, Proc. Phys. Soc. (London) A68, 197 (1955).
(lg‘glchruer, Warburton, and Bender, Phys. Rev. 100, 235

47 These widths were calculated from the stripping results
(reference 46) by E. U. Baranger (unpublished). We are grateful
to Dr. Baranger for permission to publish her data.

48 In some cases the values of (27-+1)6* given in Table IX
corroborate the spin assignments of column 4. For the C13(d,p)C1*
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TaBLE IX. Stripping reduced widths from the C!3(d,p) C!4 reaction

Ct4level (Mev) In® (2J +1)62 b JTe Jrd gze
Ground state 1 0.10 ot ot 0.10
6.09 of 1.20 1~ 1~ 0.40
6.59 2 0.014 1-, 2,3
1+3 0.007 (,=1), <0.01
0.014 (1,=3) 2*
6.72 2 0.78 37, (2) 3~ 0.11
6.89 0 0.39 0™ 0~ 0.39
7.35 2 0.53 27,3 2- 0.11

& The values for I» (orbital angular momentum transferred in the stripping
process) are those given in reference 46 except for the 6.59- and 6.89-Mev
levels which are discussed in reference 17 and for which the I, values are
not definitely established.

b Calculated by Baranger (reference 47) from the results of McGruer
et al. (reference 46). An uncertainty of 509, was originally assigned to the
absolute cross sections from which these reduced widths are calculated
(see reference 46); however, later work [E. K. Warburton and J. N.
McGruer (unpublished)] has reduced this uncertainty to 25%. The
relative cross sections are accurate to =410%. The reduced width for the
6.89-Mev level is extremely dependent on the assumed value of the interac-
tion radius. This dependence introduces an additional uncertainty of
+259%, in the reduced width for this level.

°© Possible assignments (see Fig. 15).

d These assignments are those of the assumed analog states in N4
(see Fig. 15).

e These values of 62 were obtained from column 3 using the spin values
of column 5.

£ No detectable reduced width for In =2(642<0.015).

A comparison of the reduced widths of the C* 6.09-,
6.72-, 6.89-, and 7.35-Mev levels given in the last
column of Table IX with the single-particle stripping
reduced widths shows that, within the experimental
uncertainty, all four levels have 8=1 for the spin-parity
assignments indicated by the pairing of C* and N
levels shown in Fig. 15.

The N* Reduced Widths.—The proton reduced width
of the 7+, N 2.37-Mev level constitutes the most
reliable estimate of the resonant single-particle reduced
width 6¢*(s), while the proton reduced width of the
£+ NB 3.56-Mev level and the reduced width for the
resonant capture of neutrons by O! into the dy OV
5.08-Mev level give the most reliable estimates of the
resonant single-particle reduced width 6¢2(d).** There-
fore, it is convenient to compare the resonant reduced
widths of the N* 2s- and d-states to those of N*—and
thus to the single-particle values—as a function of the
interaction radius. By this means the usual uncertainties
in resonant reduced widths due to the correction for
the Thomas shift*® and the extraction of the barrier
penetrability are minimized.

The resonant reduced widths of the two N® levels
and the two s-wave resonances of N** were calculated
using the values of the level widths I' given by Ajzenberg
and Lauritsen,® while the experimental values of T
given in the present paper were used to obtain the
reduced widths of the two N d-wave resonances. For
reaction, /,=0 and l,=2 correspond to possible C* spin-parity
assignments of 0~, 17, and 17, 27, 37, respectively. The stripping
reduced widths, 62(s) and 62(d), for C!* must be less than or equal
to the corresponding values: 6¢2(s)2=0.3 and 6,2 (d)==0.1. Therefore,
the values of (274-1)6? given in Table IX are inconsistent with
spin assignments of J=0 to the C 6.09-Mev level and of J=1
to the C!* 6.72-Mev level. Furthermore, the values of (2J-41)¢?
give a preference for the assignment J=3 for the 6.72-Mev level

and for one of the assignments J =2 or 3 for the C!4 7.35-Mev level.
#“ R. G. Thomas, Phys. Rev. 88, 1109 (1952).
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F16. 16. Proton reduced widths for the capture of s-wave

protons by carbon as a function of the interaction radius a. The
dimensionless reduced width 6,2 is defined as 2uay?/3#2(T5T 24t
TsT.5)%, where p is the reduced mass of the system, v2 is the usual
reduced width, and (737 .:t.; TyT.s) is the isotopic-spin coupling
factor. (a) the 3+, N3 2.37-Mev level, (b) the 0-, N¢ 8.70-Mev
level, and (c) the 17, N4 8.06-Mev level. The error flags represent
the experimental uncertainties in T'.

the s-wave resonances of both nuclei a correction was
made for the Thomas shift.*® For the d-wave resonances
the Thomas shift was found to be negligible compared
to the experimental uncertainty in T, so that the d-wave
proton reduced widths are given by

ua (F*4-G?)
3h%k (Tz%Tzztz; Tszf)2 ’

0,*(d)= 3)

where F and G are the regular and irregular solutions,
respectively, of the Coulomb field evaluated at the
interaction radius ¢, and k=2r divided by the de
Broglie wavelength of the proton in the c.m. system.
The s-wave reduced widths are shown in Fig. 16, while
the d-wave reduced widths are shown in Fig. 17. The
two N* reduced widths and the s-wave widths of N
are in agreement with the reduced widths previously
given® for specific values of the interaction radius a.

The theoretical work of Thomas*® on the N levels
indicates a preference for a value of the interaction
radius in the range (4.4—4.9)X10~3 cm. For ¢=4.7
X107 cm, the reduced widths from Fig. 16 are 6%(s)
=0.50, 0.29, and 0.44 for the N® 2.37-Mev level and
the N* 8.06- and 8.70-Mev levels, respectively, and
the reduced widths from Fig. 17 are 62(d)=0.23, 0.21,
and 0.17 for the N* 3.56-Mev level and the N* 8.90-
and 9.50-Mev levels, respectively. Assuming that §=1
for the N* levels, the corresponding relative reduced
widths are §~0.6, 0.9, 0.9, and 0.7 for the N* 8.06-,
8.70-, 8.90-, and 9.50-Mev levels, respectively. The
relative reduced widths of the s states have an estimated
uncertainty of 309, mainly due to the ambiguity in
the interaction radius; while those of the d states have
an estimated uncertainty of 209, mainly due to the
experimental uncertainty in T'.
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Fic. 17. Proton reduced widths for the capture of d-wave
protons by carbon as a function of the interaction radius a. The
dimensionless reduced 6,2 is defined as 2uay?/3#2 (T3 Tzit.; TyT.4)?,
where g is the reduced mass of the system, 42 is the usual reduced
width, and (73T .:t.; TyT:y) is the isotopic-spin coupling factor.
(a) the 3+, N3 3.56-Mev level, (b) the 3=, N* 8.90-Mev level,
and (c) the 27, N 9.50-Mev level. The error flags represent the
experimental uncertainties in T

Comparison of the C** and N* Levels

Assuming charge independence, the relative reduced
widths of analog states in C** and N are expected to be
the same. While the large proton reduced widths of the
N 8.06-, 8.70-, 8.90-, and 9.50-Mev levels and the
large neutron reduced widths of the C* 6.09-, 6.72-,
6.89-, and 7.35-Mev levels practically guarantee that
the C" analogs of these N* states have been observed
and vice versa. The C* 6.59-Mev level is ruled out as a
possible analog of the four N levels in question,
since the relative reduced width of this level is an order
of magnitude smaller than for these N* levels. Likewise,
the N* 9.16-Mev level, which would have!®-% §2(d)~1.3
X 1073 if it were formed by d-wave protons, is eliminated
as a possible analog of the C* 6.09-, 6.72-, 6.89-, and
7.35-Mev levels. Therefore, for reasonable values of
the energy displacement of C*¥—N* analog states, the
correspondence of isotopic-spin triads shown in Fig. 15
is the only one consistent with the spin-parity and
isotopic-spin assignments and the reduced widths of
the levels involved. The correspondence of the s;
states at 6.09 and 6.89 Mev in C! with the s states at
8.06 and 8.70 Mev in N* has been suggested previously.®

The relative energy positions of the odd-parity
analog states can be shown to be reasonable using the
procedure of Elliott and Flowers,” which lumps
together the Coulomb correction and the Thomas*? shift,

AE;=3Ap+3(CrAd+CrAs)+-0.155,  (4)

where AE; is the energy difference in Mev between
the excitation in C* and the excitation in N of a
state with spin J, Ap is the observed energy difference

® J. B. Marion and F. B. Hagedorn, Phys. Rev. 104, 1028
(1956).
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between C%¥ and N%, Ad and As are the energy differ-
ences between the d; and 2s; states of C¥ and N,
and the constants C;® and C;¢ give the configurational
mixture of the state J(C;*+Cr?=1). The constant
0.155 Mev is the difference in the ground-state energies
of N* and C“.¢ From Eq. (4), assuming that the
C" 6.09- and 6.89-Mev levels are pure 2s states and the
CH 6.72- and 7.35-Mev levels are pure d states, the
analogs of these four states are calculated to have
excitation energies in N* of 8.10, 8.91, 8.95, and 9.57
Mev, respectively. These energies are to be compared
to 8.06, 8.70, 8.90, and 9.50 Mev, respectively, these
being the energies of the observed N states assigned as
analogs of the C* 6.09- 6.89-, 6.72-, and 7.35-Mev
levels. An admixture of the s'p%2s; configuration of
~30% in intensity (i.e., Cs*~0.3) to the predominantly
s*pids states would bring the calculated and observed
energy displacements of the /=2, and 3~ analogs in
exact agreement, while an admixture of s%p% to the
predominantly s*p?2s; states would increase the dis-
agreement of the calculated and observed energy
displacements of the J7=0~ and 1~ analogs. However,
because of the questionable approximations made in
obtaining Eq. (4) it is not justifiable to draw any
conclusions as to the configurational mixture of the
s- and d-states from a comparison of these calculated
and observed energy displacements.

The poor agreement of the observed and calculated
energy displacement for the 0~ levels reflects the
difference of 160 kev in the splitting of the 0~ and 1~
levels in C* and N™. A possible explanation of this
difference depends on the proposal of Wilkinson and
Bloom?® that the T'=1, 1—, N** 8.06-Mev level and its
T=0 counterpart (assumed to be the N* 6.23-Mev
level?®) interact with one another with the result that
each of these levels has an isotopic-spin impurity of
~7% in intensity. The repulsion of these levels might
be a possible explanation for the smaller separation of
the 0~ and 17, T'=1 levels in N* compared to the
separation of the analog states in C4

Except for the 1~ levels, the relative reduced widths
obtained for the C levels agree within the rather large
uncertainties with those obtained for their N** analogs.
However, the relative reduced widths obtained from
the proton widths of the N* levels give some indication
that the odd-parity T=1 states under consideration
are not completely describable as pure 2s; or dj states
with the ground state of C® as their only parent.
Assuming that these odd-parity states contain contribu-
tions from s*%s and s%p% only, it seems reasonable
that admixtures of dj coupled to the C® ground state
and 2s3 and ds coupled to the J™=$~ first excited state
of s*p° are more likely than admixtures of d; coupled
to the J*=3— first excited state of s*p%. The fact that
the J7=0~ and 3— N™ states have larger relative
reduced widths than the J*=1— and 2~ N states,
respectively, is consistent with this argument.

Formation of the J7=1~ level in C* or N* by the
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capture of either a 2s; or a d; nucleon by the C® ground
state is consistent with the conservation of angular
momentum. Therefore, the limit on 62(d) for the 1,
C" 6.09-Mev level (see Table IX) gives a limit of
8 £0.15 for the admixture of the configuration describ-
able as a dj nucleon coupled to the C® ground state in
the predominantly s*%2s;, J*=1-, C* 6.09-Mev or
N 8.06-Mev level.®

C. T=0, Odd-Parity Levels of N4

At various times the N 4.91-Mev?®% level has been
proposed as the T'=0, 0~, s*$%2s; counterpart of the
T=1, 07, s*%2s; state at 8.70 Mev in N*; while both
the 5.69-Mev® and 6.23-Mev?® levels have been
proposed as the T'=0, 17, s*p%2s; counterpart of the
T=1, 17, s'p%2s, state at 8.06 Mev in N™ If the
4.91-Mev level and either the 5.69-Mev level or the
6.23-Mev level are the 0~ and 1~ states in question,
the energy positions of the N 5.10- and 5.83-Mev
levels are consistent with their being the T=0 counter-
parts of the T'=1, s'p%; states at 9.50 and 8.90 Mev
in N, Some information on the reduced widths of
these five T=0 levels is provided by the observation
of the v rays following the bombardment of C® by
deuterons by Ranken ef al.* and the CB(dn)N4
stripping results of Benenson.2¢

Ranken et al.%* have measured the differential cross
section for the y rays emitted at 0° to the beam following
bombardment of C®* by 4.5-Mev deuterons. Assuming
isotropic distributions of the 4 rays, they obtained
cross sections of 131, 19, and 27 mb for the C* 6.09-Mev
v ray and the N* 5.69- and 4.91-Mev v rays, respec-
tively. Since the C* 6.89-Mev level decays 1009, to
the C* 6.09-Mev level,)” the cross section of the
6.09-Mev « ray represents the sum of the cross sections
for the formation of the C' 6.89- and 6.09-Mev levels
by the capture of s-wave neutrons by C®. If it is assumed
that feeding of the 5.69-Mev and 4.91-Mev levels by
higher-lying N states is negligible, and account is
taken of the known branching ratio of the 5.69-Mev
level, the cross sections of the 4.91-Mev and 5.69-Mev
v rays lead to cross sections of 27 and 50 mb, respec-
tively, for the formation of these levels by C3(d,n) N"4—
again assuming s-wave nucleon capture (and thus

8 This result is in contradiction to the conclusion of Broude
et al. (reference 8). In an investigation of the C13(p,y)N* reaction
at the E,=0.55-Mev resonance (corresponding to the N 8.06-
Mev level), they observed a small anisotropy in the ground-state
transition which increased with increasing proton energy. From
an analysis of this anisotropy they concluded that the d-wave
contribution to the formation of this resonance corresponds to
6%(d) =0.9. Since 6¢%(d) ~0.23, this value of ¢2(d) would correspond
to 8~4 which is impossible. We believe that the anisotropy
observed by Broude et al. is further evidence of a nonresonant
background in the C13(p,y) N reaction (see Sec. IVC) rather than
an indication of a d-wave contribution to the formation of the
1~, N 8.06-Mev level.

%2 D. R. Inglis, Revs. Modern Phys. 25, 390 (1953).

% Broude, Green, Singh, and Willmott, Phil. Mag. 2, 499 (1957).
a ;‘; g)anken, Bonner, McCrary, and Rabson, Phys. Rev. 109, 917
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isotropic distribution of the v rays). The ratio of cross
sections of 131:50:27 discussed above is to be compared
to the ratio ~8:3:1 predicted by simple stripping
theory for ¢(C* 6.8946.09):0(N** 5.69):0 (N 4.91)
assuming $=1 for all four states and 0~ and 1~ for
the N* 4.91- and 5.69-Mev levels, respectively. Con-
sidering the nature of the approximations made, it
can be said that the results of Ranken et al. are quite
consistent with 8~1 and 0~ and 1~ for the N 4.91-
and 5.69-Mev levels, respectively. Ranken et al.**
did not observe any < rays corresponding to the decay
of the N* 6.23-Mev level; however, a weak 3.9-Mev
v ray corresponding to the 6.23 — 2.31 transition has
been observed at E;=2.0 Mev.b

It is difficult to obtain the relative reduced widths
of the C* 6.72- and 7.35-Mev levels and the N 5.10-
and 5.83-Mev levels from the measurements of Ranken
et al., since the v rays corresponding to the decay of
these levels are not necessarily isotropic and, in addition,
the uncertainties in the v ray intensity measurements
and the uncertainties in the branching ratios of the
C* 7.35-Mev level and the N™ 5.83- and 5.10-Mev
levels are accumulative. However, assuming the C
6.72-Mev level has J7=3", the N 5.10- and 5.83-Mev
levels have J*=2~ and 3~, respectively, and all three
levels are formed by capture of d-wave nucleons, the
results of Ranken et al. are consistent with 8~1 for
the N** 5.83-Mev level and give some indication that
the N 5.10-Mev level has $<1.

From observations of the relative intensities of the
neutron groups in the C¥(d,#)N' stripping results of
Benenson,? it would appear that the N 4.91-Mev
level has a proton reduced width at least a factor of
five larger than that of the N* 6.23-Mev level if both
levels are formed by capture of s-wave protons and
have J7=0~ and 1-, respectively. Furthermore, the
angular distribution of the neutron group corresponding
to the N 6.23-Mev level is not in good agreement with
that expected for capture of s-wave protons. In the
results of Benenson the neutron groups corresponding
to the N 5.69- and 5.83-Mev levels are obscured by
the neutron group corresponding to the C2(d,n)N3
ground state reaction, while the neutron group corre-
sponding to the N* 5.10-Mev level is obscured by the
more intense neutron group corresponding to the
N* 4.91-Mev level. Therefore, his results give very
little information on the 5.10-, 5.69-, and 5.83-Mev
levels. Benenson suggested a slight preference for
p-wave proton capture by the 5.10-Mev level, but
formation by d-wave protons also seems consistent
with his results.

In summary, the rather meager experimental
information on the nucleon reduced widths of the
N# 4.91-, 5.10-, 5.69-, 5.83-, and 6.23-Mev levels is
consistent with the 4.91- and 5.83-Mev levels being
the T'=0 counterparts of the T=1, N* 8.70- and 8.90-
Mev levels, respectively; gives some indication that
the N* 5.10-Mev level contains considerable configura-
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tional admixtures if, in actual fact, it is the J7=2—
state in question; and strongly favors the 5.69-Mev
level, rather than the 6.23-Mev level, as the T'=0
counterpart of the 7T=1, 1=, N* 8.06-Mev level.
The 5.69-Mev level was assigned J7=1® in Fig. 15.
This assignment is in contradiction with an identifica-
tion of it as a 17, s*p%2s; state; however, consideration
of the experimental evidence leading to the assignment
of even-parity shows that it is not at all conclusive.
Wilkinson and Bloom?® assigned the N 5.69-Mev
level J7=1% from a consideration of the strengths of
the N* 8.06 — 5.69 and 8.62— 5.69 transitions and
the slow-neutron threshold work of Marion ef @l.%
The radiative width obtained?® for the transition from
the 0, N 8.62-Mev to the 5.69-Mev level is 0.7 ev.
The quadrupole matrix element corresponding to this
radiative width is | M |?=700 Weisskopf units; there-
fore, the 5.69-Mev level is fixed as J=1. The radiative
width of the N** 8.06 — 5.69 transition, obtained from
the absolute cross-section measurements of Seagrave?
for the C®(p,y)N' reaction and an average of the
v-decay schemes obtained??:%.5 for the 8.06-Mev level,
is 0.56 ev with an estimated uncertainty of 209, If
the 5.69-Mev level is J7=1—, the 8.06 — 5.69 transition
is M1 and has | M |2=2.0 Weisskopf units. The distribu-
tion of M1 transition strengths in light (4 < 20) nuclei
have a mean of ~0.15 Weisskopf unit with a spread of
a factor of 20 either way needed to include 859 of the
transitions.? Therefore, the radiative width of the
8.06 — 5.69 transition is not large enough to give a
clear preference for E1 radiation as opposed to M1
radiation. In fact, if the 8.06— 5.69 transition is
E1 the 8.62— 5.69 must be M1 and has |M|2=1.3
Weisskopf units; so that either the 8.06— 5.69 or
the 8.62 — 5.69 transition has an M1 matrix element
appreciably larger than the average value for light
nuclei. It is concluded that the strengths of the 8.62
— 5.69 and 8.06 — 5.69 transitions are quite consistent
with either parity assignment for the N 5.69-Mev
level. If the 5.69-Mev level were 17, s*p%2s: we should, in
actual fact, be quite prepared for a large M1 matrix
element connecting this state with its 7=1 counterpart.
Marion et al.’® observed a strong slow-neutron
threshold at a deuteron energy of 0.422 Mev (corre-
sponding to the N* 5.69-Mev level) in the C¥(d,n)N"
reaction. The yield of the reaction was observed to
rise slowly above threshold suggested p-wave neutron
emission. Marion ef al.5® envisaged a process in which
the incoming deuteron is s-wave and the outgoing
neutron is p-wave so that the final N state has even-
parity. The large cross section at such a low deuteron
energy certainly suggests s-wave capture; however, it
seems reasonable that the reaction could proceed by a
stripping mechanism—in which the orbital angular
momentum of the neutron remains constant—with
the capture of an s-wave proton by the s*p° ground

56 Marion, Bonner, and Cook, Phys. Rev. 100, 847 (1955).
% Lehmann, Leveque, and Pick, Compt. rend. 243, 743 (1956).
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state of C'3 into an s%p%2sy state of N Support for this
conjecture is provided by the fact that the slow neutron
threshold for the C2(d,n)N*® reaction corresponding to
formation of the s*$%2s, 1+, N 2.37-Mev level from
the s%p8, 0F, C? ground state also rises slowly above
threshold suggesting p-wave neutron emission.’® In
addition, the only other slow-neutron threshold observed
by Marion e al.®® in the C®¥(d,n)N* reaction—studied
for excitations in N* from 5.5 to 8.8 Mev—corresponds
to the T=1, s%p%2s, 1=, N 8.06-Mev level. It is con-
cluded that the 5.69-Mev level could very well be

=17, and it is proposed as the T=0, 1=, s%p%2s,;
counterpart of the 7'=1, 1=, N 8.06-Mev level.5”.q

It is perhaps worthwhile to point out that if the
N 5.10-Mev level has J™= 2+ rather than 2, it cannot
be the missing 7'=0, s*', 3D, state expected®®.59 at
5-6 Mev excitation in N*. This statement follows from a
consideration of the v decay of the 5.10-Mev level.
Using the wave functions for the N ground state and
2.31-Mev level given by Visscher and Ferrell®® and
assuming the N* 5.10-Mev level is the T=0, 3D,
state of the s*p!° configuration, Fallieros and Ferrell®
calculated the M1 mean lifetime of the 5.10—0
transition to be 1.6XX 107 sec, with an £2 mean lifetime
thirty times as great and a negligible branching ratio
for the 5.10 — 2.31 cascade. This result is in serious
contradiction with the lifetime limit (#>3X 107 sec)
obtained in the present work for the 5.10-Mev level,
and with the known branching ratio (see Fig. 10) of
the 5.10-Mev level. The formula for the M1 radiative
width of the ground-state decay of the N, T=0, 3D,
level, assuming that both it and the N ground state
are pure s*p! states, is®

T,=3.6X10~Cp2E,? ev, (3)

where E, is in Mev and Cp is the coefficient of the 3D,
part of the N ground-state wave function. From the
known branching ratio of the N* 5.10-Mev level, the
lifetime limit on the 5.10-Mev level is found to corre-
spond to a limit 7>4.5X107% sec for the N** 5.10 — 0
transition. If the 5.10-Mev level were the 3D state, the
experimental lifetime limit would combine with Eq. (5)
to give Cp?<0.03. However, the N ground state is
known® to be predominantly 3D; so that the N
5.10-Mev level is ruled out as the D, state of the s*p'

% Because of the proximity of the N* 5.69- and 6.23-Mev
levels and the similarity of their decay schemes, the comparison
made by Wilkinson and Bloom (reference 28) of the isotopic-spin
impurities of the T'=1, 1=, N" 8.06-Mev level and its T=0
counterpart is practically unaffected by whether the 5.69- or
6.23-Mev level is the T'=0, J7=1" state in question.

91 Note added in proof.—Perhaps the best evidence for an odd
parity assignment for the 5.69-Mev level is given by the highly
negative anisotropy of the decay to the 5.69-Mev level observed
at Ep,=1.4 Mev iIn CB(p,y)N'" (see the note added in proof in
Sec. IVC).

58 J. P. Elliott, Phil. Mag. 1, 503 (1956).

% W. Visscher and R. Ferrell, Phys. Rev. 107, 781 (1957).

% Private communication from R. Ferrell (unpublished). We
would like to thank Dr. Ferrell for communicating these calcula-
tions to us.

% Obtained from Eq. (6) of reference 42.
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configuration even if the N ground-state wave function
of Visscher and Ferrell is seriously in error, which is
quite doubtful.

D. Electromagnetic Transitions

Because of the Al selection rule, M1 transitions
between the s%%s and s%°1d configurations are
forbidden. The C* 7.35 — 6.72 transition was observed
to be >4 times as strong as the C“ 7.35— 6.09
transition in spite of the fact that the 7.35 — 6.09
transition is energetically favored by a factor of 6.7
This result is in agreement with the other evidence
that the C*6.09- and 6.89-Mev levels are predominantly
s*p%2s;, while the C* 6.72- and 7.35-Mev levels are pre-
dominantly s*p%j. Likewise, the nonobservation of the
N*# 8.06—5.10285 and 9.50 — 5.69 transitions is
consistent with the proposal of s*p%2s; and s*p%s as the
predominant configurations of the N*#5.69-and 8.06-Mev
levels and the 5.10- and 9.50-Mev levels, respectively.

A striking result of the calculations of Elliott and
Flowers® on the odd-parity states of mass 16 was how
well the four lowest T'= 1, odd-parity states approximate
to jj-coupling. To 969, in intensity these states were
found to be the J*=0-, 1, 2, and 3~ levels expected
from the (p37'2s;) and (py~'d;) configurations. On the
other hand, the four lowest T'=0, J*=0—, 1-, 2,
and 3~ levels of O'¢ seem to contain appreciable mixtures
of other configurations in the predominant (py'2sy)
or (ps7ds) configurations.®

Under the assumption of extreme jj-coupling in the
odd-parity states of both mass 14 and mass 16, the
mass-14 levels from the configurations (p;2s;) and
(p3ds) are directly related to the mass-16 levels from
the configurations (ps~'2s;) and (ps~'dy). For extreme
jj-coupling, then, Elliott®? deduced that in mass 14
the T=1, 1= (ps2sy) level lies below the T=1, 0~
(p32s3) level, while in N the T=0, 0~ (p;2s;) level
lies below the T=0, 1~ (pi2s3) level. Likewise, the
T=1, 3= (psdy) level lies lower than the T'=1, 2~
(pads) level, while the T=0, 2= (pydy) level lies lower
than the T'=0, 3= (pids) level. In all four cases the
separation is predicted to be 1-2 Mev; but, because of
the rather strong dependence of this separation on the
degree of intermediate coupling, these estimates are
unreliable—especially for the T'=0 levels. The relative
positions of the odd-parity, and proposed odd-parity,
states of mass 14 which have been discussed in this
section are in good agreement with these qualitative
estimates of Elliott.

The N* ground state and 3.95-Mev level have been
found to be the two lowest T=0, J7=11, s*p"0 states of
N#45859 Since an E1 transition between a J7=2-,
(p3ds) state and a J7=1%+ s%p'° state is forbidden, the
weakness of the N* 9.50—0 and N 9.50 — 3.95
transitions (see Tables I and IV) gives support to the

¢ Private communication from J. P. Elliott (unpublished).

1.47- AND 2.11-MEV RESONANCES

239

applicability of an extreme jj-coupling description of
the odd-parity states under consideration.

The unidentified J*=2+ T=0, 3D, state of the
s*p1 configuration cannot be formed from (ps?), so
that transitions to it from the ($:2s;) and (pidy)
configurations are forbidden. Therefore, the non-
observation of transitions from the N* 1— 8.06-Mev,28.%
2= 9.50-Mev, and 3~ 8.90-Mev levels to any N
state which could be this D, state (except possibly the
N 6.44- or 7.02-Mev levels which are connected to
the 8.90-Mev level by weak transitions), gives further
evidence that the odd-parity states under consideration
are fairly well described by j; coupling.

The results presented in this section suggest that
perhaps it would be worth while to make a quantitative
comparison of the predictions of ;7 coupling with the
observed electromagnetic transitions connecting these
N" odd-parity states with each other and with the
ground state configuration. Some preliminary calcula-
tions have been made and it appears that the strengths
of those transitions reported in the present paper
(Tables I and II) and those observed by others?28.5 are
in fairly good agreement with extreme j; coupling
assuming that the 4.91-) 5.69-, 5.10-, and 5.83-Mev
levels are the 0—, 1=, 2=, and 3=, T=0 (p;2s;) and
T=0 (pyds) states in question.

E. Conclusions

Evidence has been presented that indicates the N
8.06-, 8.70-, 8.90-, and 9.50-Mev levels arise from the
configurations s*p?2s and s*p°d with the largest contribu-
tion being from the (p;2s;) configuration for the 8.06-
and 8.70-Mev levels and from the (p;ds) configuration
for the 8.90- and 9.50-Mev levels. From another point
of view these states arise predominantly from binding
a 2s3 or ds nucleon to the ground state of C!, These two
descriptions are connected by the fact that the C®#
ground state is expected to be predominantly s*ps®p;.
The analogs of these states in C* are almost certainly
those indicated in Fig. 15.

The identification of the T'=0, s*p%2s; and s*pds
states of N is not as definite as the identification of
their T=1 counterparts. However, it seems rather
probable that the 4.91-; 5.69-, 5.10-, and 5.83-Mev
levels are the 0~ and 1~ s%%2s; states and the 2~ and
3~ s'p%ds states, respectively.

If the odd-parity states are indeed well approximated
by jj coupling, it would be expected that there would
be a gap of 2-3 Mev or more between the four odd-

8 Although the forbiddenness of the El (piads2) — (p)
transition gives a reasonable explanation for the weakness of the
9.50 — 3.95 transition, it can only be a partial explanation for the
nonobservation of the 9.50 — 0 transition since the actual
situation is certainly not expected to be close enough to jj-coupling
to explain the extreme weakness of this transition (I'y<7.6)X1073
ev from the data of Table I). The extreme weakness of the 9.50 — 0
transition must be due, then, to chance cancellation in the actual
intermediate coupling situation as well as to the vanishing of that
part of the E1 matrix element corresponding to (pi/adsiz) — (p1°).
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parity T'=0 states and the next lowest odd-parity
T=0 state, and similarly for the T=1 states (this
energy gap being due to the spin-orbit splittings of the
p and d shells). Therefore, a determination of the
spin-parity assignments for the 7T=0 levels below 8
Mev in N* (especially the 5.69- and 6.23-Mev levels)
would be useful not only in identifying the four 7=0
(p32s3) and (pids) states, but also in estimating the
purity of these states. Similarly, a definite determination
of the spin-parity assignments of the T=1, N** 9.16-
and 10.43-Mev levels would be informative from this
point of view.%

8¢ Note added in proof—The 9.16-Mev level has been shown to

have even parity [Strassenburg, Hubert, Krone, and Prosser,
Bull. Am. Phys. Soc. Ser. II, 3, 372 (1958)], and preliminary
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The first excited states of Ca’® and Zr® are 0+ states which decay to the 0+ ground state primarily by the
emission of internal pairs or conversion electrons. These states have been excited by neutron inelastic scat-
tering and their decay times have been observed by detecting the 0.51-Mev annihilation gamma rays as a
function of time. The experimental method utilized a pulsed neutron source and the standard ring geometry
often used for inelastic scattering measurements. Proton excitation of Ca% in a different geometry was also
used. To measure the lifetimes, the pulse-height spectra from a NaI(Tl) scintillation counter were recorded
as a function of the delay time after the exciting pulse, and the intensity of the annihilation radiation was
obtained from the area under the photopeak at 0.51 Mev. Selection of the time delays was made with the
aid of either a time-to-pulse-height converter or a fast coincidence circuit. Mean lives for the first excited
states of Ca® and Zr® were found to be (3.4:4-0.2) X 107° sec and (90=4=6) X 10~? sec, respectively. Correspond-
ing values of the reduced matrix elements p are 0.15 and 0.056.

I. INTRODUCTION

LECTRIC-MONOPOLE transitions take place
mainly by the emission of internal conversion
electrons or electron-positron pairs. The nature of radia-
tive transitions is such that competing gamma-ray
transitions usually occur with much greater probability
where both they and monopole transitions are possible.
Therefore monopole transitions have usually been ob-
served between two spin-zero levels. The cases of mon-
opole transitions reported so far in the literature occur
in the nuclei CIZ,I 016,2 Ca40,3—5 Ge70,6 Ge72,7 Zr90,5,6,8,9
Cd114,10 Pt196’11 Bi212’12 P0214,13’14 U234,15 and Pu238-15 The

1 Work performed under the auspices of the U. S. Atomic
Energy Commission.
* Now at University of Colorado, Boulder, Colorado.
LL. I. Schiff, Phys. Rev. 98, 1281 (1955).
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evidence with regard to most of these has recently been
reviewed by Yuasa et al.®

In most cases the monopole transitions occur be-
tween a 04 excited state and the 0+ ground state of
even-even nuclei. Bi?** and Pt'*¢ are exceptions. In Bi22
the transition is between the first and third excited
states, for both of which the assignment of 0— is made;
however, the evidence for this case is not yet very con-
clusive. The recent paper by Gerholm and Pettersson!!
gives evidence for the existence of an electric monopole
transition in competition with an electric quadrupole-
magnetic dipole mixture in a 24--24 transition in
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