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We have measured the ' O(n, cx)' C cross section from thermal energy to approximately 1 MeV. A
bump in the data near 3 keV could be fitted by a state whose properties are consistent with a known sub-
threshold J"=1 level at, E =8.039 MeV. The cause of the 1/U cross section near thermal energy
could not be determined although the known 2+ state at 8.213 MeV was found to be too narrow to con-
tribute much to the thermal cross section. Our da'. a are compared to measurements made via the inverse
reaction. There are many differences between the two sets of data. The astrophysical reaction rate was
calculated from the measured cross section. This reaction plays a role in the nucleosynthesis of heavy
elements in nonstandard big-bang models. At big-bang temperatures, the experimental rate was found to
be in fair agreement with the rate estimated from the previously known properties of states of ' 0 in this
region. Furthermore, using the available information from experiments, it was estimated that the
' O(n, a)' C rate is approximately a factor of 10'—10 times larger than the ' O(n, y )"O rate at big-bang
temperatures. As a result, there may be significant cycling between ' C and ' O resulting in a reduction
of heavy-element nucleosynthesis.

I. INTRODUCTION

The structure of ' 0 has been studied through many
reactions, and a fair amount is known about the energies,
spins, and parities of levels near the neutron threshold.
However, the widths of the levels are often only approxi-
mately known. From previous measurements on Be
(Ref. [1]) and Na (Ref. [2]) we have found (n,p) and
(n, a) cross sections near the neutron threshold to be very
helpful in elucidating the structure of the compound nu-
cleus which is formed. Except at thermal energy, there
have been no reported measurements of ' 0+n cross sec-
tions for energies below a few MeV. In principal, the
' O(n, a)' C cross section could be determined from pub-
lished measurements [3,4] of the inverse reaction. Below
a neutron energy of a few hundred keV, however, the
rapid decrease of the ' C(a, n)' 0 cross section, together
with background from the ' C(a, n)' 0 reaction makes
these measurements very dificult; hence, a direct mea-
surement of the ' O(n, a)' C cross section in this region is
desirable.

Recently there has been much interest in the possibility
of synthesizing heavy elements in so-called nonstandard
models of the big bang [5—21]. Whereas nucleosynthesis
in standard big-bang models [22] effectively stops at
A =7, it has been speculated that the large density inho-
mogeneities possible in nonstandard models may lead to
the synthesis of elements [10] with mass A ) 12. Present-
ly it is thought that ' C may act as a bottleneck in the
path to heavier elements [20]. If this difficulty can be sur-
mounted, however, then the nucleosynthesis can proceed,
mainly via a series of neutron captures, through nitrogen
and oxygen and on to the heavier elements. However, if
the ' O(n, a)' C cross section is large enough, then much
of the material will be cycled back to ' C, reducing the
yield of heavier elements [10]. Using the known thermal

cross sections for ' 0, and what is known about the prop-
erties of states in ' 0 near the neutron threshold, it is ex-
pected that the (n, a) rate will be much larger than the
(n, y) rate at big-bang temperatures. However, some of
the total as well as the partial widths of the states in ' 0
near the neutron threshold are uncertain or undeter-
mined, so a direct measurement of the ' O(n, a)' C cross
section would be very helpful in reducing the uncertainty
in this rate and, subsequently, in reducing the uncertainty
in the big-bang calculations.

II. EXPERIMENTAL PROCEDURES

The measurements were performed at the moderated
"white" neutron source of the Manuel Lujan, Jr. Neutron
Scattering Center (LANSCE) [23] using an apparatus
which has been described elsewhere [1], so only the
salient features will be mentioned. The data were taken
in two parameter mode, pulse height (or alpha energy)
versus time of liight (or neutron energy). In this way
pulse-height spectra at all energies were measured simul-
taneously.

The '0 samples were made by anodizing niobium [24]
in water enriched to 37.5% in ' O. The thickness of the
oxide layer was determined by the applied voltage. Sam-
ples ranging from 50 to 350 pg/cm of Nb~0~ were
prepared on Nb which was 25.4 pm thick. Most of the
measurements were made with a Nb205 layer which was
200 pg/cm thick.

Alpha particles from the ' O(n, a)' C reaction were
detected with a silicon surface-barrier detector which was
10 pm thick by 50 mm in area. Representative pulse-
height spectra are shown in Fig. 1. It was necessary to
use so thin a detector to reduce the background from
neutron interactions in the rather thick Nb target back-
ing to acceptable levels. The main source of background
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FIG. 2. Schematic diagram of the sample and detector
geometry used in our experiment. The neutron beam was col-
limated to approximately 0.5 cm in diameter. The detector was
10 pm thick by 50mm in area. It was placed at 90'to the beam
at about 1 cm from the center of the sample. The sample was 2.5
cm long by 0.5 cm wide. It was inclined to the incident neutron
beam so that its front edge was approximately 0.3 cm lower
than its rear edge.

FIG. 1. Representative pulse-height spectra from our mea-
surements. Each spectrum is labeled with the corresponding in-
cident neutron energy at which it was measured.

was due to neutrons scattered from the Nb interacting
with the boron dopant [via the ' B(n, a) Li reactions] in
the silicon detector. The a, group from the ' 8 reaction
was not fully resolved from the ao group from ' O. This
background was measured by using a blank Nb foil hav-
ing the same size as the one used for the ' 0 sample. The
peak from the ' O(n, a)' C reaction was identified in the
pulse-height spectrum by (i) calibrating the energy scale
of the spectrum using Li and ' B samples, and (ii) using
' 0 samples of different thicknesses and observing that
the yield of the peak per unit of neutron Aux was corre-
lated with the sample size.

In previous measurements [1,2] we have used circular
samples of approximately the same diameter (0.5 cm) as
the collimated neutron beam. However, due to the rela-
tively small size of both the cross section and the avail-
able detector, we used a larger sample to obtain an ade-
quate counting rate. The sample was 0.5 cm wide by 2.5
cm long. As-shown in Fig. 2 it was inclined slightly to
the incident neutron beam. The detector was placed at
90 to the neutron beam at about 1 cm from the center of
the sample. The ' O(n, o.')' C cross sections were calcu-
lated from the alpha particle yields in the detector assum-
ing the cross section to be isotropic. This is probably not
a good assumption at the higher energies where the cross
section appears to be dominated by non-s-wave reso-
nances [25].

The measurements were made relative to the
Li(n, a) H cross section using a separate Li sample and

solid-state detector as a Aux monitor. The data were con-
verted from yields to cross sections using the know
thermal (n, a) cross sections for Li (Ref. [26]) and ' 0
(Ref. [27]), and the latest evaluation for the energy depen-
dence of the Li cross section [26]. The resulting cross
sections for ' 0 were corrected for the anisotropy in the

where d =7m is the Aight path distance. Hence, the
resolution at the higher energies is given by

EE =23,tE i l(72. 3d), (2)

where At =0.125 ps. For example, the energy resolution
at 100 keV is 15.6 keV; hence, the energy resolution is
quite broad at the higher energies in our measurements.

The time of Aight to energy calibration was made with
the aid of cobalt and uranium filters which had been
placed in the neutron beam ahead of the sample position.
During this calibration run, the ' 0 sample was replaced
by a Li sample so that a larger counting rate could be
obtained for observing the dips in the time-of-Aight spec-
trum due to the filters. Otherwise, the setup was identical
for the two sets of runs. Dips in the time-of-Aight spectra
due to aluminum and manganese in the mercury shutter
windows were also used in the calibration.

Li(n, a) H differential cross section as explained in Ref.
[1]. This correction was much less than 5% at most ener-
gies but was as large as 35% for energies near the peak of
the I.i+ n resonance at 250 keV. The necessary
Li(n, a) H differential cross sections for this correction

were obtained from Ref. [26].
The data were taken with a time-of-Aight channel

width of 64 ns. To improve the statistical accuracy below
approximately 100 keV, the data were compressed into
50 bins equally spaced on a logarithmic scale in neutron
energy. Above approximately 100 keV the data were left
in the original 64 ns wide bins to obtain the best possible
energy resolution. In the keV region and above, the reso-
lution is dominated by the width of the proton pulse from
the Proton Storage Ring (PSR) at LANSCE. The PSR
pulse is triangular in shape with a full width at half max-
imum of 125 ns and a base of 250 ns (Ref. [28]). Nonrela-
tivistically, the time of Aight t, in ps, can be calculated
from the incident neutron energy E, in eV, using the
equation

t =72.3d/E'
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III. RESULTS AND COMPARISON WITH OTHER
MEASUREMENTS

The ' 0(n, a)' C cross sections resulting from our mea-
surements are shown in Figs. 3 and 4. The representative
error bars shown on our data depict the one-standard-
deviation relative errors only. The relative uncertainties
are dominated by counting statistics. A normalization
uncertainty of 2.9% was calculated from the published
uncertainties in the ' 0 (Ref. [27]) and Li (Ref. [26])
thermal cross sections.

The shape of the cross section is close to 1/U below
about 10 eV. Above this there are, apparently, 3 dom-
inant resonances at E„=3, 130, and 250 keV.

Also shown in Fig. 4 are the data of Sanders [3] mea-
sured via the inverse reaction. We calculated (n, a) cross
sections from the "forward-yield" data of Fig. 5 of
Sanders using detailed balance. Below the resonance at
E =2.553 MeV it was very difficult to obtain reliable
data from this figure, and we did not attempt to read the
data below 2.39 MeV. Hence, it was not possible to ascer-
tain whether the bump in our data near E„=3keV was
observed in data from the inverse reaction. The data of
Sanders were taken with a target estimated to be 20 keV
thick at E =1.16 MeV, and the normalization uncer-
tainty is given as 60%. The solid curve in Fig. 4 was ob-
tained by averaging the data of Sanders over our energy
resolution. Even with this averaging, the agreement in
shape between the two sets of data is not very good. The
best agreement is obtained near the peaks of the reso-
nances at E„=250, 800, and 900 keV. On either side of
the 250 keV resonance, our data is much higher than that
of Sanders, while below approximately 100 keV the oppo-
site is true. The arrows in Fig. 4 indicate the energies at
which our pulse-height spectra are shown in Fig. 1.
These spectra correspond to energies where the data of
Sanders are much lower than our data. Although the sta-
tistical accuracy of our data is not very high, the back-
ground is very low, and our data indicate that the cross
section is about five times larger than the values of
Sanders at these energies.
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FIG. 4. The ' O(n, a)' C cross section from 100 keV to 1

MeV. The solid circles are the data from our measurements.
The open triangles are the inverse data of Sanders [3] which we

converted using detailed balance. The solid curve resulted from
averaging the data of Sanders over the energy spread of our
measurements. The two arrows indicate the energies at which
our pulse-height spectra are displayed in Fig. 1.

There are several reasons to expect differences between
our data and those of Sanders [3] although it is not clear
if the magnitude of the difference can be explained. First,
the full integrated cross section was not measured in ei-
ther experiment. From the known spins and parities of
the resonances [25] it is expected that angular distribu-
tion effects could be important. Second, off resonance the
background in the data of Sanders appears to be quite
substantial and apparently was not subtracted from the
data. For example, there appear to be roughly the same
number of counts below threshold as there are above
threshold for approximately the first 100 keV. Finally,
the dependence of the detector efficiency upon neutron
energy was not known in the measurements of Sanders.

It may also be worth noting that the only other report-
ed ' C(a, n)' 0 measurement [4] does not agree well with
the data of Sanders below the E, =250 keV resonance al-
though part of this difference could be due to a different
energy resolution in the two experiments.

1P2 IV. STRUCTURE OF ' 0 NEAR THE NEUTRON
THRESHOLD

& 1P1

1 pO I I f I Ml I I I ltll

FIG. 3. The ' O(n, a)' C cross section from 0.0253 eV to 100
keV. The solid circles are our data. The solid curve is a two-
level fit to the data as explained in the text. The dotted and
dashed curves are the separate contributions to this fit from 2+

and 1 resonances, respectively.

Our limited energy resolution coupled with the fact
that we did not measure angular distributions probably
precludes the possibility of obtaining much useful nuclear
structure information above approximately 100 keV neu-
tron energy, so we will concern ourselves mainly with the
region below 100 keV. One interesting feature of the
cross section above 100 keV, however, is a bump at
E„=130keV. There is no known level [25] in ' 0 corre-
sponding to a resonance at this energy. For example, no
resonance at this energy was observed in the ' C(a, n)' 0
reaction [3,4]. The bump in our data appears approxi-
mately midway between known 5 and 2+ (see below)
resonances, both of which are apparently too narrow to
have been observed in our measurements.
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Below 100 keV, the cross section is dominated by a 1/v
component and a resonance, apparently near 3 keV.
There is no known level in ' 0 corresponding to a labora-
tory neutron energy of about 3 keV. The nearest known
[25] resonance is a 1 which is bound by 5+2 keV having
I, &2.5 keV, and I ~=1.07+0.22 eV. Our data below
100 keV can be well fitted by the combinations of a 1/v
component from a (undetermined) s-wave (2+ ) reso-
nance, together with a bound p-wave resonance whose
parameters are consistent with the known 1 . Although
the resonance is below threshold, the increase in the @-
wave penetrability combines with the decrease in the
cross section in the tail of the resonance to produce a
bump in the cross section near 3 keV. Furthermore, the
calculated bump is not symmetric but, rather, is skewed
towards the high-energy side just like the data. We fit the
data using simple noninterfering Breit-Wigner shapes,

(3)

The solid curve in Fig. 3 is the sum of a 1/v component
fitted to the thermal cross section plus a 1 having pa-
rameters consistent with information from other reac-
tions [25] (Eo = —7 keV, I" =2300 eV, and I &=0.9 eV),
and a neutron width I „=98eV. When the known reso-
nance parameters are kept within the limits from other
experiments, the data can be well 6tted with I „)70 eV
(I „=100eV is approximately 1% of the Wigner limit).
The dotted and dashed curves in Fig. 3 show the separate
contributions due to the individual 2+ and 1 com-
ponents, respectively.

If it is assumed that the bump at 3 keV is due to a new
resonance, it is not possible to fit both the broad bump
near 3 keV and the thermal cross section with a single s-
wave (2+) resonance. To fit the thermal cross section
with an s-wave resonance near 3 keV would require a
width much narrower (and a peak height much higher)
than our data allow. Also, the data cannot be fitted by a
combination of a 1/u component and a p-wave resonance
having Eo = 3 keV while keeping the partial widths
within their Wigner limits.

The origin of the 1/U component of the low-energy
cross section is not clear. The nearest known [25] s-wave
resonance is a 2+ level at E„=179 keV, having
I, =1.0+0.8 keV, I =I &)I „(Ref. [29]), and
I =0.41+0.09 eV. These parameters limit the thermal
cross section to less than about 7 mb, much less than the
measured 235 mb. Also, our resolution was too broad to
detect a resonance this weak and narrow.

There are apparently no other definite 2+ levels above
the neutron threshold [25] (2+ assignments have been
suggested for the E„=8.9 and 12.04 MeV levels [30]).
Below threshold there are three known 2+ levels, all with
fairly large neutron spectroscopic factors measured via
the ' 0(d,p)' 0 reaction [25] as well as significant a-
particle spectroscopic factors as measured with the
' C( Li, d )

' 0 reaction [30]. Perhaps one or more of
these levels is responsible for the thermal ' 0(n, a)' C
cross section and the low-energy 1/U cross section. How-
ever, the a-particle spectroscopic factors are fairly uncer-
tain and the neutron spectroscopic factors are undeter-

mined for the unbound levels. Also, the possibly large in-
terference e6'ects between the levels have not been mea-
sured. Hence, it is not possible at present to determine
the origin of the 1/U component of the low-energy cross
section with much certainty.

V. BIG-BANG NUCLEOSYNTHESIS

The astrophysical reaction rate, X„(cru ), calculated
from our data is shown in Fig. 5. Also shown is the rate
calculated from the data of Sanders [3] shown in Fig. 4,
and our data below E„=40keV (where we were not able
to obtain reliably the data of Sanders).

Apparently the ' 0(n, a )
' C rate has never been es-

timated or calculated and entered in the usual tabulations
(e.g. , Refs. [31—35]). Hence, we estimated the rate from
the previously known properties of ' 0 resonances near
the neutron threshold, plus a 1/U component normalized
to the measured thermal cross section [27]. The only res-
onances for which sufficient information is available to
calculate the reaction rate are the 2+ at E =8.213 MeV,
and the 3 at 8.282 MeV. Judging from the spins, pari-
ties, and widths of the other resonances near threshold
for which these properties are known, it seems likely that
the above two resonances should dominate the reaction
rate at big-bang temperatures. However, there are
several fairly broad resonances just above our energy
range that are known to decay by neutron and alpha
emission. Unfortunately, not enough information about
the widths, spins, and parities of these levels is known to
be able to include them in our estimate.

From the data of Sanders [3], as well as from their own
' C(a, a)'"C data, Weinman and Silverstein [29] deter-
mined that the 2+ resonance has I „=14+9,
I = 1200+800, I „,= 1280+1000, and Eo =0.169
+0.004. Similarly, the 3 resonance has I „=830+490,
I =6900+400, I „,=8000+1000, and Eo =0.238
+0.003. All quantities are in the c.m. system, the widths
are given in eV, and the resonance energies in MeV.

o 10& »n(n O. )14C

M106
V3

V

H 104
10—4 10—3 10 2 10

T (GK)
10o

FICx. 5. The astrophysical reaction rate, X„(o.u), for the
' O(n, a)' C reaction. The solid curve is the rate calculated
from our data of Figs. 3 and 4. The dotted curve is the rate cal-
culated from the data of Sanders shown in Fig. 4, together with
our data below 40 keV. The dashed curved is the rate calculat-
ed from the previously known "0 resonance parameters, plus
the thermal cross section.
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From these parameters, and the thermal cross section
[27], the reaction rate can be calculated [31]. The result
1s

(ou) =3.11X10 +9.18X10 e " ' '/T

+7 02X10 e ' '/T cm /smole,

where the temperature T is in GK. The rate calculated
in this way is shown in Fig. 5.

At big-bang temperatures (T=0.3 —1.3 GK), the rate
determined mainly from the data of Sanders [3] is ap.
proximately 1.4—2.3 times higher than the rate deter-
mined from our data, which is, in turn, a factor of rough-
ly 3 times the rate determined from the ' 0 resonance
properties. Because the experimental rates are subject to
error due to unmeasured angular distribution effects, and
because most of the partial widths used to determine the
estimated rate are fairly uncertain, the agreement seems
reasonably good. The major exception to this is at low
temperatures where the 1 bound state at E„=8.039
MeV dominates the rate calculated from our data. The
estimated rate did not include this resonance because be-
fore our measurements its reduced neutron width was un-
known.

Because the ' O(n, a)' C rate estimated from the previ-
ously know resonance parameters is in reasonable agree-
ment with experiment, and because the gamma widths
are known, the ratio of the (n, a) to (n, y ) rates calculated
from the resonance parameters should be fairly reliable at
big-bang temperatures. The thermal (n, y) cross section
is 0.538+0.065 mb (Ref. [36]). The gamma widths [25]
I'& are 0.41+0.09 eV for the 2+, and 0.49+0. 13 eV for
the 3 . The resulting reaction rate is

X (ou) =71.2+314e ""'~r'/T'~'
(n y)

+5000e ' '/T cm /s mole . (5)

As shown in Fig. 6, these estimated rates indicate that
the (n, o. ) rate is approximately a factor of 10 —10 larger
at big-bang temperatures than the (n, y ) rate (the ratio at
thermal energy is 440). Hence, it seems likely that
significant cycling between ' C and ' 0 may occur in the
nonstandard big-bang environment. Previous big-bang
calculations have had contradictory results with regards
to cycling. For example, Applegate, Hogan, and Scherrer
[10] found strong cycling due to the ' O(n, a)' C reac-
tion. On the other hand, Kajino, Mathews, and Fuller
[21] do not find cycling due to the ' O(n, a)' C reaction
to be a significant hindrance to the neutron-capture IIIIow

to the heavier elements. It is not clear from these papers,
however, what values were used for the ' 0+n reaction
rates. Also, there are significant differences in the two
models in terms of the calculated neutron density, the
number of fission cycles, and the resulting yield of heavy
elements. It would be interesting to know how close the
rates used in these calculations are to the rates measured

~104

0
~~ 103

17Q

and estimated here, and what e6'ect any difference would
have on a new calculation.

VI. CONCLUSIONS

Our measurement and analysis of the ' O(n, a)' C
cross section has revealed an anomaly in the cross section
near 3 keV which is caused by a subthreshold 1 level.
Restricting the properties of this level to what is known
from previous experiments, the cross section below 100
keV can be well fitted by this 1, having I „)70 eV& to-
gether with a 1/u component fit to the thermal cross sec-
tion. The origin of this 1/U component could not be
determined although the known 2+ level at E„=8.213
MeV was found to be too narrow to contribute much to
the thermal cross section.

Our data were compared to data from measurements
made via the inverse reaction. Many differences between
the two sets of data were found and possible reasons for
these differences were discussed.

The astrophysical reaction rate, X~ (o u ), was calcu-
lated from our measured cross sections. At big-bang tem-
peratures, this rate was found to be in reasonable agree-
ment with the rate estimated from previously known ' 0
resonance parameters. The effect of this rate on the nu-
cleosynthesis of heavy elements in nonstandard big-bang
models was discussed. In particular, the available experi-
mental evidence indicates that the (n, a) rate will be
about 10 —104 times larger than the (n, y) rate at big-
bang temperatures; hence, cycling between ' 0 and the
' C "bottleneck" may be important.
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