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A study of the elastic scattering of protons from N is reported for proton energies between 600 and 1800
kev and for scattering angles from 75° to 160°. The technique for the preparation of the N targets is
discussed. Anomalies in the scattering cross section are observed near incident proton energies of 710, 898,
1028, 1210, and 1640 kev, corresponding to states in O from 12.78 to 13.65 Mev. Analysis of these scat-
tering data leads to the assignments J =0, J=27, J=17, J=37, and J=1% for the 710, 898, 1028, 1210,
and 1640-kev states respectively. These assignments agree with earlier work except for the 710-kev resonance,
which is reported here for the first time, and the 1210-kev level, which was previously reported to be J=4".
The angular distribution of the a-particles resonant at 1210 kev from the reaction N (p,a1v)C? has been
remeasured and requires J=4% as was found previously. However, a measurement of the a—+ angular
correlation function at 1210 kev is found to be consistent with J =3~ but not J=4*. This discrepancy has
not been resolved, but the evidence favoring the assignment J=3" is quite strong. Suggestions for the
isotopic spin quantum numbers for these five states in O'® are made.

I. INTRODUCTION

HE region of excitation in the O nucleus above
12.11 Mev has been studied in some considerable
detail*"!® by means of reactions induced by bombarding
N5 with protons. These reactions, for incident protons
with energies less than about 2.9 Mev, are:

N5+ p—s (0¥)—C124-ay Q= 4.96 Mev, I
—C%+q; Q= 0.53 Mev, II
—0%4y  Q=12.11 Mev. III

Resonances have been reported for reaction I, for
incident protons with energies less than 1800 kev, near
340 kev (J=0% or 1), 1050 kev (/=17), and 1210 kev
(J=4%) and for reaction IT near 429 kev (J=2"), 898
kev (J=27), 1050 kev (J=17), 1210 kev (J=4%), and
1640 kev (J=1%* or 27). A single resonance, near 1050
kev, has been reported for capture radiation to the
ground state of O (reaction IIT). Schematic excitation
functions for these three reactions may be seen in Fig. 1.

Since there has been some ambiguity in the assign-
ments for certain of these states in O, it has seemed
useful to study the same region of excitation through a
different process, proton elastic scattering. In addition
to permitting a clear assignment of spin and parity in
many otherwise obscure cases, this technique often
permits the determination of important nuclear
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parameters not obtainable by other methods. Some-
times, as was the case in the present work, elastic
scattering reveals resonances not detected by other
means.

A preliminary report of this work has been presented
at a meeting of the American Physical Society,"* and a
similar study has been reported under way by the Iowa
group.”? -

II. EXPERIMENTAL PROCEDURE

The apparatus used in this investigation has been
described in earlier publications from this laboratory.
A well-defined proton beam is produced in a 2-Mv
electrostatic accelerator and deflected through 80
degrees in an electrostatic analyzer. The stability and
control of the system is such that the beam is homo-
geneous in energy to 0.05—0.19. Protons elastically
scattered from a suitably placed target are analyzed
in a 180-degree double-focusing magnetic spectrome-
ter,”® so mounted as to permit continuously variable
angular settings from 0° to 160° in the laboratory
system. The scattered protons are detected -with a
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1. Schematic excitation functions for N5} reactions. The
widths of the narrow resonances are not drawn to scale.
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cesium iodide crystal 0.005 in. thick, placed at the exit
slit of the spectrometer. For the angular correlation
experiment, a low-resolution, alternating-gradient mag-
netic spectrometer® selected the a particles, and a
11 in.X12 in. sodium iodide crystal detected the 4.43-
Mev gamma radiation.

Preparation of a suitable target is often the most
difficult technical problem in work of this kind. Since
the momentum of an elastically scattered proton
depends on the mass of the scattering nucleus, selecting
an interval of momenta with the magnetic spectrometer
allows one in principle to discriminate against protons
scattered from nuclei of mass different from the one
under observation. Two important restrictions on the
target composition are necessary in order to make this
discrimination practical, however. Because the magnetic
spectrometer does not have ideal resolving character-
istics, nuclei of mass numbers adjacent to the proposed
target nucleus should preferably not be present in the
target. In addition, all nuclei heavier than the proposed
target nucleus are objectionable in a thick target. Since
protons which penetrate beneath the surface of a thick
target or thick backing lose varying amounts of energy
in the process, a proton scattered from a heavy nucleus
somewhere beneath the surface can emerge from the
target with the same momentum and direction as does
a proton scattered from a light nucleus in the target
surface. The background so produced is ordinarily at
least as large as the effect under observation and makes
precise measurements quite impracticable. The com-
bination of-requirements of low contamination, light
element backing, and target stability poses an excep-
tionally difficult problem in the case of N5,

Most of the targets used in the present work were
prepared in a small isotope separator constructed for
the purpose. A radio-frequency ion source was supplied
with nitrogen gas produced from NH;NO; in which
659, of the NH, radicals contained N*. The resulting
ions were accelerated to about 20 kev, focused, and
magnetically analyzed. It was found that about 90%
of the nitrogen beam consisted of the molecular ions
NUNY  NUN, and N®N; the last-mentioned
amounted to about 6 microamperes in a spot § in. by
1 in. Dilution with 20 parts of purified helium to one
part of the nitrogen supplied to the ion source reduced
the nitrogen ion output by less than 309, and con-
siderably reduced the consumption of enriched gas.
Separation of the mass 29 and mass 30 beams in the
analyzing magnet was sufficiently great so that neg-
ligible N** contamination resulted from the mass 29
beam. Such contamination as did occur is attributed to
the presence in small quantities of the ion (N')z(HY).
and to the absorption of residual N* and_ 0 from the
vacuum system.

Graphite was found to be the most satisfactory
material in which to collect the N'5. Such targets proved
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to be quite stable under proton bombardment up to
0.5 pa per square millimeter and could safely be heated
to 400°C. Saturation was found to occur at an areal
density of about 1.5X10" nitrogen atoms per square
centimeter, corresponding approximately to one nitro-
gen atom per four carbon atoms. It is presumed that
chemical binding of the nitrogen to the carbon occurs.
Momentum profiles of protons elastically scattered
through three different angles from an N target in
graphite are shown in Fig. 2. N atoms are about 8
times more numerous than O atoms and about 15
times more numerous than N'* atoms in this target.

In principle, momentum profiles such as those of
Fig. 2 are obtained for each angle and each bombarding
energy. The elastic scattering cross section is then
calculated from the area under the N'® peak, the spec-
trometer resolution and solid angle, the number of
protons incident on the target, and the number of N
atoms per unit area in the target. For scattering angles
smaller than 120°, the N* and O peaks are incom-
pletely resolved in the present work, and it is necessary
to subtract their contributions from the total area.
Measuring the areas at 160°, where the peaks are well
separated, permitted calculation of the contributions
at other angles, using the known'*'7 scattering cross
sections for N** and O'.

The number of N'5 atoms per unit area in the elastic
scattering targets prepared in the isotope separator
was determined by comparing the thin-target yield of
the 4.43-Mev gamma rays (reaction II) integrated
over the 898-kev resonance, with the yield from a
semithick N5 target of known composition. For a thin
target and an isolated narrow resonance, the integrated
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Fic. 2. Momentum profiles of protons elastically scattered from
N5 embedded in graphite. The scattering angles were 160°4/,
125°16’, and 90°, and the incident proton energy was 1300 kev.
The dashed lines on the 90°-profile indicate approximately the
contributions from O, N5, N, and C®.
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yield per incident proton is given by
. f Yinin(E)dE=worI'nr/2,
0

where oz is the resonant cross section, T' is the full
width of the resonance at half-maximum, and %y is the
number of N'® atoms per unit area in the target. For
an infinitely thick target, the maximum yield per
incident proton is given by

Ythick=WURF/2€,

where e is the stopping cross section for protons per
N5 atom in the thick target material. A comparison
of the two above expressions results in

nT=f Ythin(E)dE/(EYthick)-
0

The thick-target yield was obtained with a 50-kev
evaporated layer of KNO; enriched to 619, in N'%;
since the resonance has an intrinsic width of only 2.2
kev, extrapolation to infinite thickness introduced a
negligible uncertainty. The stopping cross section e for
protons in KNO; was obtained by adding the atomic
stopping cross sections of potassium, nitrogen, and
oxygen. Values for nitrogen and oxygen were taken from
the compilation of Fuchs and Whaling,'® and the po-
tassium value was obtained by interpolation of a plot

18 R, Fuchs and W. Whaling (unpublished).
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of measured stopping cross sections against atomic
number. The resulting value for ¢(KNO3) is 5.57X 1074
ev cm? per N5 nucleus, with an uncertainty of about
6%. An additional uncertainty of 5 or 69 is involved
in the experimental measurement of the ratio of yields
from the thick and thin targets, resulting in an over-all
probable error of about 8% in #r.

The normalization of the scattering cross section was
carried out at an incident proton energy of 1100 kev
and at a center-of-mass scattering angle of 160°4’. At
this energy and angle, the differential cross section was
found to be 219424 millibarns per steradian. The
probable error for the absolute value of the elastic
scattering cross section is about 119, the major source
of which is in the evaluation of #r. Other contributing
factors are uncertainties in measuring the areas under
the N peaks, and in the calibrations of the current
integrator, electrostatic analyzer, and magnetic spec-
trometer. Relative cross sections have been assigned
probable errors dependent on the difference in energy
and angle between the two points under consideration.
A 29, error is estimated for relative values at the same
angle and for energy differences not greater than 50
kev. This estimate rises to 129, for large differences in
energy and angle.

The proton energy range for which measurements
have been made extends from 600 to 1800 kev. The
upper limit is that of the available proton beam, while
the lower limit is imposed by the nature of the targets.
Near 600 kev, at a scattering angle of 90°, almost half
of the N5 peak is masked by the thick-target C!? step.
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Fic. 4. Angular distributions at incident proton energies cor-
responding to nonresonant regions of the excitation functions.
The curves have been calculated by using the nonresonant phase
shifts given in the text.

The data of Fig. 2 indicate the beginning of this masking
at 90° even at 1300-kev incident proton energy.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The elastic scattering data are presented as ratios
of the measured differential cross sections to the
Rutherford cross sections. The observed energy de-
pendence of these ratios for three scattering angles is
shown in Fig. 3 for the entire range of incident proton
energies used in the present work. Pronounced
anomalies are observed near 710, 898, 1028, 1210,
and 1640 kev. All of these anomalies except the first
correspond to previously reported states in Of. In
addition to the data of Fig. 3, detailed angular distri-
butions were obtained at selected energies both near
to and between the anomalies.

The general expression for the scattering cross section
and the detailed techniques of analysis have been
discussed fully by Christy® and by Mozer.® The
parameters of interest here are the orbital angular
momentum of the incident proton /, the total angular
momentum J, the channel spin ratio «, the ratio of the
partial proton width to the total width I',,/T', and the
resonant and nonresonant nuclear phase shifts. With
scattering data of limited accuracy, it is not possible
to evaluate each of these parameters uniquely. How-

1 R. F. Christy, Physica 22, 1009 (1956).
2 F. S. Mozer, Phys. Rev. 104, 1386 (1956).
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ever, considerable information is available from the
reaction data, and full use of this information has been
made in the present analysis.

As a first step, the nonresonant phase shifts (po-
tential phase shifts) were evaluated from a series of
angular distributions taken at energies away from
resonances. A selection of these angular distributions is
shown in Fig. 4, where the ratios of the observed to
Rutherford cross sections are plotted as a function of
scattering angle. It was found that these distributions
could be fitted well within the accuracy of the obser-
vations by the assumption of only s-wave nonresonant
scattering, the resulting two phase shifts being about
equal and varying nearly linearly with energy from
—4° at 650 kev to —22° at 1800 kev. The solid lines
in Fig. 4 have been calculated using these assumptions,
taking into account small contributions due to the
resonant scattering from the broad levels. In the
analysis of the regions containing the anomalies, a
smooth interpolation of the nonresonant phase shifts
was assumed. This analysis will be treated in detail
for each state in the following paragraphs.

E,=710 kev.—The state near 710 kev did not appear
in earlier studies of reactions I, II, or ITI. After it was
observed in the present work, a search was made for
possible cascading capture radiation. A weak radiation
was found, exhibiting resonance near 710 kev. An
excitation function of this radiation is shown in Fig. 5,
together with a calculated curve based on the Breit-
Wigner single level formula with the parameters
Er=T1047 kev and I'(Er)=404-4 kev. The target
thickness (35-kev layer of enriched KNO;) and the
energy variation of the penetration factor have been
taken into account in this calculation. A pulse-height
analysis of this resonant gamma radiation indicates
quantum energies near 7.0 and 5.5 Mev, consistent with
a cascade through the 6.9- or 7.1-Mev states in O'.

The absence of a-particle groups associated with this
resonance indicates that I',/T'=~1. The observed width
then corresponds to 0.1, 0.5, or 8.0 for the ratio of the
reduced width to the single-particle limit, 3#%/2M R2,
for s-, p-, or d-wave protons respectively. Interference
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Fic. 5. Excitation function of capture radiation cascading from
the E,=710-kev resonance. The solid curve has been calculated
for Eg=710 kev and I'(Eg) =40 kev.
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minima near 710 kev are observed in the elastic scat-
tering data of Fig. 3 at roots of the first, second, and
third Legendre polynomials and hence exclude p-, d-, or
f-wave formation. It may be concluded that this state
is formed by s-wave protons and therefore has J=0~
or 1~. For s-wave formation, the calculated magnitude
of the anomaly, (do/dor)max— (do/doR)min, is 0.99 for
the assignment J=0~ and 2.97 for J=1-, at the 160°
scattering angle. The observed anomaly size, 0.944-0.10,
clearly excludes the latter assignment. With the as-
sumption J=0", angular distributions have been cal-
culated for five energies near the resonance, and these
distributions are compared with the experimental
results in Fig. 6. The assignment J=0" is also con-
sistent with the nonappearance of this state in the
studies of reactions I, I1, and III.

E,=898 kev.—Considerable information concerning
the 898-kev state has been obtained previously from
studies' 235 of reaction II. This state has been shown
to be formed by d-wave protons, and the assignment
J=2"has been deduced. Values of the resonant phase
shift as a function of energy and of the channel spin
ratio have also been determined. As may be seen in
Fig. 3 and in more detail in Fig. 7, the anomaly in the
scattering cross section associated with the 898-kev
state is symmetric around the resonance energy at a
scattering angle of 125°16’. This vanishing of anti-
symmetric terms at a root of the second Legendre
polynomial independently establishes d-wave formation
of the state. A state in O'® formed by d-wave protons
plus N*® may have J=1, 27, or 3—. Excitation functions
have been calculated for these three choices, using
reaction data to evaluate all of the parameters in the
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F16. 6. Angular distributions at incident proton energies near
the 710-kev resonance. The curves have been calculated for
Er=710 kev, I'(Er) =40 kev, I',/T'=1, and J=0".
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F16. 7. Excitation functions of the elastic scattering near the
898-kev resonance. The solid curves have been calculated for
Er=2898 kev, I'=2.2 kev, I',/T=0.56 and J=2". The dashed
lines indicate corrections for the finite resolution of the experiment.

cross-section expressions except I',/T'. Only the assign-
ment J =2~ was found to be consistent with the present
results, and T',,/T'=0.56 was obtained. The solid curves
in Fig. 7 have been calculated using these assumptions,
and the dashed lines take resolution effects into account.

With J and T',/T" known, the total reaction cross
section may be calculated from the Breit-Wigner
expression: og=4mwhT ,(1—T,/T")/T. This calculation
yields 1.02 barns, in satisfactory agreement with the
measured value of 0.834-0.20 barn reported by Kraus
et al.b

E,=1028 kev.—The strong anomaly in the elastic
scattering near 1000 kev (see Fig. 3) is presumably
associated with the resonance for reactions I, IT, and
T1T reported earlier at E,=1050 kev. To locate the
resonance more precisely and to determine its width,
the thin target excitation function for capture radiation
was measured, with the results shown in Fig. 8. A
satisfactory fit to the data is obtained with a Breit-
Wigner function with the parameters Er=1028410
kev, T'(Er)=14047 kev. As is the case for the 710-kev
resonance, s-wave formation is indicated both by the
great width of the resonance and by the elastic scat-
tering, and the magnitude of the anomaly requires
J=1-, with T',/T=0.80. Calculated elastic scattering
angular distributions based on these parameters are
compared with the measured cross sections in Fig. 9.
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FiG. 8. Excitation functions of the capture radiation from the
1028-kev resonance. The solid curve has been calculated for
Er=1028 kev and I'(Eg) =140 kev.

The agreement obtained is quite satisfactory and would
appear to exclude the possibility of two states in this
neighborhood. From the fact that both « particles and
electric dipole v radiation are emitted, it may be con-
cluded that the O state contains a mixture of 7=0
and T'=1 character.® The calculated reaction cross
section is 0.35 barn, in good agreement with the meas-
ured value of 0.4 barn.>»? The assignment J=1" has
been suggested previously to account for the relatively
large radiative width.?

E,=1640 kev.—The analysis of the 1640-kev data,
shown in detail in Fig. 10, is similar to that at 898 kev.
Formation by p-wave protons is suggested by the
absence of antisymmetric terms at 90°, allowing J=0%,
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e 950kev
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F1c. 9. Angular distributions at incident proton energies near
the 1028-kev resonance. The curves have been calculated for
Ep=1028 kev, I'(Ez) =140 kev, I',/T'=0.80, and J=1-.

21 D, H. Wilkinson, Phys. Rev. 90, 721 (1953).
22 F, B. Hagedorn and J. B. Marion, Phys. Rev. (to be pub-
lished).
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1%, or 2*. Choosing a unique value of J on the basis of
the scattering data alone is not possible in this case,
however. Assuming p-wave formation, one can show
that the anomaly size at 90° depends on J and T,/T
only in the factor (2J+41)(T',/T)%. The data indicate
that this factor is much less than unity for this state.
At other angles, the dependence on J and T',/T lies in
a term proportional to (27+41)T',/T, in addition to the
term proportional to (2J41)(T',/T)2% Since the latter
term is negligible at all angles, according to the present
results, only the product (27+1)I",/T may be obtained
from these scattering data.

Fortunately, the angular distribution of the 4.43-
Mev gamma radiation from reaction I at this resonance
is consistent only”? with J=1+ or J=2—; the latter is
excluded by the present work. The solid curves of Fig.
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F16. 10. Excitation functions of the elastic scattering near the
1640-kev resonance. The curves have been calculated for Ep= 1640
kev, I'=68 kev, I',/T'=0.15, and J =1+,

10 have been calculated for J=1% using the known
channel spin ratio a=1/14. The product (2J/4+1)I',/T
=0.45 was found to give the best agreement between
the calculated and observed cross sections, implying
that I',/T'=0.15. The reaction cross section calculated
from these values is 0.17 barn, to be compared with the
measured 0.34 barn.® An explanation of this difference
has not been found.

E,=1210 kev.—The scattering data near 1210 kev
are shown in detail in Fig. 11. The existence of an
interference minimum at 90° is inconsistent with forma-
tion of this state by any odd value of the incident
proton orbital angular momentum and hence excludes
an even parity assignment. That reaction I is resonant
at 1210 kev implies that the assignment must be even-
even or odd-odd. Formation by s-, d-, and perhaps
g-wave protons would be possible, but higher values of
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the orbital proton momentum would require order-of-
magnitude violations of the single-particle limit. The
complexity of the observed reaction angular distri-
butions excludes s-wave formation,>%® and g-wave
formation would require the interference minimum in
the scattering cross section at 90° to occur at an energy
greater than the resonance energy. Therefore, only
formation by d-waves is consistent with the scattering
data, allowing the assignments J=1~, 27, or 3~. The
complexity of the reaction data excludes J=1-, and
J=2"1is even-odd. The assignment J=23" is consistent
with the scattering data, as shown by the solid curves
in Fig. 11, which were calculated for J=3-,T,/I'=0.18.
The reaction cross section calculated from these values
is 0.63 barn, which is in good agreement with the
measured 0.68 barn.%?
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Fic. 11. Excitation functions of the elastic scattering near the
1210-kev resonance. The curves have been calculated for Er=1210
kev, I'=22.5 kev, I',/T=0.18, and J=3".

A serious discrepancy arises, however, in that the
angular distribution of the a particles from reaction II,
measured by Kraus et al.,% seems to show that the 1210-
kev resonance is formed by f-wave protons and has
J=4+, Since the N targets used in the present work
permitted a measurement of this a-particle angular
distribution over a much larger angular range than was
reported previously, the distribution was remeasured.
These results are presented in Fig. 12. In this figure,
the solid line is a calculated curve for d-wave proton
formation and p-wave a-particle decay of a J=3" state,
while the dashed line is calculated for f-wave proton
formation and d-wave a-particle decay of a J =4+ state.
These data are in good agreement with the previous
work and are inconsistent with the assignment J=3".
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F16. 12. Angular distribution of the « particles from reaction IT
at the 1210-kev resonance. The solid curve has been calculated for
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i Two_other kinds of, measurements at the 1210-kev
resonance have also been reported. An angular distri-
bution of the « particles from reaction I favors J=3—
but cannot exclude J=4% conclusively,?? and angular
distributions!:%% of the 4.43-Mev gamma radiation from
reaction IT have been shown to be consistent with either
J=3"or 4*.

In an effort to clarify the nature of this state, the
angular correlation between the o particles and the
gamma radiation from reaction IT was measured. The
a particles were detected at a fixed angle with respect
to the incident proton beam (90° in the center-of-mass
system), and the angular position of the gamma de-
tector was varied in the plane containing the incident
proton beam and the a-particle detector. The resulting
angular correlations are shown in Fig. 13, where the
solid curve has been calculated for the J=3~ case and
the dashed curve for J=4+. Both curves have been
modified to take into account the finite solid angles of
the detectors. These results are clearly inconsistent
with J=4%but are in reasonable agreement with J=3",

An attempt has been made to obtain agreement
among these various measurements by calculating
angular distributions for a J=23~ state which is formed
by a mixture of d- and g-wave protons and which decays
(reaction IT) by a mixture of p- and f-wave o particles.
No single set of mixtures was found which gave satis-

T T

F1c. 13. Angular cor-
relation of the a parti-
clesand 4.43-Mev v rays
from reaction II at the
1210-kev resonance. The
solid curve has been cal-
culated for /=37, [,=2
and lo=1. The dashed
curve has been calcu-
lated for J=4% [,=3,
and l,=2. Both curves
include the effects of the
finite solid angles of the
detectors.
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factory agreement with the present results and with
the 4.43-Mev gamma angular distributions. In this
calculation, only the ratios of d-wave to g-wave and
p-wave to f-wave amplitudes were used as fitting
parameters; the relevant phase differences were calcu-
lated. The g-wave proton amplitude was shown to be
negligible, and the 4.43-Mev gamma distribution and
the a~y correlation were both shown to be consistent
with the supposition that the f-wave partial a-particle
width was about 2.5, of the p-wave a-particle width.
However, no ratio of these partial widths provides a
calculated curve based on the J=23~ assignment which
is consistent with the data of Fig. 12. Moreover, if one
arbitrarily allows the phase difference between the
p-wave and f-wave o particles to be a fitting parameter
in addition to the ratio of the partial widths, satis-
factory agreement among the a-particle angular dis-
tributions, the 4.43-Mev gamma angular distribution,
and the a-y angular correlation is still not obtained.

The source of this discrepancy remains obscure.
However, while the assignment for the 1210-kev state
has not been conclusively established as J=3", there
is very strong evidence from both the elastic scattering
and the a-y angular correlation requiring this assign-
ment.

IV. DISCUSSION

A comparison of the states in O' under discussion
here with the low-lying states in N6 is of some interest.
The first =1 state in O'® is expected to be near 12.9
Mev.2 Since this is the region which was investigated
in the present work, one might hope that some of these
O states are the analogs of the first four states in N6,
Warburton and McGruer® and Wilkinson?® have
recently shown these N6 states most likely to be /=2,
0-, 3—, and 1~ respectively. Four states in O'® near 12.9
Mev are indeed observed for which these spin and
parity assignments have been reasonably well estab-
lished. Wilkinson?® has previously concluded that the
J=2"state near 898 kev and the /=1~ state near 1028
kev are very likely the predominantly T=1 states
corresponding to the first and fourth states of N¢. By
further comparing spins and parities, one is lead to
suggest that the 710-kev and 1210-kev states are also
predominantly 7'=1 and correspond to the second and
third states in N6,

It is also of interest to compare the reduced neutron
widths of the N'¢ states with the reduced proton widths
of the suggested analog states in O'°. Warburton and
McGruer® have obtained neutron reduced widths by
fitting Butler-theory cross section expressions to their

2 F. Ajzenberg and T. Lauritsen, Boston University Quarterly
Progress Report No. 4, September 30, 1954, (unpublished),
Appendix B. )

2 E, K. Warburton and J. N. McGruer, Phys. Rev. 105, 639

1957).
( 25 D) H. Wilkinson, Phys. Rev. 105, 686 (1957).

26 D, H. Wilkinson, Phil. Mag. 1, 379 (1956).
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measured N*5(d,p)N*¢ cross sections. However, Toboc-
man and Kalos?” have found that the Butler theory is
much less reliable for determining reduced widths than
for determining the orbital angular momentum of the
captured particle. It has been suggested?® that the
extraneous factors responsible for this unreliability are
largely eliminated in taking a ratio of two reduced
widths if the corresponding two states are formed by
the same orbital angular momentum. In N6 the first
and third states are formed by /=2 neutrons while the
second and fourth states result from the capture of
1=0 neutrons. The ratios of the reduced neutron widths
are 1.14 and 1.05 for first/third and second/fourth
respectively. Corresponding ratios of the proton reduced
widths for the O analog states obtained from the
present work are 1.19 and 1.10. The good agreement
between the neutron and proton reduced width ratios
lends support to the supposition that the first four
predominantly 7'=1 states in O are those near
E,=710, 898, 1028, and 1210 kev. Since the fifth state
in N is reported to be more than 3 Mev above the
first four,? all other states in O in this region should be
predominantly 7=0.

However, it should not be overlooked that the state in
O which is resonant for 429-kev protons on N5 is also
J=27 and that the state near 340 kev may be J=1".
Appreciable mixing may occur between 7’=0 and T'=1
states of the same spin and parity if the difference in
excitation energies is only a few hundred kev, so it may
be expected that two of these T=1 states could have
significant admixtures of 7=0 character. It can more-
over be shown that, aside from the fact that the ex-
citation energy is slightly closer to the predicted value,
the 898-kev state is not much more likely to be pre-
dominantly T=1 than is the 429-kev state. The
N™(p,ary)C* reaction cross section at 429 kev may be
obtained from the literature>® and the ratio of the
partial proton width to the total width may be ex-
pressed as a double-valued function of this reaction
cross section. Application of the single-particle limit

TasLE I. Properties® of five excited states of Q16

reached by N5+ 5.

Egr T

(kev) (kev) Jm Ip T'p/T 0p2 T
7107 40 +4 0~ 0 1.0 0.11 1
89841P 224020 2- 2 0.56 0.088 1
1028410 140 =+10 1- 0 0.8 0.10 1
121043> 22.541b 3= 2 0.18 0.074 1
1640+3¢ 68 +3° 1+ 1 0.15 0.008 0

 In this table, the spin and parity are denoted by Jw, the orbital mo-
mentum of the captured proton is represented by lp, I'p/T is the ratio of
the partial proton width to the total width, 6,2 is the fraction of 3%#2/2 M R2
which equals the observed partial proton reduced width, and 7 is the
probable predominant value of the isotopic spin quantum number. An
li?ngeraction radius of 4.88 X107 cm has been assumed in the calculation of
2%
b Reference 2.
¢ Reference 22.

> W. Tobocman and M. H. Kalos, Phys. Rev. 97, 132 (1955).
% 'T. Auerbach and J. B. French, Phys. Rev. 98, 1276 (1955).
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eliminates one choice, leaving T',/T'=0.03. A reduced
width approximately 0.04 of the single-particle limit
is implied, and this reduced width compares as favorably
with the stripping reduced width as does that for the
898-kev state, in view of the uncertainty of the value
of T', for the 429-kev state. Fortunately, the situation
is more clearly resolved with respect to the 340-kev
state. Since the N'5(p,v) O cross section is so small near
340 kev,” it appears that if the correct assignment is
J=1" then this gamma transition is inhibited by
isotopic spin selection rules, making the 340-kev state
predominantly 7=0 and the 1028-kev state predomi-
nantly T=1.
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Table I is a summary of the available information
for the five excited states in O' studied in the present
work. References are given for the values of resonance
energies and total widths which were used in the
analysis of the scattering data but which were obtained
from other work.
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This paper describes a detailed study of the B*(p,ao)Be8, B (p,a1) Be?*(2az), and B (p,p) processes for the
region of proton energies spanning the resonances at 0.67 Mev and 1.4 Mev. The measurements include
excitation functions and angular distributions, together with the angular correlation between «; and a; as
inferred from the alpha-particle energy spectrum in fixed geometry. The results are analyzed theoretically
and are discussed in relation to the findings of other investigators. It is concluded that the complete body of
data can be accounted for if the 0.67-Mev resonance (16.57-Mev state of C2) is (2—) and the 1.4-Mev
resonance (17.22-Mev state of C?) is (1—), both formed mainly by s-wave protons; this would corroborate
the preferred assignments previously suggested. The proton elastic scattering data imply that the ratio
T',/T is 0.5 for the 0.67-Mev resonance and 0.05 for the 1.4-Mev resonance.

I. INTRODUCTION

HE bombardment of boron-11 with protons, one
of the first studied of all nuclear reactions, has
presented a curiously intractable problem in the matter
of its detailed analysis. The main difficulty is the
occurrence of several very broad resonances with an
extensive overlap, so that the compound state of C!2
formed at any given proton energy must normally be
thought of as a superposition of states. As a result of
this it has been almost impossible to arrive at a clear-
cut interpretation of the reaction through studies of
only one or two of the possible reaction products. The
present paper is the outcome of several investigations
(beginning in 1952) carried out with the aim of making
our picture of the reaction as complete as possible.
None of this work has been previously reported by us,
although some of it has been alluded to in papers by
other authors.*®

* Now at the Physical Laboratories, University of Ceylon,
Colombo, Ceylon.

t Now at the Physics Department, University of South Caro-
lina, Columbia, South Carolina.

1 Now at Clifton College, Bristol, England.

1 Beckman, Huus, and Zupan&i&, Phys. Rev. 91, 606 (1953).

2H. E. Gove and E. B. Paul, Phys. Rev. 97, 104 (1955).

3 Geer, Nelson, and Wolicki, Phys. Rev. 100, 215 (1955).

The main concern of this paper is the analysis of the
two levels in C!2 formed at 0.67 and 1.4 Mev in the
proton bombardment of B!. The present work had its
origin in the discovery,* at this laboratory, of the now
familiar fact that the resonance formed by protons of
0.163 Mev is able to interfere with another level of
opposite parity. The earlier measurements were made
solely on the long-range alpha particles (ao) leading to
the ground state of Be?; to facilitate later discussion
we shall enumerate this and all other reactions of
Interest:

B+ p—Beb+-ay, (a)
—Be¥*+a;, (Bet* —2a»), (b)
~Ciyg ©
—C1 4y, (d)
—Bl+p. (e)

It was soon discovered, from measurements on the
energy dependence of the yield of alpha particles!-® and

4 Thomson, Cohen, French, and Hutchinson, Proc. Phys. Soc.
(London) A65, 745 (1952).
® G. A. Dissanaike and A. P. French (unpublished).



