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Cross sections and reaction rates for Na(p, n) Mg, Al(p, n) 7Si, Al(n, n) P,
Si(n, n) S; and Si(n, n) S

D. S. Flynn, K. K. Sekharan, B. A. Hiller, H. Lamer, J. L Weil, and F. Gsbbird
University of Kentucky, Lexington, Kentucky 40506

(Received 15 March 1978). -

The total' neutron production cross sections for the 'Na(p, n) 'Mg, ' AI(p, n) 'Si, 'Al(a, n) P,' Si(a, n)' S, and ' Si(a, ri)"S reactions have been measured for bombarding energies-from threshold to' 6.3
MeV. The neutron detector was a 60-cm diameter sphere of polyethylene with eight ' SF3 counters and was,
insensitive to the, angle and energy of the emitted neutrons. Cross sections for inverse reactions have. been
obtained using the principle of detailed balance. The data have been .used to determine parameters for
statistical model calculations to facilitate. extrapolation of cross sections to higher. bombarding energies.
These reactions are relevant to problems of nucleosynthesis and stellar evolution aqd, to studies of radiation
damage. Nucleosynthesis reaction rates, Nz(crv), were determined for the reactions studied and are
tabulated for temperatures ranging from 0.4 g 10 to 10.0 X 10 K.

HEACTIONS 3Ãa Al(p, n), E = 5.0 —6.5 Mev' Al, : Si, 3 Si(o. ,n),
E~=2.8 —6.8 MeV; measured g (E). 7Si(n,po), E„:=0-0.55 MeV; Op(n. ,-eo), E„-:
=0.4 —0.9 MeV;: S, 38(n, a), E„=0-2.3 MeV; deduced. g. (E) frorrI. measured
g (E) and detailed balance. , Mg(n, p), E„=0 —3 MeV; calculated g (E). Deduced

nucleosynthesis reaction rates.

I. INTRODUCTION

I

Synthesis of heavy nuclei from light ones. (nucle-
osynthesis) in the interior of the stars is believed
to be the origin of the heavier nuclei. Owing to
the high temperatures (10' K for hydrostatic heli-
um burning to 10"K for explosive oxygen and
silicon burning') a series of nuclear reactions
occurs, causing the formation of heavier nuclei
from the lighter ones. In order to make quantita-
tive predictions from a model of nucleosynthesis,
many parameters such as temperature, elemental
compos itiori, and nuclear reaction cross sections
must be determined. Since many of these cross
sections can be measured di.rectly with the facili-
ties available at the University of Kentucky, . we
have begun a systematic study to measure total
(P, n)!and (&,n) cross sections and then determine
the corresponding nucleosynthesis reaction rates.
Woosley et a/. ' have calculated the reaction cross
sections for neutrons, protons, and e particles
incident on targets in the range of A = 20 to A = 70,
using an optical model of the nucleus and statisti-
cal reaction theory. An objective of the present
work is to compare experimental cross sec-
t:ions and their inverse cross sections with these
calculated cross sections.

The cross sections for "Nag, rt)"Mg,
"Al(rr, rt)"P "Al(P n)"Si, "Si(rs n)"S and
"Si(n, n)ssS have been measured from threshold
to about 6 MeV and will be presented and. discussed
in Sec. III. The experimental apparatus, target-
thickness-measuring techniques, and measure-

ment uncertainties are discussed in Sec. II. In-
verse cross sections are presented and discussed
in Sec.. IV. The-measured cross sections were
fitted with statistical model calculations which arg
described in Sec. V. Finally, nucleosynthesis
reaction rates are presented and compared to
those of other authors in Sec. VI.

II. EXPERIMENTAL METHODS

/he determination of a neutron production cross
section requires a knowledge of the number of in-
cident particles, the thickness of the target, and
the number of outgoing neutrons. The targets
were bombarded with a charged particle beam
from a 6'-MV Van de Graaff accelerator. The in-
cident beam was stopped in a Faraday cup (with
arrangements for electron suppression whenever
necessary), and the number of charged particles
was measured with a precision current integrator.
The targets employed for the cross section mea-
surements were evaporated onto high purity alu-
minum or carbon backings (500 or 10 p, g/cms,
respectively), and the target thicknesses were
obtained by charged particle back scattering as
described below. Neutron backgrounds were de-
termined by bombarding blank aluminum and car-
bon backings. Other pertinent information about
each target is given in the next section. The neu-
trons were detected with a sphere counter' con-
sisting of eight" BF, counters embedded radially
in a polyethylene sphere of 60-cm diameter. - The
efficiericy of this detector is constant within +3%
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for neutron energies ranging from 30 keV to 2

MeV and is equal to 0.55 w (0.01V)%.
The target thicknesses mere measured by scat-

tering a particles from the targets at low. incident
n-particle energies (1 to 3 MeV). A charged-par-
ticle scattering chamber' with accurate beam
collimation and several silicon surface-barrier
detectors was used. to measure the yield of scat-
tered n particles. Precisj. on collimators mounted
in front of each detector defined the solid angle
subtended by each detector to an accuracy of 1%.
Conventional electronics amplified, analyzed, and
counted the detector pulses. The angle and energy
dependence of the elastic scattering cross sections
were observed to follow the Rutherford formula.
It was assumed that, at these low energies, the
yield was due entirely to Rutherford scattering;
based on this assumption the target thicknesses
were cal.culated from the scattered yields.

The precision in the target thickness measure-
ments using the e-scattering technique was
checked for several targets. Thicknesses were
measured at several, energies, positions, and an-
gles. The standard error in the measurements of
these targets was ~6$. On the basis of these mea-
surements, the standard error of all of the target

'

90

80—

thicknesses was estimated to be 6$.
The charge collection for both scattering and

neutron measurements was done using a current
integrator calibrated to an accuracy of & 1%. In
the case of the neutron yield measurement with
the sphere counter, the insulation for the Faraday
cup was about 30 cm upstream with respect to the
target position making the target chamber also
part of the Faraday cup. The. target thickness de-
termination by o.'-particle scattering involved an
experimental set up in which the Faraday cup was
downstream with respect to'the target position. In
the latter case it was necessary to account for the
stripping of the second electron from the helium
ion when it passed through the target. For exam-
ple, at 2.5 MeV the e-particle beam was estima-
ted to consist of 96% He and 4/p He' after pass-
ing through the target. '

The error in the cross sections is thought to
arise mainly from the uncertainty in the target
thickness measurement. Other sources of errors
come from uncertainties in the current integration,
in the neutron yield due to counting statistics, in
the efficiency of the neutron detector, and in the
background neutron yield.

The error in the current integration is less than
1% and the statistical error in the neutron yield
measurement was generally less than 2% (for
cross sections less than a few millibarns the sta-
tistical uricertainties are larger). The efficiency-
of the neutron detector is known to 3%. The un-
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FIG. 1. 23Na(p, n)23Mg cross sections. a and, ~, re-
sults from NaOH-on-an-aluminum backing and NaOh-
on-a-carbonbacking, respectively. 0 and+, results of
Ref. .6 and Ref. 7, respectively. The solid curve repre-
sents the results of our statistical model calculation
[the calculated cross sections of Ref. 2 (not shown) are-' 30% higher],

Ep (MeV}

FIG. 2. Al(p, g) Si cross sections. &, results of
Hef. 8. The solid curve represents the results of our
statistical model calculation (within the accuracy of
this drawing, the calculated cross sections of Ref. 2
are identical to our calculated cross sections).
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III. EXPERIMENTAL RESULTS

A. 23Na(p, n)23Mg
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e a(P, N) threshold to 5.8 MeV in ste s of 10
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ness of this target by elastic scattering since n
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FIG. 4. Sj(e,n) S cross sections. The solid curve represents the results of our statistical model calculation, and
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the dashed curve represents the calculated cross sections of Ref. 2.

could not be distinguished from those scattered
from the sodium. Therefore the "Na(P, n) cross
section was normalized with a NaOH target on a
carbon backing whose sodium thickness was mea-
sured by a scattering. The sodium thicknesses
were approximately 20 pg/cm' in both targets

Figure 1 shows the cross sections obtained with
the NaGH-on-carbon target and with the NaOH-on-
aluminum target. This excitation function has
been measured before by other methods. " For
comparison, the results of Refs; 6 and 7 are al.so
shown in Fig. 1. Our--cross sections are in agree-
ment with those of Ref. 7. Resonance structure
in the "Nag, n) reaction (&50 keV wide) was not
significantly distorted by our experimental resolu-
tion of--5 keV. -

g, &?'~(pl gg)&73/ IN)d 2&p$ (N g) 30p

Three targets of thickness 27, 30, and 442
pg/cm' were used in these measurements. The
thin targets were made by evaporating 99.9% pure
"Al powder onto carbon backings, and the thick
target was a self-supporting foil which was 99. i%
pure "Al. The thickness of the 442-p, g/cm' target
wa's obtained by weighing the foil and measuring
its area, One of the thinner' targets was-used in:
the 27A1(P, n) experiment, but the "Al(a, n) yields .

were measured- with both thick and thin targets.
Using the thick target enabled a more accurate
measurement of the small cross sections near
the "Al(e; n) threshold.

Results of the "Al(p, n) measurements are shown
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FIG. 5. 308i(n, n)338 cross sections. +, results of
Ref. 15. The solid curve represents the results of our
statistical model calculation. The dashed curve repre-
sents the cross. . sections obtained by averaging the mea-
sured cross section over a 250 keV interval. The dotted
line represents the cross sections calculated by Ref. 2.

in Fig. 2. The "Ai(P, n) excitation function has
previously been measured by an activation tech-
nique. a For comparison, these results are also
shown in Fig. 2. .This reaction was measured'
in our laboratory for the purpose of testing the
spherical neutron detector. %hen these data were
reported, ' it was pointed out that the "Aig, n)
cross sections measured with the spherical detec-
tor were I to 25% higher than those of Ref. 8 and

further measurements mere planned to check this
discrepancy. One reason that we remeasured
this reaction mas to further investigate this dis-
crepancy in hopes of gaining more confidence in

the accuracy of the spherical detector. The pre-
sent results are in agreement with our previ. ous
results, even though the experiments mere differ-
ent in several respects. Target thicknesses mere
determined by meighing in the original mork and

by elastic scattering in the latter, and the target
fabrication and data analysis were done indepen-
dently in the two experiments. The efficiency of
the spherical detector has recently been rechecked
by counting photoneutrons from the radium-beryl-
lium source NBS-II. '

Resuits of the "Ai(o.', n) measurements are shown
in Fig. 3. Values of the cross sections obtained
with the thick target agree wel. l mith those ob-
tained with the thin target. An excitation function
for this reaction has also been obtained by Howard
gS n4. ' using a thick target. Fox' comparison to

I I 1 I I I I I

0.5 0.6 0.7 0-8

E„(Mev)

FIG. 6. ~Hi (n,po)2~Al and P(n, o.o)2~Al cross sec-
tions obtained from the measured 27Al(p, n)278i and
YA1(n, n) OP cross sections by detailed balance. The

smooth curve represents the results of our statistical
model calculation.

the present mork, the results of Ref. 10 are al.so
shown in Fig. 3.

C. 29Si(0., n)32S and 30Si(0(, n)33S

Neutron yields from enriched ' Si and ' Si targets
were measured for the incident &-particle-energy
range from near threshold to 6.8 MeV for 2'Si an.d 6.25
MeV for ' Si, and the resulting cross sections are
shown in Figs. 4 and 5, respectively. The targets
were enriched to 95.28 and 95.55%, respectively.
The abundance of "Si in the target materials was
about 4%. Other contaminants were less than 0.4%
of the samples. The presence of ' Si did not inter-
fere with the neutron yield measurement as the
Q value for "Si(a,n)"S is -8.144 MeV. The tar-
gets were prepared by heating a mixture of Sio,
and tantulum powder by electron bombardment
and evaporating the Si onto a carbon backing.

Targets of about 9 p.g/cm' of silicon on 10-
pg/cm' carbon backings were used with one ex-
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FIG. 7. 328(n, n) Si cross sections obtained from the measured 29Si(n, n)328 cross sections by detailed balance. , re-
sults of Bef. &8. The solid curve represents the results of our statistical model calculation. The dashed curve repre-
sents the calculated cross sections of Bef.2.
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FIG. 8. 3 S(n, &) ~Si cross sections obtained from the measured 3 Si(e, m) 38 cross sections by detailed balance. o,
results of Bef. 19. The smooth curve represents the results of our statistical model calculation.
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FIG. 9. Mg(g, p) 3Na cross sections calculated with

optical model parameters which were obtained by fitting
the me asul e(i ' Na(p ~ 8 ) Mg cross sections.

"C(o!,n) resonances"'"; the amount of the
"C(o.', n) background subtracted from the Si(o. , n)
data was adjusted to remove these large peaks. '

Gibbons and Macklin" and Balakrishnan et al'-
have measured parts of the ' Si(o.', n) excitation
function. The "Si(o.', n) cross sections obtained
in the present experiment are about twice as j.arge
as those obtained by Gibbons and Macklin. The
cross sections publ. ished by Balakrishnan et al.
appear to be contaminated by a "C(n, n) "0back-
ground [the wide structure they observe below
3.5 MeV can be identified as resonances in
"C(&,n) "Oj. The results of the present experi-
ment agree with those of Balakrishnan et al. -at
3.85 MeV where the "C(o., n) cross section is very
small. McCamis et al-."have measured angular
distributions for "Si(e,n)3'S with time of flight
techniques. They then integrated the differential;
cross section to determine the total 30Si(&,n) cross
section. A portion of their results is al.so shown
for comparison in Fig. 5.

IV. INVERSE CROSS SECTIONS

ception. Since the "Si(n, n) threshold is relatively
low in energy, there is a wide range of energies
in which the cross section is very small. . In order
to more accurately measure this part of the exci-
tation function, a thick (113 p, g/cm') target was
fabricated by depositing ' Bi onto a "¹idisk. The
"Si(o.', n) excitation function was measured with
this thick target from 2.75 to 3.46 MeV and with
a thin target above 3.46 MeV. The "Si(n,n) cross
section was obtained entirely with a thin target.

Background neutrons from the carbon foils were
a problem in these two experiments. The
"C(o.', n) "0 excitation function was measured with

blank carbon foiis. The raw Si(n, m) data were
then' corrected by subtracting a background which
varied as the measured "C(o., n) excitation func-
tion. At the lower energies, peaks in the raw
Si(o. , n) data could easily be identified as the large

The principle of detailed balance' was used to
compute the cross sections for the (n, P) and (n, &)
reacti. ons which are inverse to the measured (P, n)
and (u, n) cross sections. It is always possible
to calculate the inverse partial cross section,
(n., p, ) or (n, o.',), on the energy interval below the
threshold for the first excited state of the residual
(target for the inverse reaction) nucleus. The
first excited states of the residual. nuclei for the
reactions reported here are at 0.45, 0.78, 0.68,
2, 23, and 0.84 for "Mg, "Si, ' P, "S, and ' S,
respectively. " Since there is considerable struc-
ture in aH but the "Nag, n)"Mg reaction, the
(n, PO) and (n, o.o) cross sections have been deter-
mined using detailed balance for the other four
reactions in the interest of providing good resolu-
tion cross sections for these reactions. The re-
sults of these computations are shown in Figs,
6-8.

TABLE I. Optical model parameters.

Projectile V (MeV)

Real potential

hV/E
' R (fm) a (fm) V (MeV)

Imaginary potential

hW/E RD (fm) aD (fm)

Spin orbit

V (Mev)

Neutron
Proton
e particle

42.4
50.0
80.4

-0.267
' -0.330
-0.267

1.25
1.25
1.48

0.65
0.65
0.59

9.52
7.5

10.0

-0.053
0.000

-0.053

1.25
1.25
1.48

0.66
0.7
0.3

6.0
5.5
0.0

'R and a were equal to R and a, respectively. Except for Na, where Vo = 53.8 MeV-. .
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It is generally not possible to compute the in-
verse total cross section from the measured for-
ward total cross section using detailed balance.
In cases where the forward reaction is not too en-
dothermic and excited states play a very minor
role in either direction, the computed inverse
partial t;ross section connecting ground states is
a reasonably accurate estimate of the inverse
toIgl cross section. For example, the
"S(n, a)"Si and "8(n, n)' Si total cross sections
can be obtained quite accurately up to neutron
energies of 2.23 and 0.84 MeV, respectively, be-
cause the partial (n, n) cross sections to excited
states of "Si and "Si are. negligible compared to
the (n, n, ) cross section. Part of the "S(n, u)"Si
excitation function has been measured directly
by Hurliman et al."and is shown in Fig. 'l along
with the present results. The 338(s, a)'0Si excitation
function has been measured directly by Aucham-
paugh et al."and is shown in Fig. 8 for compari-
son with present results.

In cases where the reaction is highly endother-
mic such as 23Na(p, z)23Mg, many excited states
are populated by the inverse reaction, and detailed
balance is of little help in determining the inverse
total cross section. One way to obtain the total
(n, p) cross section in such a case is through a
calculation using the statistical model with the
optical model parameters derived by fitting the
forward cross section. One must be wary of using
this method because the forward cross section
does not measure the transmission coefficients
for the excited states of the target. However,
lacking a better alternative, this method was used
to obtain the cross section shown in Fig. 9 for
23M g(n, p)23Na.

V. CROSS SECTION CALCULATIONS

Cross sections have been calculated for each
reaction studied using the statistical model 2' The
results of these calculations are represented by
the smooth solid curves shown in Figs. 1-9. Some
details of the calculation are given in the next
paragraph. Starting values of optical model para-
meters (Table l) were taken from Ref. 21, and
then adjusted to fit the average of the measured
cross sections. Once determined, the parameter s
were fixed for all of the computations (with the
one exception footnoted in Table l). The fact that
one set of "reasonable" parameters gave fits to
all of the measured cross sections is interesting
in its own right. However, the primary reason
for our calculations was to enable us to more ac-
curately extrapolate the cross sections to higher.
energies and, in the cases of "Si(a,s) and

TABLE II. Reaction rates for ~ Na(p, n) ~3Mg and 3Mg-

(n, p)»Na (Ref. 26).

TeIDp.
(10 K) Exp. '

~3Na (p n) ~3Mg

Exp. + Calc. Ref. 24 Ref. 2 C
n

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.5
3.0
3.5
4.0
45
5.0
6.0
7.0
8.Q
9,0

10.0

1.14
2.06
3.06
2.10
4.99
1.26
6.68
9.96
1.22
3.38
1.41
1.98
1.41
0.634
2.11
1.23
0.419
1.02
2.01
0.340

1.14
2.06
3.06
2.10
4.99
1.26
6.69
9.98
1.31
3.92
1.78
2.75
2.14
1.06
3.82
2.59
1.01
2.76
6.02
1.11

1.38

3.23

2 76 -53
4.14 -41

-33
3.44 -27

-23
—19

9.55 —17
13.00 -09
1.56 -04
4.47 -02
1.97 00

2.26

3.93
2.62
1.01
2.75

1.09

01
02
03
03
04
05
05
05
06

~3Mg (n, p) ~3Na

Temp.
(109 K) Calc. Ref. 7 Ref. 25 Ref. 2 C

n

0.4
Q.S

0.6
0.7
Q.8

. 0.9
1.0
1.5
2.0
2.5
3.0
3.5
4Q
4.5
5.0
6.0
7.0
8.0
9.0

10.0

3.93
4.07
4.20
4.32
4 44
4.55
4.67
5.17
5.61
5.99
6.33
6.64
6.91
7.16
7.40
7.81
8.19
8.52
8.83
9.11

3.46

4.24

4.71
5.74
6.56
7.22
7.74

8.49

8.97

1.06

1.78
2.66
3.50
4.27
4.96

6.11

7.01

S.17

5.30

5.40
5.65
S.89
6.11
6.32

6.68

6.96

08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08
08

' Reaction rates obtained from experimental cross sections.
"Reaction rates obtained from experimental plus calculated

cross sections.
'Obtain reaction rates in (cm /mole)/sec by multiplying by

10 .
Reaction rates obtained from calculated cross sections.

'These rates are not actually listed in Ref. 2 but were calcu-
lated for us by S. E. Woosley.
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TABLE III. Reaction rates for ~A1(p, n)~7si, ~~A1(e,n) DP, - Si(z,n) 3 S, 3~-S(n, n) 9Si, 3osi(n, n} S, and 3 S(n, g) DSi (Ref. 26).

Temp.
(10' K.) Exp. Exp. + Calc.b Ref. 2 n

Temp.
(10' K) Exp. Exp. + Calc.b Ref. 2

Cn,

~7A1(p, n) ~7si ~9si (n, n) 3~S

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.S
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.5
3.0
3,5
4.0
4.5
5.0
6.5
7.0
8.0
9.0

10.0

3.33
4.75
1,31
7.32
8.41
7.24
1.02
2.68
1,29
0.794
5.51
1.11
1.02
0.568
2.20
1.62
0.652
1.80
0.390
0.711

3.05
1.S4
4.82
8.29
2.34
1.98
7.16
4,60
1.46
5.15
S.93
3.52
1.37
3.95
0.926
3.30
0.807
1.55
2.55
0.374

3.33
4.75
1.31
7.32
8.43
7.27
1.03
2.83
1.48
1.01
7.90
1.79
1.86
1.16
4.99
4.51
2.17
7.07
1.77
3.66

~ Al(n, n) P

3.05
1.54
4.82
8.29
2.34
1.98
7.16
4.60
1.46
5.20
6.12
3.80
1.58
4,96
1,28
5.71
1.76
4.26
8.66
1.55

»Si(n n)»S

14.2
15.5
3.52

17.0
17.5
13.9
1.84
4.28
2.09
1.37

10.3
2.29
2.34
1.43
6.06
5.31
2.49
7.88
1.92
3.87

7.69
3.66

1P.7
17.2
4.49
3.47

11.5-
5.08
1.35.
4.60
S.46
3.49
1.49
4.82
1.27
5.81
1.81
4.38
8.90
1.$9

-63
-49
-39
-33
-28
-24
-20
—ll
-06
-03
-02

00
01
0$
02
03
04
04
05
05

-29
-22
—18
—15
—12
—10
-09
-04
-Ol

00
01
02
03
03
04
04
O5

05
05
06

4.0
45
5.0
6.0
7.0
8.0
9.0

10.0

0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.5
3.0
3.5
40
45
5.0
6.0
7.0
8.0
9.0

10.0

0.4
0.7
1.0
1.5
2.0
2.5
3.0
40
5.0
6.0
8,0

10.0

4.26
1.20
2.79
1.02
2.64
5.39
0.936
1.45

0.027
0;163
0.067
0.208
0.702
4.98
1.83
4.59
0.90
1.48
2.16
2.91
4.43
0.58
0.70
0.79
0,85

8.83
' 5.49

1.64
1.04
8.63
5.07
7.90
2.56
2.10
8.47
4.70
1.26

4.33
1.22
2.89
1.12
3.06
6.75
1.28
2.15

~~ S (n, g) ~ssj,

3.83
4.15
6.86
9.18
1.25
3.71
1.16
5.95
2.06
S.28
1.10
1.96
3.17
4.72
8,84
1.41
2.04
2.71
3,40

3 Sf'(0, n) 3S

8.83
5.49
1.64
1.04
8.63
5,07
7.94
2.64
2.28
9.79
6.87
2.32

S (n, n) Si

4.29
1.25
3.04
1.22
3 44
7.71
1.47
2,48

03
'04

.04
05
05
05
06
06

1 6.3
18.8
22.5
27.5
3.43
4.37
1.70
6.4 f

1.99
' 5.00

1.05
1.93
3.19
4.88
9.59
1.61
2.41
3.34
4.37

2

2
2
3
3
4
4
5
5

6

6
6
6
7

7

7.15
2.63
2.47

11.6
8.68
3.07

01
03
04
04
0$
06

4.65 -37
2 89 -18
0.974 —10
0.733 -04
6.77 -02
4 29 00

0.8
0.9
1.0
1.5
2.0
2.5
3.0
3.5

0.607
0.760
1.06
2.46
2.25
1.18

3.05
4.96
5.02
1.26
1.25
2.64
2.32
1.20

10.2
14.8
13.4
1.87
1.36
2.55
2.20
1.15

-08
-07
-06
-02

00
01
02
03

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5

6.90
6.90
6.76
6.55
6,32
6;08
5.87
5.15

6.90
6.90
6.76
6,55
6.32
6.08
5.87
5.18

3.18
3.13
3.10
3.09
3.09
3.09
3, 11
3.27

07

07
07
07
07
07
07
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TABLE III. (Continued)

Temp.
(10 K) Exp. Exp. + Calc.b Ref. 2

Temp,
(10' K) Exp.' Exp. + Calc.b Ref. 2 C

2.0
: 2'.5
3.0

- 3.5
-4.0
45

4.80
. 4.60
4.42
4.23
4.05
3.86

3S (n, 0'.) Si

4.95
-5.00
5.16
5.40

' 5.70
6.02

3.55
3.90

. 4.30
4.74

. 5.22
5.72

07
07
07
07
07
07

5.0
6.0
7.0
8.0
9.0

10.0

3.66
3.30
2.97
2.69
2.43
2.21

S(n, n) 3 Si

6.34
7.04
7.75
8.47
9.15
9.81

6.23
7.26
8.29
9.29

10.2
11.1

07
07
07
07
07
07

'. Reaction rates obtained from experimental cross sections.
b. Reaction rates obtained from experimental plus calculated cross sections.

'Obtain reaction rates in (cm.'/mole)/sec by multiplying by 10".
.l'

"S(n, a), to lower energies. As will be discussed
in the next section, at some temperatures the
measured cross sections do not extend far enough
to yield accurate reaction rates.

The cross sections were calculated in a conven-
tional manner with the statistical-model code
A'LTE. Cross sections for photon decay of the
compound nucleus were assumed to be negligible
compared to cross sections for particle decay.
Transmission functions in the particle (neutron,
proton, and a) channels were evaluated with the
optical-model potential defined in Ref. 21. A de-
rivative Woods-Saxon form was adopted for the
imaginary part of the potential. Values of the pa-
rameters used in the present calculations are
listed in Table I (see Ref. 21 for definitions of the
parameters). Bound state properties used in the
statistical-model calculations are from Endt and
van der Leun. "

obtained]. The columns labeled "Exp." are reac-
tion rates. obtained from the experimental cross
sections only, i.e., o(E) is assumed zero at ener-
gies where the cross sections were not determined
experimentally. The columns labeled "Exp. and
Calc." are reaction rates obtained from the experi-
mental cross sections extended with calculated
cross sections. Also listed in Tables 0 and III are
reaction rates published by other authors. "'4'5
The reaction rates listed in Table II for Ref. 24
were computed from the formula presented in Ref.
24. Since. the formula in Ref. 24 enabled us to cal-
culate only the stellar reaction rate, we converted
to a laboratory reaction rate by multiplying by the
ratio of the laboratory to stellar reaction rate ob-
tained from the calculated reaction rates of Ref. 2.

VII. CONCLUSION

VI. REACTION RATES

Reaction rates were determined by numerically
integrating the expression"

(oo) = [(—')FM(kT)'] '~' Eo(E) exp(-E/kT)y'E,
0

where o(E) is the total cross section for the reac-
tion whose rate is being calculated, 8 is the cen-
ter-of-mass kinetic energy, T is the temperature,
M is the reduced mass, and 4 is Boltzmann's con-
stant. Tables II and III list the reaction rates
for all of'the measured reactions and their inver-'
ses [ except for "Si(n, p, )27Al and soP(n, a,)"Al
where not enough of the excitation functions were

The results are in reasonably good agreement
with the calculated reaction rates of Woosley
et g/. ' Woosley's low-temperature reaction rates
are systematically high by a factor of 2 or more;
however, agreement at higher temperatures
(&10' K) is better, and the largest difference is
about 30%%uq. An exception is the reaction rate for
"Si(a,n)" S for which the rate obtained from our
measurements is higher than Woosley's calculated
value by a factor of about 2 at low temperature.
The "Si(a,n)"S cross section below 4.4 MeV is
small and subject to background subtraction er-
rors. Further investigations at bombarding ener-
gies near threshold is suggested with speci@1 atten-
tion to assure that carbon deposit on target materi-

. als is kept at a minimum. The ' C buildup is a
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particularly severe problem for n. induced reac-
tions.
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