
G4 journal of experimental and theoretical physics established by E. L. Nichols in 1899

SEcoND SERIEs) VQL. 144~ No. 3 22 APRIL 1966

Total Neutron Yield from the Reaction 14C(tr, n) "0*
J. K. HAIR, J. L. C. FORD, JR. AND C. M. JoNEs

Oak Ridge Nationa/ Laboratory, Oak Ridge, Tennessee

(Received 13 December 1965)

The total neutron yield of the reaction "C(n,n) "0has been measured in the alpha-particle bombarding-
energy range of 2.5 to 5.1 MeV. Six new anomalies were observed in the yield curve at alpha-particle energies
of 4.030&0.015, 4.07&0.04, 4.17&0.04, 4.434+0.010, 4.70%0.04, and 5.004+0.010 MeV. These would
correspond to excitation energies in the "0 compound nucleus of 9.361, 9.39, 9.47, 9.675, 9.88, and 10.119
MeV. The experimental widths vary from 21 to 200 keV. An approximate value of the average alpha-particle
strength function was obtained.

INTRODUCTION

EVELS in "0at excitation energies between 8 and
& 9 MeV have been studied primarily by the re-

actions '4C(n, n)'4C (Ref. 1) and '4C(n, N)"0 (Ref. 2).
The region below 8.64 MeV has also been investigated
by the rsF(t, n)rs0 reaction. ' No information was avail-
able concerning level structure above an excitation of
approximately 9 MeV.' The "C(o.,tt)'rO reaction ap-
peared to offer a straightforward method of studying the
excitation-energy region above 9 MeV.

EXPERIMENTAL TECHNIQUES

Experimental techniques used in the present experi-
ment have been previously described. ' The alpha-par-
ticle beam was obtained from the Oak Ridge National
Laboratory 5.5-MV Van de Graaff accelerator and neu-
trons were detected with the graphite-sphere neutron
detector. ' Targets were produced by the technique of
Douglas et al. v from "C-enriched acetylene made from

*Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corporation.' J. A. Weinman and E. A. Silverstein, Phys. Rev. 111, 277
(1958).

2 R. M. Sanders, Phys. Rev. 104, 1434 (1956).' S. Hinds, H. Marchant, and R. Middleton, Nucl. Phys. 38,
81 (1962).

4F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1
(1959);Nuclear Data Sheets, compiled by K. Way et al. (Printing
and Publishing Once, National Academy of Sciences—National
Research Council, Washington, D. C., 1962).

s J. K. Bair and H. B. Willard, Phys. Rev. 128, 299 (1962).' R. L. Macklin, Nucl. Instr. 1, 335 (1957).' R. A. Douglas, B. R. Gasten, and A. Mukerji, Can. J. Phys.
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enriched barium carbonate using the method described
by Monat et al. These targets were similar to those
used in an earlier experiment at this laboratory. ' A
target thickness of 17 keV was determined by measuring
the known' 2.55- and 2.64-MeV levels in the "C(tr,tt)
reaction. The alpha-particle bombarding energy was
calibrated relative to the rLi(P, tt)'Be threshold which
was taken to be 1.881 MeV. As a check on this energy
calibration, the energy of the rsF(n, rt)ssNa resonance at
approximately 2.6 MeV was measured using a thick
target. Our value of 2610&5 keV is in good agreement
with the value of 2609&3 keV as obtained by William-
son ef al. lo

RESULTS AND DISCUSSION

Figure 1 shows the relative total neutron yield as a
function of the bombarding alpha-particle energy, un-
corrected for target thickness. The points shown are
the count rates in the graphite-sphere neutron detector
as a function of incident alpha-particle energy. Also
shown is the background obtained by bombarding the
reverse side of the target. The yield curve can be normal-
ized to an absolute cross section at the peak of the
2.64-MeV resonance by using the value of 300 mb&60/~
given by Sanders. ' Table I gives the corrected peak
energies and laboratory widths and compares them to

S. Monat, C. Robbins, and A. R. Ronzio, U. S. Atomic Energy
Commission Report No. AECU-672 (unpublished).' J. K. Hair, R. D. Edge, and H. B. Willard, Phys. Rev. 119,
1948 (1960).' R. M. Williamson, T. Katman, and B.S. Burton, Phys. Rev.
117, 1325 (1960)
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TABLE I. Resonance parameters from the present and previous experiments. The resonant energies and widths are in the laboratory
system. This table shows: in column 1 the resonant energy obtained in the present work; in column 2 the resonant energy as given in
Refs. 2 and 3; in column 3 the width estimated in the present experiment; in column 4 the width obtained previously. Column 5 gives
the energy of excitation in '0 obtained from the present work, and column 6 gives the excitation energy from the "F(t,n)"0 work
of Ref. 3. Our excitation energies are based on C"+0.——6.227 MeV from Ref. 4.

Resonant energy (MeV)

Present expt. Refs. 2 and 3

Width (keV)

Present expt. Refs. 2 and 3

Excitation in 'sO (MeV)

Present expt. Ref. 3

2.558+0.007
2.648w0.007
2.801~0.010

3.320+0.020
3.509&0.010
4.030~0.015
4.07 ~0.04
4.17 +0.04
4.434+0.010
4.70 +0.04
5.004+0.010

2.553+0.004
2.642~0.003
2.798~0.011

3.336+0.020
3.508&0.005

80~20
65w10
35&20

=150
70

80~40
=200

21~ 5

1.6+ 1
10 ~1
22 ~10

100 +20
54 ~5

8.217
8.287
8.406

8.809
8.956
9.361
9.39
9.47
9.675
9.88

10.119

8.19~0.02
8.26~0.02
8.39+0.02
8.48+0.02
8.64+0.02

those obtained in previous work. It should be noted
that an additional peak may be located at about 4.6
MeV, just visible on the side of the 4.'/0-MeV anomaly.
Other very broad peaks may also exist.

Agreement between the present work and previous
experiments is seen to be good, with some exceptions.
We do not see any rise in the region between 3.6 and
3.8 MeV whereas at the most backward angle (164')
the highest energy elastic-scattering data show a pro-
nounced rise. The "F(t,n)"0 data' seem to show two
levels at excitations of 8.48 and 8.64 MeV which do
not appear in the present experiment. It is quite possible
that these are "unnatural parity states" which cannot
be formed by alpha-particle bombardment of "C. Ex-
citation energies from the "F(t,n)"0 work are consis-

tently lower than those found from any of the "C+n
work.

Using Sanders" value of the absolute cross section
and following the techniques used in previous work at

this Laboratory' which were in turn based on the work
of SchiGer and Lee" and Clarke, Almqvist, and Paul, "
we have averaged the cross-section data over an energy
interval 68=700 keV as a function of the incident
alpha-particle energy. These results are shown as the
points in I ig. 2. Under the assumption that I'„))F and
that all other widths are negligible )the (n,p) reaction
has a Q= —9.8 MeVj, a value of the average alpha-
particle strength function 8 was caluclated for each
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FIG. 2. We have averaged the cross-section data over an energy
interval b,Z of 700 keV and plotted the area per unit hE as a
function of the incident alpha-particle energy. The points are
values from the experiment. The solid line is the theoretical curve
calculated for the average value of the alpha-particle strength
function 8 =0.0066.

FIG. 1. The relative total neutron yield as a function of the
bombarding alpha-particle energy (uncorrected for target thick-
ness). The lower points are the background obtained by bombard-
ing the reverse side of the target. The yield curve can be nor-
malized to an absolute cross section at the peak of the 2.64-MeV
resonance bv usinz the value of 300 mb&60 jo given by Sanders.

"J.P. SchiR'er, L. L. Lee, R. H. Davis, and F. W. Prosser, Jr. ,
Phys. Rev. 107, 547 (1957);J.P. Schifter and L. L. Lee, iNd. 107,
640 (1957); 109, 2098 (1958)' R. L. Clarke, E. Almqvist, and E. B. Paul, Nucl. Phys. 14,
472 (1959/60).
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energy increment from the expression

Aan/AZ= 2n9.'$Z((2l+1) 2M/A PjS~,
where Aa Jr/DE is the unit area under the averaged yield
curve. This expression is based on the assumption that
the net effect of interference terms in the total cross
section is zero when averaged over the levels, and a
simple summation of single-level Breit-Wigner terms
may be used. The reaction radius was taken to be
1.4(A'I'+1.59)X 10 "cm. The 8 de6ned is an average
over the possible alpha-particle orbital angular mo-
menta. Values of 8 calculated for each energy incre-
ment were within a factor of 2 of the average value of
0.0066."Since very few levels are involved, this spread is
reasonable. This average S must be considered to be of
limited accuracy.

The solid line on Fig. 2 is a calculated curve based on
8,=0.006s. It is seen that all points above about 3.75
MeV lie well above the solid curve whereas below this
energy all points lie well below the curve. It is possible

» Where the notation indicates that the second 6 is not reliable.

that this is due to a contribution from neutrons leaving
the residual "0 nucleus in its 6rst excited state. The
threshold for this channel occurs at about 3.45 MeV.
Since the '"0 ground-state spin has the value —,', whereas
the first-excited-state spin is only 2, the neutron pene-
trability would tend to enhance the effect.

As a means of determining whether the value of S
calculated above is a reasonable one the following calcu-
lation was made. The experimental yield curve was
fitted with a sum of simple Breit-Wigner terms. From
the parameters used in this fit a set of values for
(27+1)1" =o. , I'~,t,~/47r)ts was then obtained. If one
assumes that all the levels have a particular value of J,
one may then calculate I', the corresponding reduced
widths y ', and finally an average reduced width (p ') for
the interval studied. With the further assumption that
the level spacing varies as (2J+1) ' one may calculate
the strength function S for the assumed value of J.
Statistically, not many J=O levels would be expected
and the penetrability would reduce the yield for J&3.
The result of the calculation is that for J= 1, S =0.005
and for J=2, S =0.008.
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Excitation Energies of Bound States of 0"and B"t
H. H. WILLIAMs)* E. K. WARBURTQN, K. W. JQNEs) AND J. W. OLNEss

Brookhcven National Laboratory, Upton, New Fork

The energy of the 0'7 0.871-MeV gamma ray was measured with a lithium-drifted germanium detector
using the 0"(d,p)O'r reaction to populate the 6rst excited state of 0'r. A result of 870.81+0.22 keV was
obtained using various radiactive sources for energy calibration. Using this line and various others for energy
calibration, the energies of gamma rays from transitions in B"were measured and excitation energies of
953.14&0.60 and 1673.65+0.60 keV were deduced for the erst two excited states of B".Strong but non-
conclusive evidence is presented for an excitation energy of 2618.5+3.5 keV for the third excited state of B".

INTRODUCTION

'HE 871—keV gamma ray from the decay of the
6rst excited state of 0'~ is almost always observed

to some extent in gamma-ray spectra from deuteron-
induced nuclear reactions. Its presence results from the
0"(d,p)0'r reaction due to oxygen present in the target
in natural form or as an impurity. A precise measure of
its energy is therefore desirable in order that the gamma
peak may be readily identified and also that it may be
used for an energy calibration. In the latter respect it is
particularly valuable because the level has a lifetime
long (2.5X10 " sec)' compared to the stopping time

( 2—6X10—"sec) of the recoiling 0'r ions in solids,

t Work performed under the auspices of the U. S. Atomic
Energy Commission.

* Visitor during the summer of 1965 from Haverford College,
Haverford, PeIInsylvania.

'F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys, 11,
(1959).

hence the line energy is not shifted by the Doppler
effect. Further, its omnipresence should prove con-
venient in view of the dearth of calibration lines in the
energy region of 750-1000 keV. Accordingly, we have
used a lithium-drifted germanium LGe(Li)j gamma-ray
detector to measure the energy of the 0'~ 871-keV
gamma ray and have used it as one calibration line in
energy measurements of several B"gamma rays.

The 0'7 871 keV level was populated by bombard-
ment of a Si02 target with 2.1-MeV deuterons. A 3.5-cc
Ge(Li) detector was placed at 90' to the beam and 10
cm from the target. Pulses from the gamma-ray detector
were amplified by a Tennelec model 100C preamplifmr
and by an ORTEC model 220 biased amplifier system
and were recorded in one 1024-channel slice of a
TMC 16384-channel analyzer. The relationship between
energy and channel was determined from gamma-ray
peaks of accurately known energies recorded simul-
taneously with the 0'~ spectra by placing radioactive


