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Na(n, p) Ne and Na(n, a)' F cross sections from 25 meV to 35 keV
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The Na(n, po), (n,p&), (n, ao), (n, al), and (n, a2) cross sections have been measured at thermal neu-

tron energy. In addition, the po and p, cross sections have been measured from thermal energy to
420 eV and 35 keV, respectively. These new data were used to discern the structure of 'Na near the
neutron threshold. In particular, it was found that a (2 )+ resonance dominates the p& cross section

but contributes very little to the po cross section. The po, and also most probably the (n, ao) cross
sections, are instead dominated by a separate ( —,

' )+ resonance. The 'Na(n, p)"Ne astrophysical re-

action rate, N„(cr U), was calculated using our new data and compared to published theoretical
rates used in previous nucleosynthesis calculations. It was found that the theoretical rates are ap-
proximately a factor of 5 to 10 different from the experimental one at most temperatures measured.
We discuss the possible implications of this difference on nucleosynthesis calculations for "Na and

e.

I. INTRODUCTION

The 2 Na(n, p) Ne and Na(n, a}' F cross sections are
of interest to both basic nuclear physics and nuclear as-
trophysics. In nuclear physics these reactions can play
an important role in understanding the structure of Na,
especially near the Na+ n threshold. For example, al-
though there have been reported measurements of the

Na(n, po) Ne and N(anp, } Ne cross sections at
thermal energy, ' the Na(n, pt } Ne cross section to
370 eV (Ref. 3) and ' F(a,p) Ne (Refs. 4 and 5) as well
as Ne(p, pty) Ne (Ref. 5} measurements near the neu-
tron threshold, the levels in Na in this excitation region
are not well understood. One motivation of this work
was to make more extensive Na+ n measurements to
aid in clarifying the structure of Na at these energies.

In nuclear astrophysics, the Na(n, p} Ne reactions
may play a role in the nucleosynthesis of zNa and/or

Ne. The nucleosynthesis of these particular isotopes is
of current interest because the origin of the neon-E anom-
aly is not well understood and because of the possibility
of observing Na from extraterrestrial sources with
gamma-ray telescopes. For those calculations involving
environments where the neutron flux is significant,
the Na(n, p) Ne reaction may play the dominant role
in the destruction of Na. The astrophysical reactions
rates' ' for this reaction that were used in previous cal-
culations are based on theory. Because Hauser-Feshbach
theory was used to calculate the cross section on which
the reaction rate is based, it is not unreasonable to expect
that the theoretical rate could be wrong by a significant
amount for a nucleus as light as Na. In fact, the
theoretical rates' ' used in previous nucleosynthesis cal-
culations, when extrapolated to low energies and convert-
ed to cross sections, are at least a factor of 10 smaller
than previous measurements. ' Hence, a second
motivation for this work was to make measurements of
the Na(n, p) Ne cross sections to as high an energy as

possible to allow an experimental determination of the as-
trophysical reaction rate.

II. EXPERIMENTAL PROCKDURKS

The experimental technique used in these measure-
ments has been published elsewhere, ' so only the salient
features will be presented here. The measurements were
performed at the Los Alamos National Laboratory. The
absolute cross sections at thermal neutron energy were
measured at the Omega West Reactor (OWR). The
remainder of the measurements were made at the Los
Alamos Neutron Scattering Center (LANSCE).

The Na for the samples was produced in an ultrapure
aluminum target that was bombarded with a high-
intensity beam of 800-MeV protons at the Los Alarnos
Meson Physics Facility (LAMPF). Chemical separation
and purification of the Na were performed by scientists
at Dupont's Diagnostic Imaging Division (formerly New
England Nuclear) utilizing special procedures and ma-
terials to minimize introduction of stable sodium and to
eliminate contaminants. ' The Na was purchased from
Dupont as sodium chloride in water. The samples were
made by depositing the water solution into a shallow
dimple in a 8.5-pm thick aluminum foil. A heat lamp
shining on the sample served to speed up the evaporation
of the water. The resulting deposits were fairly uniform
and approximately 3 mm in diameter.

The protons and alpha particles were detected with sil-
icon surface-barrier detectors. For most of the experi-
ments, a single detector, 150-pm thick by 50 mm in area,
was used. In addition, separate LANSCE and OWR
measurements were made with a AE-E detector telescope
in order to reduce the background at higher neutron en-
ergies and lower pulse heights. The hE and E detectors
were 10- and 150-pm thick, respectively. Both detectors
had an area of 50rnm .

Measurements were made with two different samples.
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FIG. l. A pulse-height spectrum obtained during the OWR
measurements using a 150-pm-thick detector and the sample
containing 75 ng of Na. The peaks from the Na+ n reac-
tions are labeled according to the outgoing reaction product.

The first OWR data and all of the LANSCE data were
taken with a sample having a specific activity of 544
mCi/mg and containing 350 ng of Na at the start of the
measurements in March, 1987. The combination of this
sample being too thick and the intense pileup from the
decay products of the Na caused the resolution to be
degraded so much that it was not possible to resolve the
various peaks from the Na(n, a)' F reactions from one
another and from the tail of the p& peak. A second,
much thinner sample was made in January of 1988 from
a solution of much higher specific activity (1200 mCi/mg)
and contained about 75 ng of Na. This sample was thin
enough and of low enough activity to allow the alpha
peaks to be almost completely resolved from one another
and was used for later measurements of the thermal cross
sections at the OWR. A typical pulse-height spectrum
from the OWR measurements is shown in Fig. 1. The
thinner sample was obtained too late to allow it to be
used for the LANSCE measurements.

There is the possibility of an uncertainty in the a2, and
to a lesser extent, the a& cross sections, due to a possible
' B contamination in the sample. The a& group from the
' B(n, a, ) Li'(0.48 MeV) (=90% of the thermal cross
section) has almost the same energy as the az group from
the Na(n, a)' F reactions. A limit on the size of a possi-
ble ' B contamination was ascertained by searching for
the ao and Li& groups from the ' B+ n reactions. Be-
cause the Li& group is fairly low in energy, it was neces-
sary to use a relatively thin (e.g. , the 10-pm-thick b,E
detector of the b,E-E detector telescope mentioned above)
detector to reduce the low-energy background during the
search for this group. A benefit of using this detector was
that the background in the region of the Na(n, a)' F
peaks was reduced considerably compared to the results
obtained with the 150-pm thick detector. This helped to
reduce the uncertainty in the measured cross sections for
these groups. A pulse-height spectrum from the mea-
surements taken with the 10-pm thick detector is shown
in Fig. 2. No ' B contamination was observed in these
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FIG. 2. A pulse-height spectrum obtained during the OWR
measurements with a 10-pm-thick detector and the sample con-
taining 75 ng of Na. The peaks from the Na(n, a)' F reac-
tions are labeled according to the outgoing reaction product. In
addition, the two peaks labeled Li and Li, are from the
Li( n, a )t reaction due to a Li impurity in the sample.

measurements. The results obtained with the 10-pm-
thick detector indicate that there are less than 0.002 ' B
nuclei and 0.07 Li nuclei per Na nucleus in our sample.
The ' B and Li contaminations in our sample are a fac-
tor of at least 250 and 3.6 times less, respectively, than in
the sample used in Ref. 2, which had the lowest level of
these contaminants of previous reported measure-
ments. ' It was determined that the maximum amount
the a, group, from a possible ' B contamination, could
contribute to the zNa(n, a2)' F cross section was less
than 4%%uo.

Because the a peaks were not completely resolved from
one another, even for the measurements made with the
thinner sample, they were fit to skewed Gaussian shapes,
including a smooth background, to obtain the yields for
each group separately. The peak shape was determined
by fitting the well-resolved a peak from the Li(n, a)t re-
action recorded in the 10-pm-thick detector. The errors
in the individual ao, a&, and a2 cross sections are dom-
inated by the uncertainty involved in this fitting pro-
cedure, while the sum of the ao-a2 cross sections does
not have this additional error.

The absolute thermal cross sections were measured at
the OWR using gold-foil activation to determine the neu-
tron Aux, a calibrated 'Am source to determine the
detector solid angle, and a calibrated germanium detector
to ascertain the number of Na nuclei in the samples.
The LANSCE data were measured relative to Li(n, a)t
and were converted from yields to cross sections using
the known Li(n, a)t cross sections, ' and the absolute
thermal cross sections for Na we measured at the
OWR. The details of this normalization, as well as the
collimation, the data-acquisition techniques, the neutron
energy resolution, and the small corrections to the data
due to the anisotropy of the Li(n, a)t cross section have
been published elsewhere. '
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III. RESULTS AND COMPARISON
WITH OTHER MEASUREMENTS

The thermal cross sections we measured at the OWR
are compared to previous results in Table I. The errors
in the cross sections we report include both the statistical
errors and estimates of the systematic uncertainties. The
value we measured for the sum of the Na(n, pa), (n, p, ),
(n, a0}, (n, a, ), and (n, a2} thermal crosssections is sub-
stantially less than the total destruction cross section re-
ported in Refs. 18 and 19 but is in good agreement with
the value reported in Ref. 20. Our measurement of the p0
thermal cross section is significantly larger than previous
results. ' All of these direct measurements are about a
factor of 40 larger than this same cross section measured
using the inverse reaction. The value we measured for
the p, thermal cross section is in agreement with the pre-
vious rneasurernent of Ref. 1, but is just outside the error
reported in Ref. 3 for the measurement of this cross sec-
tion in Ref. 2. Our direct measurement of the a0 thermal
cross section is 30 times larger than the value given in
Ref. 5 which was measured using the inverse reaction.
There have been no other published reports of a direct
measurement of the ao cross section. Our results do
agree with the limits given in Refs. 1 and 3. Alternately,
the value we measured for the ratio of the sum of the
aa —az cross section to the (n,p) cross section is larger
than the limit given in Ref. 2.

The results of our LANSCE rneasurernents of the p0
and p& cross sections are shown in Figs. 3 and 4, respec-
tively. Due to the relatively small size of the p0 cross sec-
tion, in order to obtain suScient statistics, the p0 data

were binned much more coarsely in neutron energy than
was necessary for the p &

data. Also, as a result of the rel-
atively small size of the pa cross section, and the rapid
decrease with energy of both the cross section and the
neutron flux from the LANSCE, it was not possible to
measure p0 cross sections above 420 eV.

The only published measurements of the
Na(n, p) Ne or Na(n, a}' F cross sections at other

than thermal energy are the p& results of Ref. 3 to
E„=370eV, and the limit, 0.

&& & 11b at E„=2keV, given
in Ref. 2. Our measurements agree with this limit. Also,
as can be seen in Fig. 4 our measurements are in fair
agreement with those of Ref. 3. Both sets of data show
that the p& cross section is dominated by a single reso-
nance near 170 eV. The dashed curve in Fig. 4 shows the
result of fitting our p, data using the single-level, Breit-
Wigner formula. Assuming J =—', + for this resonance,
we obtain ED ——178 eV, I „=2.7 eV, and I

&

——148 eV.
The dashed curve in Fig. 3 shows the expected contribu-
tion to the p0 cross section from this —', + resonance if it
was responsible for the thermal pa cross section. It is ob-
vious that this resonance contributes very little to the p0
cross section.

In the preceding we have assumed that the J of the p&
resonance is —', +, although it is possible to excite both —,

'+
and —', + levels in Na from s-wave neutron interactions
with 22Na (I"=3+ ). Although equally good fits to the p 1

resonance can be obtained using either J, penetrability
considerations favor a —,'+ assignment over a —,

'+. The
fact that the p& resonance does not contribute much to
the p0 channel indicates that the width of the resonance

Quantity measured

TABLE I. 'Na + n measurements at thermal energy.

Result Reference

Total destruction
Total destruction
Total destruction

op0+ o p f +o aP+ o a] +o a2

(90+10)x 10 b
(35.9+1.2) x 10 b
(28.3+0.6) x 10 b
(28. 1+2.4) x10 b

18
19
20

Present work

op)
O po+Op&

O'p l

(4+2) x 10'b
(30.6+2.6) x 10'b'
(27.6+2.4) x 10 b

1

23
Present work

o pp/o'p t

Op0/Op&
o p0 (reciProcity)

O 0/0

(7.4+0.2) x 10-'
(6+2)x 10-'

5.6b
(8.5+0.5)x 10-'

2
3
5

Present work

0 0/0 pl
0 0/O pl

o.~ (reciprocity)
CT 0/Opl

(1+1.5) x 10-'

1.2b
(1.3+0.3)X10 '

1

3
5

Present work

O l /O'pl

O 2/CTp l

(3.4+0.8) x 10
(4.6+1.2) x 10

Present work
Present work

(o 0+o l+o 2)/(o' 0+o' l )

(a~+&7 l+o. 2)/(O. ,0+o.„)
I(—

500

(9.4+1.4) x 10-' Present work

Statistical error is given in Ref. 2 as +0.6X 10 . Error listed is from quote of Ref. 2 in Ref. 3.
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solid curve in Fig. 3 shows the result of fitting the pQ
cross section to a strict 1/v shape. The solid curve in Fig.
4 shows the result of fitting the p, cross section to the
sum of the —',

+ resonance discussed above and a nonin-

terfering (e.g., —,'+) resonance with a strict 1/v shape.
Both fits agree well with the data. Assuming a single
broad —,

'+ level in Na is responsible for these 1/U contri-
butions to the pQ and p &

cross sections, we obtain
I' 0/I, =1.0. It is not possible to determine much else
about this possible —', + resonance except that it must be
fairly broad and is most probably located belo~ thresh-
old.

FIG. 3. The reduced cross section for the Na(n, po) Ne re-
action vs laboratory neutron energy. The circles are the results
of our LANSCE measurements. The dashed curve shows the
expected cross section if the —,'+, p &

resonance was responsible

for the po thermal cross section. The solid curve shows the re-
sult of fitting the data to a strict 1/v shape.
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FIG. 4. The reduced cross section for the Na(n, p, ) Ne*

(1.27 MeV) reaction vs laboratory neutron energy. The solid
and open circles are the results of our LANSCE measurements
with a single detector and a hE-E detector telescope, respective-
ly. For clarity, only every fifth data point is shown for energies
below 100 eV. The data of Ref. 3 are shown for comparison as
open squares. The dashed curve is the result of fitting our data
to a single ~+ resonance. The solid curve results from fitting
our data to the sum of a —'+ resonance and a noninterfering
(e.g. , —,

'+) resonance having a strict 1/v shape.

is very small in the pQ channel. The ratio of the proton
penetrabilities for the decay from a —,

'+ level in 'Na to
the ground and first-excited states of Ne is
P~o(l =2)/P/, (1 =0)=0.4, while for a —,'+ level the ratio
is P 0(l =4)/P~, ( I =2)=0.04. Because a —,'+ assignment
gives a smaller value for this ratio (and therefore most
probably a smaller ratio of the widths}, it is favored over
a —', +. The above penetrability arguments, together with

the lack of obvious interference effects in the cross sec-
tions, favor a —', + assignment for the resonance responsi-
ble for the pQ cross section. This same —,

'+ level may also
be responsible for much of the p &

cross section at energies
above where the —', + gives a good fit to the p, data. The

IV. STRUCTURE OF Na
NEAR THE NEUTRON THRESHOLD

Our data indicate that at least two levels in Na near
the neutron threshold are needed to explain the

Na(n, pp) and (n,p, } cross sections. The parameters we
obtained from the analysis of our data are compared to
previous work in Table II. The three parameters, EQ, I „,
and I

&
we obtain from fitting our p& data to a —', + reso-

nance are in fair agreement with those obtained in Ref. 3.
From penetrability arguments we have tentatively con-
cluded that a J =—', + assignment is favored for the p,
resonance and that the pQ resonance probably has
J =—,

'+. The results of cluster-model calculations fur-

ther strengthen these J"assignments. The model calcula-
tions indicate that for J = —,

'+ the ratio of the mean par-
tial widths should be I o/I, =0.4, while for J"=—,'+ the
ratio is I 0/I &&1.3&(10 . These numbers are in
agreement with our observations if J =—', + is assumed
for the p& resonance. However, the conclusion drawn in
Ref. 2 that the —', + p, resonance has been observed in
' F(a,p) Ne measurements is not supported by our
measurements, nor by previous Na(n, p) Ne data. '

Because previous measurements of the pQ cross section
had been made at thermal energy only, it was assumed '

that the same resonance is being observed in both the
pQ and p& channels, e.g. , a J =—', + resonance with I pQ« I z~. Hence, when comparing their 22Na(n, p) 2Ne re-
sults' — to ' F(a,p ) Ne data, the authors of Refs. 1 —3
looked for a resonance near the neutron threshold having
I pQ ((I p ] Such a resonance does exist in the data of
Ref. 4 at an energy of E=O+4 keV from the neutron
threshold, having I o/I, &0.03. However, as noted in
Ref. 3 the "strengths" given in Ref. 4 indicate that
r.=rp] while the Na+ n measurements' indicate
that I ((I &. Also, it was calculated in Ref. 1 that the
parameters of this resonance in Ref. 4 lead to a width
greater than the Wigner limit if J =—', + is assumed, but
the width for a J =—,

'+ assumption is below the limit.
Furthermore, the width of the p &

resonance observed by
us and in Ref. 3 is probably too narrow to have been seen
in the ' F(a,p ) Ne measurements. ' It is much more
probable that the —', + resonance we found to dominate the

Na(n, PO) Ne cross section has been observed in the
' F(a,p) Ne measurements. In fact, a resonance has
been observed at E= —6+4 keV below the neutron
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TABLE II. Comparison of resonance parameters determined in the present work to those from oth-
er measurements.

Ep

178 eV

144 eV

&1 keV

(-')+
2

(-')+
2

(-')+
2

(-')+
2

Widths or ratios of widths

I „=2.7 eV, I » ——148 eV

r„/r» «8.5&& 1O-'
1" /I, « 1.3)& 10

1 „=2.8 eV, I
&

——114 eV

r„/r» =6x lo-'
r /r»«1

r„/r» =7.4&& 1O-'

I /I &2X10 '

r.,/r» =(1+1.5) X 1O-'

Reaction

Na(n p)

Na(n, a)

Na(n p)

Na(n, p)

Na(n, p)

Reference

Present work

—11.2 keV
—10.5 keVb

—5 keV

(-')+
2 r„/r» &1.o,

r /r„=o. 15

I /1 =0.2,' I =2.2 keV

r„/r„~ 1.6y 1o-'
I =1.4 keV

I /1, =0.3, ' I &6 keV

"Na(n p)

Na(n, a)
19F( )

' Ne(p, p&y)

' F(a,p)

Present work

'Given as I /I » in Ref. 5.
Given as + 10.5 keV in Ref. 5.

'Calculated from ratio ofpo to pl "strengths, "(2J+ 1)r.rp /r in Ref. 4.

threshold with I' 0/1, =0.3. This same resonance was
also apparently observed in Ref. 5 although the resonance
energy does not agree with that given in Ref. 4 to within
the experimental errors, and there appear to be several
mistakes in Ref. 5 which make it difficult to compare the
results of Ref. 5 with other work.

Both Refs. 4 and 5 report two ' F(a,p) Ne resonances
near the neutron threshold. In both references it appears
that the upper resonance is most strongly observed in the

p& channel, while the lower resonance has a considerable

po strength as well. For these reasons it appears that the
resonance observed in Ref. 4 at E =2354+4 keV corre-
sponds to the one in Ref. 5 at 2347.0+0.5 keV and not
the one in Ref. 5 at 2353.0+0.5 keV. Instead, the reso-
nance in Ref. 5 at 2353.0+0.5 keV probably corresponds
to the 2360+4 keV resonance of Ref. 4. In other words,
there is apparently an offset of about 7 keV in the energy
calibration between the two experiments. The lower res-
onance was also apparently observed in Ref. 5 using the

Ne(p, p&y) Ne reaction, although there appears to be a
mistake in this reference regarding the position of the res-
onance with respect to the neutron threshold. This reso-
nance is listed in Table II of Ref. 5 as being above the
neutron threshold by 10.5 keV while the proton energy
given and the discussion in Ref. 5 indicate that it is in-
stead below threshold by this amount. Also, there ap-
pears to be a mistake in Ref. 5 regarding the ratio of
widths for the E =2347 keV resonance. Although the
authors of Ref. 5 refer to this resonance as a "po reso-
nance" they give a ratio of the alpha width to the width
for protons to the j7rst excited state, I /I, =0.2, for this
resonance. Instead it appears that the ratio should be be-

tween the alpha width and the width for protons to the
ground state, or I,/I o=0.2. If this is indeed the ratio
that the authors of Ref. 5 meant to give, then it appears
that this ' F(a,p) Ne resonance is not only most likely
the same resonance we observed in our po measurements,
but also could explain the ao cross section we measure at
thermal energy. Using the ratio of our measured thermal
cross sections implies, I ~I 0=0.15, in reasonable
agreement with I' /I 0——0.2 from Ref. 5. If this
' F(a,p) Ne resonance is indeed the same one we see in
our po and ao measurements, the results of Refs. 5 and 6
indicate that it is probably too narrow to entirely account
for our p& data above the region where the —',

+ resonance
fits our data. Instead, our higher-energy p &

data probably
show the results of one or more higher-energy resonances
which we were not able to resolve in our measurements.
Hence, the value I ~0/I ~&

——1.0 we obtain for the —', + res-
onance from the fits to our data can probably only be
considered as an upper limit. This upper limit then is in
agreement with the value I o/I, =0.3 obtained in Ref.
4 for their E =2354 keV resonance.

Finally, the ' F(a, n) Na and Ne(p, n) Na data of
Ref. 5 could in principal be converted using detailed bal-
ance and compared to our data. However, the data were
apparently not corrected for a fairly large background
and have not been corrected for the energy dependence of
the detector efficiency which the authors indicate could
cause as much as a 25%%uo correction to the data. For these
reasons, such a comparison is probably not worthwhile.
To conclude this section, in an attempt to clarify the situ-
ation regarding Na levels near the neutron threshold,
we compare our results to previous work in Table II.



2024 P. E. KOEHLER AND H. A. O' BRIEN 38

V. NUCLEOSYNTHESIS OF ~~Na
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FIG. 5. Comparison of the Na(p, p) Ne astrophysical reac-
tion rate calculated from the sum of our p0 plus p& data (solid
curve), to the theoretical rates given in Refs. 13 (dashed curve)
and 14 (dotted curve).

The Na(n, p) Ne reaction may play the dominant
role in the destruction of Na in nucleosynthesis calcula-
tions where the neutron Aux is substantial. ' Hence,
this reaction could have a significant impact on calcula-
tions of the possibility of observing Na with gamma-ray
telescopes. Also, because Ne is calculated to originate
in some environments mainly from the decay of the Na
produced, 2' the Na(n, p) Ne reaction may play a part
in the explanation of the neon-E anomaly.

We have calculated the astrophysical reaction rate
N„(o v ), for the Na(n, p) Ne reactions (pa plus p&) us-
ing our new data. The reaction rate to 0.3 GK was calcu-
lated using the fits to our data (solid curves in Figs. 2 and
3) and is shown in Fig. 5. To obtain the reaction rate at
the highest temperatures shown in Fig. 5, the fits were ex-
trapolated to energies higher than our measurements.
The extrapolation is largest for the p0 data. However, at
all but the highest temperatures the rate is dominated by
the p& channel and, hence, the large extrapolation in the
p0 channel probably has little effect on the total (n,p) re-
action rate. The theoretical reaction rates' ' used in
previous calculations are shown for comparison in Fig. 5.
The theoretical rates range from about a factor of 10 too
small at very low temperatures to about a factor of 5 too
large at the highest temperatures measured. If this
difference between the experimental and theoretical rates
persists to higher temperatures, it may result in a
significant change in the calculated production of Na in
explosive environments. For example, current estimates
predict that approximately 3)& 10 solar masses of Na
is produced in a 25-solar-mass supernova explosion. "'
From this it has been calculated that explosions of galac-
tic supernovae probably would be observable with an or-
biting gamma-ray telescope. '" The reduction in the

Na(n, p) Ne reaction rate indicated by our measure-
ments makes an observation even more probable should
such an event occur. Calculations employing the new,
lower reaction rate which specifically address the produc-
tion of Na are needed to understand quantitatively the

effect of this change in the rate on the likelihood of ob-
serving Na with gamma-ray telescopes.

To be most useful in explosive nucleosynthesis calcula-
tions, the reaction rate is needed for temperatures higher
than we currently can make measurements. This mainly
is due to the fact that the proton storage ring (PSR)
which drives the LANSCE white neutron source has so
far run reliably at only about 24% of its design peak in-
tensity. Perhaps when the PSR reaches design intensity,
measurements can be extended to higher energies. In
theory, the information necessary to extend the reaction
rate to higher temperatures can be obtained by examining
what has been learned about the structure of Na near
the neutron threshold using other reactions. In practice,
very little is known about the structure of Na in this re-
gion. It appears that the most useful information comes
from ' F(a, n) Ne measurements, which reveal a reso-
nance with J=—', at about 40 keV above the neutron
threshold. It is possible that this resonance could con-
tribute significantly to the Na(n, p) Ne reaction rate at
energies above our measurements, but within the range of
interest in explosive nucleosynthesis calculations.

Finally, it should be noted that novae ' may be
significant sources of Na. In novae, the Na(p, y) Mg
reaction, whose rate has not been measured and hence is
fairly uncertain, is thought to be the dominant mecha-
nism for destroying Na, and neutrons do not appear to
play a significant role. '

VI. CONCLUSIONS

Our measurements of the Na(n, p) Ne and
Na(n, a)' F cross sections have revealed previously un-

known information about the structure of Na at ener-
gies near the neutron threshold. In contrast to previous
studies' which assumed that a single resonance dom-
inated both the p0 and p& cross sections, our data reveal
at least two resonances are need to explain both the p0
and the p, data. Although it was conjectured in Ref. 5
that two resonances might be used to explain the avail-
able data, no firm conclusion could be drawn. On the
other hand, our new data conclusively show that the p&
cross section is dominated by a (—,')+ resonance which
contributes very little to the p0 cross section. Instead,
the p0 and also most probably the (n, a0) cross sections
are dominated by a ( —,

' )+ resonance. We have shown that
this latter resonance most probably corresponds to a
level in Na below the neutron threshold that has
been observed in ' F(a,p) Ne (Refs. 4 and 5) and

Ne(p, p & y ) Ne measurements.
We have calculated the Na(n, p) 2Ne astrophysical

reaction rate using our new data and have shown that the
theoretical rates' ' which have been used in previous
nucleosynthesis calculations are approximately an order
of magnitude different from the experimental one at most
energies measured. This difference could have a
significant impact on the calculated production of Na
and hence upon the likelihood of observing the Na pro-
duced in a supernova explosion. This change in the reac-
tion rate may also aid in the explanation of the neon-E
anomaly in meteorites.
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