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Abstract 

Low-energy cross section data for 86 charged-particle induced reactions involving light (1 ~< 
Z ~< 14), mostly stable, nuclei are compiled. The corresponding Maxwellian-averaged thermonu- 
clear reaction rates of relevance in astrophysical plasmas at temperatures in the range from 106 
K to 101° K are calculated. These evaluations assume either that the target nuclei are in their 
ground state, or that the target states are thermally populated following a Maxwell-Boltzmann 
distribution, except in some cases involving isomeric states. 

Adopted values complemented with lower and upper limits of the rates are presented in tabular 
form. Analytical approximations to the adopted rates, as well as to the inverse/direct rate ratios, 
are provided. (~) 1999 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Since the fifties, astrophysics has advanced at a remarkable pace, and has achieved an 

impressive record of success. One of the factors contributing to these rapid developments 

is without any doubt a series of spectacular breakthroughs in Nuclear Astrophysics, 
which embodies the special interplay between nuclear physics and astrophysics. 

The close relationship between these two major scientific disciplines comes about 
because of the clear demonstration that the structure, evolution and composition of a 
large variety of cosmic objects, including the Solar System, bear strong imprints of the 

properties of atomic nuclei, as well as of their interactions. In such conditions, careful 
and dedicated experimental and theoretical studies of a large variety of nuclear processes 

are indispensable tools for the modeling of ultra-macroscopic systems such as stars. 

Thanks to the impressive skill and painstaking efforts of nuclear physicists involved 

in astrophysics, remarkable progress has been made over the years in order to evaluate 

reaction cross sections at energies that are as close as possible to those of astrophysical 

relevance. This is a highly challenging task indeed: for charged particle reactions, the 
energies of interest are much lower than the Coulomb barrier height, and the cross sec- 

tions to be determined are among the smallest ones ever measured in the laboratory. The 
experimental problems nuclear physics has to face through astrophysics are even more 
severe as the properties and cross sections of a large variety of exotic (neutron-deficient 

or neutron-rich) nuclei are needed in some astrophysical modelings. The radioactive ion 
beam facilities in operation in some countries have already made some interesting data 

available. In a near future, many such facilities now under development all over the 

world will bring a wealth of new data of astrophysical interest. 
In spite of much experimental effort and achievement, it is evident that nuclear 

models have to bring a substantial share to the evaluation of nuclear reaction rates in 

astrophysical plasmas. Theory has indeed (i) to provide as reliable extrapolations of 
experimental data as possible to low-energy regions of astrophysical relevance where 
this information is generally lacking, (ii) to extract purely nuclear effects from low- 

energy experimental data that may be "polluted" by atomic (screening) effects, or 
(iii) to provide reaction rates on excited nuclear states that are thermally populated in 
astrophysical conditions, or on nuclei away from the valley of nuclear stability. These 
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situations are not amenable to experiments at the present time, and will remain so for a 

long time to come. 

Because of its very success and growth, in particular through the impressive achieve- 
ments in experimental and theoretical nuclear physics mentioned above, nuclear astro- 
physics faces in fact a new and difficult challenge. The rapidly growing wealth of nuclear 

data becomes less and less easily accessible to the astrophysics community. Mastering 
this volume of information and making it available in an accurate and usable form for 

incorporation into stellar evolution or nucleosynthesis models become urgent goals of 
prime necessity. The establishment of the required level in the privileged communi- 

cation between nuclear physicists and astrophysicists makes necessary the build-up of 
well documented and evaluated sets of experimental data or theoretical predictions of 

astrophysical relevance. 

This has been the driving motivation for the setting-up in 1993 of a network of 
nuclear physics and astrophysics laboratories from Belgium, France, Germany, Greece, 
Italy, Portugal and the United Kingdom under the Human Capital and Mobility (HCM) 

Programme of the European Commission, this consortium being coordinated by the 
Institut d'Astronomie et d'Astrophysique of the Universit6 Libre de Bruxelles. The aim 

of this collaborative effort is to provide a detailed evaluation and compilation of the 
rates for an ensemble of charged particle induced nuclear reactions on stable targets up 
to Silicon. Also included are several reactions on the unstable nuclei 7Be, 13N, 22Na 

and 26A1 of special astrophysical significance. This work is meant to supersede the 

only compilation of such reactions for astrophysical purposes issued by W.A. Fowler 
and collaborators [FO67,FO75,HA83,CA85,CA88] (recent works give recommended 

values for the cross section of solar fusion reactions only [CA97,AD98]). The main 
innovative features with respect to this compilation that have been of constant concern 
during our work may be summarized as follows: 
(1) detailed references are provided to the sources of the basic data (cross sections, 

resonance energies, spins, parities . . . .  ) that are necessary in order to calculate the 

rates; 
(2) the way these data have been evaluated is documented to a substantial extent; 

(3) uncertainties have been analyzed in detail in order to provide realistic lower and 
upper bounds to the adopted rates; 

(4) the evaluated/compiled rates are provided in tabular form. This format is consid- 

ered to be especially well suited to modern computer use (as in the opacity tables 
[RO92] ). However, analytical formulae approximating the rates might be wanted 

by some users, and have also been established. 
Section 2 describes the formalism that has been adopted in order to derive the astro- 

physical rates of the charged particle induced reactions and of their reverse. In addition 
to the general formulae used for the calculation of the Maxwellian-averaged reaction 
rates, it contains a description of the data treatment, as well as the selected analyti- 
cal expressions approximating the reaction rates. Section 3 explains the format adopted 
for the presentation of the results. Table 1 displays all the compiled reactions. Short 
write-ups are provided in Table 2 for the 86 reactions that have been analyzed. An- 
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alytical approximations of the reaction rates and the partition functions are given in 

Tables 3 and 4, respectively. More details are available electronically on the web site 
http://pntpm.ulb.ac.be/nacre.htm. 

2. Genera l  f o r m a l i s m  

2.1. Calculation of Maxwellian-averaged reaction rates NA (O'V) 

Here, as well as in Sections 2.2-2.4, all equations apply to target nuclei in their 

ground state. Questions related to the thermal excitation of the targets are considered 
explicitly in Sections 2.5 and 2.6. We refer to Appendix A for the meaning of symbols 

and for the units used implicitly in some of the following formulae. 

2.1.1. General definitions 
For two-body reactions, the Maxwellian-averaged reaction rates NA (o'v} are computed 

from [ FO67 ] 

OO 

(8/rr)  1/2 f 
NA(crc) = NAtzi/2(kBT)3/2 o'E exp( -E/kBT)dE, ( l ) 

o 

where NA is the Avogadro number,/z the reduced mass of the system, kB the Boltzmann 
constant, T the temperature, o- the cross section, v the relative velocity, and E the 

energy in the center-of-mass system. The only three-body reactions considered in this 
compilation are 4He(an,y)gBe and 4He(aa ,  y)12C. The formulae to be applied in these 

cases are explained in the corresponding comments of Table 2. 
When Na(o-v) is expressed in cm 3 mol - I  s - I ,  the energies E and kaT in MeV, and 

the cross section o- in barn, Eq. (1) leads to 

OO 

3.7313 × 101°A - J/2T93/2 / o-Eexp( - 11.605E/T9) dE, (2) NA 

0 

where A is the reduced mass in amu, and 7"9 is the temperature in units of 109 K. The 

calculation of the rates is performed between T9 = 0.001 and 10. 
For charged-particle induced reactions, the cross section can be expressed as [FO67] 

1 
or(E) = S( E) exp(-2r r r / )  ~ ,  (3) 

where S(E), defined by this equation, is referred to as the astrophysical S-factor. The 
quantity 

(A) 2 ZIZze2  - 0.1575ZIZ2 (4) 
r / -  hv 

is the Sommerfeld parameter, Zi and Z2 being the charge numbers of the interacting 
nuclei, and h the reduced Planck constant. 
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2.1.2. Numerical integration of the rates 
Except for narrow resonances, the S-factor is a smooth function of energy, which 

is convenient for extrapolating measured cross sections down to astrophysical energies. 
When S(E) is assumed to be a constant, the integrand in Eq. (1) is peaked at the "most 
effective energy" [FO67] 

2/3 (~e2Z~Z2kBT) 2/3 
E o = ( 2  ) =O.1220(Z2Z2A) 1/37"2/3 "9 MeV (5) 

and can be approximated by a Gaussian function centred at Eo, with full width a! 1/e 
of the maximum given by 

AE0 = 4(E0kBT/3)1/2 = 0.2368(Z~Z~A)1/6T5/6 MeV. (6) 

With these approximations, the integral in Eq. (1) can be calculated analytically 
[FO67]. However, in the present compilation we do not rely on such approximations 
and perform numerically the integration of Eq. ( 1 ) for the non-resonant contribution to 

the rate, NA(fiU)NR, as well as for the contribution of the broad resonances, NA(~rV)BR. 
In those cases it is found that a good accuracy is reached by limiting the numerical 

integration for a given temperature to the energy domain (E0 - nAEo, Eo ÷ nAEo), with 
n = 2 o r 3 .  

The main difficulty in evaluating the rates at the low temperatures in the range 

0.001 ~< T9 ~< 10 is related to the necessity of extrapolating the S-factors down to very 
low energies, where cross sections are not available. General procedures are described in 
Section 2.2, that allow the rates to be calculated down to 7"9 = 0.001. Their application 
to specific reactions is commented in Table 2. Similarly, for many of the reactions 

considered in this compilation, NA(O-V) cannot be evaluated for temperatures as high as 
7"9 = 10 because of the lack of reliable cross section data at sufficiently high energies. In 
those case, we use theoretical estimates for NA(O'/9) to complement the experimentally 

based rates up to T9 = l0 according to the procedure described in Section 2.5. 

2.1.3. Treatment of narrow resonances 
In the case of a narrow resonance, the resonant cross section O'r(E) is generally 

approximated by a Breit-Wigner expression [FO67,RO88] 

/ ' i (E)  /-'f (E) 
f ir(E) = - -  (7) 

K 2~° (E  - Er) 2 + I ' (E)2/4  ' 

where K is the wave number , / ' i (E)  a n d / ' f ( E )  are the entrance and exit channel partial 
widths, respectively, F(E)  is the total width, and oJ is the statistical factor given by 

(2J  + 1) 
oJ = (1 + 622) (211 + I)(212 + 1) ' (8) 

where 12, 12 and J are the spins of the interacting nuclei and of the resonance. The 
Kronecker symbol 622 takes into account that the interacting nuclei can be identical. 
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The energy dependence of the particle widths / ' i (E)  and Ff(E)  is given by [LA58] 

_ Pg(E, a) 
Fi,f(E) = 2y~fPe(E a) = l i , f ~ ,  (9) 

where P; is the penetration factor associated with the relative angular momentum g 

and with the channel radius, taken as a = 1.4(AI/3 + A12/3) fro, Fi,f are the partial 

widths at the resonance energy E,., and y~,f are the reduced widths. In absence of data, 
')/i2,f _ - -  0.01Y2w are adopted as a first approximation, where ?,2 = 3h2/2txae is the Wigner 

limit. 

For radiative capture reactions, the energy dependence of the gamma width F z,(E) is 
given by 

F~,( E) = F~, \ Er - Ef J ' (10) 

where F~ is the gamma width at the resonance energy Er, A is the multipolarity of 
the electromagnetic transition, and Ef is the energy of the final state in the compound 

nucleus. 
When the Breit-Wigner cross section (7) is inserted in Eq. (1),  the integrand exhibits 

maxima at Er and at E0. The contribution of the former peak corresponds to the usual 

resonant term NA(O'V)r, while the contribution of the latter represents the so-called "tail 
contribution" NA(O't))tail. We approximate those two contributions by functions which 
can be integrated analytically to obtain the resonant rate as a sum of two terms: 

NA (O'U)R ---- NA (OrU)r + NA (O'U)tail 

= NA hZ~oyT -3/2 exp(-E1./knT) 

+NA ( 2 ) '/2 ( k~ )T~----~3/jS( Eo) exp(-Co/T'/3), (11) 

where o) 3, is given by 

Fi Ff 
my= ~OF( Er ~ ,  (12) 

and S(Eo) is the S-factor calculated at energy E0 from Eqs. (3) and (7), and 

Co = 3 (zr2/x/2kB) 1/3 (eZZj Z2/it)2/3 (13) 

When NA(O'b')R is expressed in cm3mol- l s -J ,  Er and my in MeV, and S(Eo) in MeV 
barn, Eq. ( 11 ) reads 

NA(o'v)R = 1.5394 X lOJlA-3/2(wY)T93/2exp(-11.605Er/T9) 

+7.8318 x 109(Zj Z2/A)~/3S(Eo)T92/3 exp(-4.2486(Z21ZZa/Tg)1/3). 

(14) 

The relative importance of these two terms depends on Er and E0, and hence on 
temperature. When E0 ~> Er, the tail contribution turns out to be negligible. 
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The above procedure is repeated for each narrow resonance, and their contributions 

to the total rate are simply added. Exceptions are made in some cases. For example, 

for the (ce,n) reactions, the resonance data are abundant enough to allow a numerical 
integration of Eq. (1) in the whole energy range of interest and to avoid any of the 

approximations described above. 

Eq. (14) is also valid for the calculation of the subthreshold state contribution 

NA(o'v)sR. In such cases, ]"i = 0 (~O3/ = 0 ) ,  and only the second term of Eq. (14) 
remains. 

2.2. Data treatment 

2.2.1. Resonances 
When several and different data on a given resonance are published, the adopted 

energies Er and strengths wy are obtained using the method of weighted average. The 

central value, K, and the internal and external errors, eint and eext, are calculated for a 

set Nexp of data points from OV69 

g -  ~ i  WiKi Wi = ( A K i )  - 2 ,  
~ i  wi ' 

1 ~ i W i ( K i _ K )  2 I/2 
eint "= Wi , eext = 1 ~ / / W ~  ( 1 5 )  

Here, Wi are the weighting factors, taken as AK,: -2, where AKi is the standard deviation 

of the data Ki. The final error is taken as max(eint, eext). 

2.2.2. Non-resonant data 
Non-resonant data points (from either one or several publications) are first expressed 

in terms of S-factor data points, S(Ek) • A S(ED,  where Ek is the energy corresponding 
to the kth point. In general, these S-factor data are approximated by a polynomial of 
degree N, leading to 

N 

S(E) ~-- Z SiEi. (16) 
i=0 

The coefficients Si of this polynomial are obtained from a X2-fit, where the individual 

data points are weighted by the errors, as explained in Section 2.2.1. This fit is expected 
to be the "best" fit to different data sets, where the lower and upper limits for the 
S(E)-curve are obtained using X2-procedures (i.e. taking into account the A S~ errors). 
The degree N can be chosen so as to improve the quality of the fit (typical values are 
N -- 2 or 3). From the S-factor (16), the reaction rates (including lower and upper 
limits) are calculated by numerical integration of Eq. (1) using Eq. (3). 

This procedure is the standard starting point. It is easily reproducible and avoids any 
subjective renormalization of the different experimental data sets. However, due to the 
large number of different cases, this standard procedure may have to be slightly modified 
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in specific situations (for example, renormalization might be necessary in some cases). 

Sometimes, a smooth spline fit to all data between the data points is adopted. These 

features are specified in the comments of each reaction (Table 2). 

For the extrapolation of the data points to zero energy, laboratory cross sections have 
to be corrected for electron screening (see, for example, AS87) before including them 
in the calculations of the rates. This effect becomes significant typically for E/Ue <~ 100, 
where Ue is the so-called screening potential, and was first observed in the 3He(d,p)4He 

reaction below 15 keV [EN88]. On the other hand, in stellar conditions, the nuclei 
are surrounded by a dense electron gas that reduces the Coulomb repulsion and makes 
penetration of the Coulomb barrier easier. The cross sections are therefore enhanced in 

comparison with the cross sections between bare nuclei. This stellar screening effect 

can be evaluated by applying, for example, the Debye-Hi.ickel theory [CL83]. The 

link between stellar and laboratory conditions therefore requires the bare-nucleus cross 

sections. The enhancement factor due to electron screening is taken as [AS87,SC89] 

o-~(E) 
-- ~ exp(~TUe/E)  for Ue << E, (17) 
o-(E) 

where ~r~(E) and o-(E) are the cross sections for the screened nuclei and for the 
bare nuclei, respectively. The electron screening potential Ue is determined from (17) 

with o-(E) extrapolated down to zero energy. A first approximation is given by Ue = 
9 ZjZ2e-/Ra, where Ra ~ ao/Zh is the atomic radius of the innermost electrons of the 

heaviest of the interacting atoms 1 and 2, whose charged number is denoted Zh, a0 

being the Bohr radius. 
At the present time, the Coulomb breakup method, although promising, has not been 

demonstrated to be a fully reliable tool. Although available measurements of this type 

will be quoted, they will not be taken into account in the rate evaluation. On the other 
hand, when experimental data do not allow the calculation of reliable reaction rates in a 
certain temperature range, the data are complemented with theoretical information (see, 

for example, Section 2.3). 

2.2.3. Treatment of endoergic reactions 
Extrapolations to low energies of endoergic reactions between charged particles are 

difficult as experimental data exist only at energies far above the threshold, and the 

existing data at the lowest energies do not allow a clear picture of the behavior of 
the S-factor. This is the case for three of the reactions compiled in the present work: 
J4N(p,a) l lC, 2°Ne(p,a)lVF and 24Mg(p,a)21Na. 

The procedure for the calculation of the rates involves the S-factor of the reverse 
reactions S,.ev, which smoothly depends on energy. The S-factor Srev is approximated 
by an analytical function and extrapolated afterwards. The approximation can be a 
polynomial fit of the kind Srev = ~No'..~iEla. This is the case of the 14N(p,ce) l lC 
reaction. For the 2°Ne(p,ce)17F and 24Mg(p,cr)21Na reactions, an exponential function 
Srev = al exp(-a2E,~) gives a better fit. The coefficients $i, at and a2 are obtained from 
a X2-fit. The energy E,~ is the center of mass energy in the channel oL+llC, cr+lVF, and 
or+ 2t Na, respectively. 
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By means of the principle of time reversal [BL52], that relates the cross section 

o-12__.34 for the reaction 1 + 2 --+ 3 + 4 to the cross section o'34--,12 of the reverse 
3 + 4 ~ 1 + 2 transformation (see also Section 2.7), the S-factor curves and the 
reaction rates for the direct reactions are calculated. Details are given in the comments 
of the corresponding reactions. 

2.3. Potential model 

At low energies, the non-resonant (also called direct capture) contribution can be 
significant. For some of the reactions studied here at astrophysical energies, it is even 
the dominant process. When data required to evaluate the non-resonant part are not 
available, a model calculation is performed. The radiative cross section 

o-( E) = ~-~ o'j.r,a(E ) (18) 
J.r,A 

is summed over final states Jf  and electric multipoles EA. For the direct radiative capture 
to a state with spin Jy, the cross section for the dominant electric EA transition is given 

by 

o-j¢,a(E) = 8"n'cru~ Z1 ÷ Z2 C2Sj¢ 

X-" (Kz ')2a+1 (A+ 1 ) (2A+ 1) 
x 

J,t,e,Z'~ [ (2A+  1 ) ! ! ]  2 a 

( 2 ' i + l ) ( 2 g . f + l ) ( 2 J f + l )  ( ~  A ' / )  2 

× ( 2 1 1 + 1 ) ( 2 / 2 + 1 )  0 0 

x(2Ji  + 1) gf Jf A qbi(r)raqbf(r) dr , (19) 

where t¢ r is the photon wave number, gi and gf are the initial and final orbital angular 
momenta, I is the channel spin, 

Ji P~i l 
( g f  A ~ ) and { ~f Jy 0 A 

are the 3j and 6j symbols, and ~bi and qSf are the initial and final wave functions, 
solutions of the radial Schr6dinger equation 

-~--~ ~rr2 r2 + VJe*(r) d~(r) = E4)(r),  (20) 

where the potential VJel(r) is adjusted so as to reproduce the energies of the final 
bound states. It has been shown in BA85 that adjusting the potential to the final bound 
state gives a good estimate. This equation is solved numerically. In Eq. (19), C2Sjr is 
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the spectroscopic factor of the final state, assumed to be C2Sjz = 1 for the reactions 
considered here. The initial scattering wave function is normalized asymptotically as 

~b i --4 COS 6 Ji['il Fgi (Kr) + sin ¢~Ji~il Ge, (xr) ,  (21 ) 
r ~ o 0  

where Fl and Gg are the regular and irregular Coulomb wave functions, and 8Je~ is the 
phase shift. The channel spin I is equal to the total spin of the final state. The orbital 
momentum of the initial state is chosen as the smallest value compatible with the orbital 
momentum gf of the bound state and the multipolarity A. 

2.4. Analytical approximation of reaction rates 

The major goal of the present compilation is to provide numerical reaction rates 
in tabular form. This approach differs from the one promoted in previous compilations 
(CA88 and references therein), and is expected to lead to more accurate rates. However, 
for completeness, we also provide analytical approximations to the numerical adopted 
rates. For this purpose, the total rate is expressed as 

NA (o-v) = NA (O'V)NR+tail ÷ NA (O'V)r + NA(O'U)MR + NA(O'V)SR + NA (O'V)BR, 

where the various contributions are discussed in Sections 2.4.1-2.4.5 below. 

(22) 

2.4.1. Non-resonant and tail contribution to the rates 
The non-resonant rate, NA(O'V)NR (Section 2.1.2), and the tail contribution to the 

rate, NA(O'U)tail (second term in the r.h.s, of Eq. (14)) ,  are approximated by the same 
formula, and are lumped in a single contribution NA (O'U)NR+tail. For an exoergic reaction, 
with Q-value Q, it takes the form 

NA(O'U)NR+tai l  = CI T? 2/3 exp(-Co T9 -U3) (1 + 
Nrale 

i=i J '  

(23) 

The coefficients CI and ci are fitted to the rate contributions calculated as described 
in Sections 2.1.2 and 2.1.3, and Co = 4.2486(Z2Z2A) U3 (from Eq. (13)) .  The degree 
Nrate of the polynomial in Eq. (23) is chosen in order to obtain fits accurate to a 
few percent, and typically better than 10-15%. Eq. (23) is found to provide a better 
approximation than the T 1/3 expansion adopted in previous compilations (Eq. (50) in 
FO67). 

For endoergic reactions, NA(O'U)NR+tail is parametrized as [BA69a] 

NA (O'V)NR t-tail = C1 T9 2/3 e x p ( - C  o T 9-1/3 __ O0/7~) 

x 1 + ci [Q < 0], (24) 
i=1 
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where 

Do = I a l / k u  = 11.6051Q1, (25) 

Q being expressed in MeV and C1 and ci are adjustable parameters. The coefficient C o 
is computed from Eq. (13) with the nuclear charges and masses corresponding to the 
exit channel. 

2.4.2. Isolated and narrow resonance rates 

The contribution of isolated and narrow resonances is given by the first term of 

Eq. (14), 

N A { O'U)r = D1T9 3/2 exp( -D2/T9) ,  

with 

and 

(26) 

( 2 ~ -  "~3/2 h2(wy ) = 1.5394 × 1011A-3/2o~y 
Ol : NA \t~kB/] (27) 

D: = Er/kB = 11.605Er. (28) 

The analytical approximations include the isolated and narrow resonances with the 
most significant contribution. 

2.4.3. Multiresonant rates 

For high densities of resonances (energy spacings of the order of the resonance 
widths, or even overlapping resonances), it is found that a continuum background 
is superimposed on some sharp resonances. While these narrow resonances can be 

accounted for by Eqs. (26 ) - (28 ) ,  it is advisable to represent the continuum by one 
multiresonance (MR) term of the form 

NA(O't3)MR = D3T$ 4 exp ( -Ds /T9) .  (29) 

The parameters D3, D4 and D5 are obtained from a fit to the numerical values of the 
rates. 

2.4.4. Subthreshold states 

When a subthreshold state is present, its contribution NA(O'O)SR to the rate is obtained 
through a modification of Eq. (23) which reads 

NA(O'V)SR = C1T92/3S(Eo) e x p ( - C o T 9  '/3) 1 + ~"~ciT~} , (30 )  
i=1 ,] 

where Cl and ci are adjustable parameters. Using Eqs. (3) and (7),  the S-factor is 
found to depend on energy as 

1 
S ( E )  = Sr (31) 

(E  - Er) 2 + / " 2 / 4 '  
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where S,- = S(Er) .  Taking into account that Er < 0 and that F is very small, the energy 
dependence of  the S-factor can be approximated by l I E  2. With this result, Eq. (30) is 

rewritten as 

NA (O'U)SR = C1 T9 2 exp( - C o  T f ' / 3 )  (1 

\ 

where C~ and ci are adjustable parameters. 

Nralc . 

i=1 , ]  

(32) 

2.4.5. Broad low energy resonances 
When a broad low energy resonance ( F  > Er) is present, the S-factor is not well 

approximated by a polynomial. In contrast to the case of subthreshold states, the denom- 

inator of  Eq. (31) cannot be approximated by E 2. The contribution to the total reaction 

rate of  a broad low energy resonance can be written as 

NA (O'U)BR = CI T9 2/3 exp( -COT9 V~ ) 1 ( 
[E0(T9) - Er] 2 + rz/4 \1 

Nrate . +Zc,T j, 
i = l  / /  

(33) 

where Cn and ci are adjustable parameters. 

2.5. Hauser-Feshbach rates 

When cross section data do not allow the calculation of  NA(OU) up to T9 = 10, 
we use theoretical predictions obtained with the Hauser-Feshbach model in a range 

Tg,max <~ T9 ~ 10, where T9,max is defined as follows. Let us denote Emax as the highest 

center-of-mass energy for which a cross section measurement is available. A reliable 

calculation of  NA(O'U) on the basis of the available measurements can be done at a 

given temperature if the contribution of  the integrand of  Eq. (2) for E > Emax can be 

neglected at that temperature. This requirement is examined for each considered reaction, 
and is found to be satisfied if one takes Eo+nAEo = Emax with n = 1 to 3, depending on 

the reaction. From this condition, Tg,max is deduced with the help of  Eqs. (5) and (6).  

Note that, in a few instances (specified in the comments of Table 2), it is considered 

that the mere use of  a constant S-factor up to the energy Eo + nAEo corresponding to 

T9 = 10 is sufficient, not leading to a significant loss of  accuracy, so that the use of  
Hauser-Feshbach rates is not necessary. 

In short, the Hauser-Feshbach (HF) calculations proceed as tbllows. Let us consider 
the reaction l '~ + 2 --~ 3 t~ + 4, where ot and/3  represent bound states in target nucleus 

1 and residual nucleus 3 with excitation energies e~ and e f  and with spins I~' and I~, 

respectively (the ground states of  l and 3 correspond to ot = 0 and/3 = 0). We consider 
reactions where particles 2 and 4, with spins 12 and 14, are neutrons, protons, of-particles 

or photons and have no bound excited states. The HF theory assumes that the reaction 
proceeds through the formation of  a compound nucleus and that the cross section is 
given by 
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7rh2 / 2 # E  '~ T~( J1r)T~( J ~r) 

°"~¢~(E'~) = ( 2 1 [ ' + 1 ) ( 2 1 2 + 1 )  J.,r ) T-~ot()--~ 'W~, (34) 

where 1 '~ and 2 interact with center-of-mass energy E '~ = E - e ~ .  The quantities T'~(J~) 
and T~(J  '~) are the transmission functions for forming the state j r  in the compound 

nucleus from l '~ + 2 and 38 + 4, respectively. The statistical model assumes that such a 

state exists for each orbital angular momentum of the relative motion between 1 and 2 

at the corresponding excitation energy of the compound nucleus. Each T is a summation 

over all possible orbital and channel spins. The total transmission function Ttot(J") is 

the sum of all the transmission functions for the decay of the compound state J'~ into 

any possible (bound or unbound) state energetically accessible from 1 '~ + 2 interacting 

with energy E '~, while W,~ is the width fluctuation correction factor. 

The total cross section o-,~ (E '~) for the reaction I '~ + 2 --~ 3 + 4 to all bound states 

of the residual nucleus is obtained by summing over/3 both sides of Eq. (34), and the 

laboratory measurements provide the cross section o-0(E) on the target ground state. 
When the residual nucleus has an isomeric state, it may be of interest to distinguish 

the reaction leading to that state from the reaction producing the residual nucleus in its 

ground state. Such a distinction cannot be made in our HF calculations. The particular 

treatment of the reactions 25Mg(p, y)26Alg'm is described in the comments of Table 2. 

We briefly describe here the nuclear physics ingredients used in our HF calculations. 
The y-transmission functions include the dominant E1 and M1 transitions only. The 

transmission functions for neutrons and protons are calculated using optical potentials 

derived by JE77, while the phenomenological Woods-Saxon potential of MA78a is 

used for the calculation of a-particle transmission functions. We refer to TH86 for 

further references and details concerning the calculation of transmission functions. The 

summation over nuclear excited states which appears in Eq. (34) transforms into an 

integral over a nuclear level density as soon as the channel energy exceeds the energy 

of the last excited level for which energy, spin and parity are known experimentally. 
The experimental nuclear levels are taken from the Nuclear Data Sheets up to 1995, and 

a level density formula based on the back-shifted Fermi gas formalism with empirical 

shell corrections [TH86] is adopted. The nuclear masses are from AU97. The use of 

a statistical reaction theory may seem inappropriate in the case of very light nuclei. 
However, we observe that, for the 27 reactions requiring HF calculations, the rates 

derived from experiments differ from the theoretical ones at T9 = T9,max by less than a 

factor 7, except in 2 cases, where they differ by factors 14 and 34. 

In order to keep a reasonable balance between the reliability of our experimentally 

based rates and the relatively good quality of the HF predictions (being expected to be 
better at higher than at lower temperatures), we adopt the following procedure in the 

Tg,max < T9 ~ 10 range. Let us denote (o-v)~,, (o'v)h and (~rv)l the recommended rates 
and their estimated upper and lower limits, where the indices a, h and 1 stand for adopt, 
high and low as in Table 2 (see Section 3). Upper indices "max" and "10" refer to the 

values of those quantities at T9 = T9,max and at T9 = 10, respectively. A typical situation 
is shown in Fig. 1 for the case where the calculated HF rate is larger than the adopted 
one at Tg,ma× (Fig. 1, upper panel). 
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In such a case, 

(1) (o-u}t is assumed to vary like the HF rate (o-v}Hv. Having to be continuous at 

Tg,max, it is simply given by 

= (35) 

(2) we consider that the upper limit of  the rate at T9 = 10 is given by (o-,)~ °.  To 
connect (o-u)/'~ lax to (o-v)), ° we multiply (o-u)uF according to 

( 1 0 - T 9  (o'u)/max + Z9-Z9,max~ (36) 
(O'U)h : (O'U>HF l()-~Tg~max <o-u)~ ~ 10 Tg,rna--"~ / ' 

where the multiplicative factor varies linearly with T9 and has the correct values 

at T9,max and 10; 
(3) (o-v)u is obtained by requiring that the ratio of the errors made on (o-v) remains 

constant in the T9,ma x < T9 ~ 10 range, 

(o-~:),,- (o'v)a _ (o'v)/~ ~a×- (o'v)a max (37) 

Similar prescriptions are used for the determination of  (o-v),,, (o'v)h and (o-v)t when 
(o-u)~ x < (o-v) max, the treatment of  (o-v), and (o'v),, being interchanged in this case. 

1000 
.... 4 

-~-- . . . .  I0 
< ~ > H F  

100 <ow >m,x,~,... . . . .  

) I l l L I X  
< o ,  h 

. ~ .  10 <°v>~ '"~ 
F >;,,.x 

c~ 1 , i l i i , i l i l i l i i l l 

1000 

> 
100 

V 

10 

I I I I l I I I I I I I I I I I I 

1 2 3 4 5 6 7 8 9 10 

T 'I' T9 9,max 

Fig. 1. Construction of the adopted rate and of its upper and lower limits in the range T9,ma x < T 9 ~ 10. Upper 
panel: the evaluated rates (o't,)a, (o'v)t and (o-v)h for T9 ~< 7"9 . . . .  and the HF estimate for T9.max < T9 ~< 10; 
lower panel: (¢rt~),, ((r,,)l and ((rU)h calculated up to T9 = 10 by the procedure outlined in the text. 
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2.6. Effect of the thermal excitation of target nuclei 

17 

In a stellar plasma, the excited levels of a target nucleus are thermally populated, and 
thus contribute to the reaction mechanism. As a result, the stellar rates may differ from 
those obtained when the target nuclei are in their ground state. This correction cannot 

be predicted on grounds of experimental data, except in very specific situations (see e.g. 

[BA69b] ). These are considered in [CA88] (Table 2) through appropriate corrections 
in their analytical expressions, whenever those authors consider it to be important. In 
the other instances, they evaluate the thermalization effects with the use of the so-called 

"equal strength approximation". In this rough approach, the rate on a thermalized target 
is just identical to the ground state rate (see [FO75], p. 90, for a thorough discussion 

of the [CA88] procedure). Here, we evaluate this effect in the framework of the HF 

model by calculating the population of the target excited states under the assumption 

that the stellar plasma is in local thermodynamic equilibrium (LTE). In this case the 
relative population of the various states is simply Maxwellian. The ratio of the HF rates 

on a thermalized target to the HF rates for a target in its ground state is then given by 

1 ~ ( 2 J ~ + l )  ( ~ T )  (o',V)HF (38) 
Gl (T)  (2J  ° + 1) exp - (O'0V}HF' 

r t  t - _ _  

where 

Gi(T) - - -  1 ~-~(2J~ + 1) exp ( -  e ~  
2 ~  +1 ~ \ kT,I (39) 

is the temperature-dependent normalized partition function for nucleus i. The tempera- 
ture dependent partition functions (39) are given in Table 4 in the form of analytical 

expressions in T9 for all concerned target and residual nuclei. 
The use of the HF theory to calculate r,r is justified by the previous discussion on 

the validity of HF for describing the ground state rate (o-0v) since the reaction from 
a target excited level shifts the energy of the compound nucleus by the energy of that 
level, so that the number of available compound nucleus levels is increased. On the other 
hand, in all cases considered, the temperature dependence of the rates is very smooth 
at temperatures where thermal effects are expected to be important. As a result, very 
large variations of (o-,~v) due to the presence of isolated resonances, which would be 

overlooked by using a statistical description of the involved nuclear spectra, are very 
improbable. Although one cannot exclude that the use of the HF model can accidentally 
introduce errors in r , ,  we consider that most of the uncertainty is removed by expressing 
r ,  as a ratio of two HF estimates. 

For each reaction, the values of N A ( O - V ) g  s given in the tables (see Section 311 have 
to be multiplied by rtt in order to obtain the "thermalized" rates NA(Crv)tt which are 
of direct astrophysical relevance. The same correction applies to the low, adopted and 

high rates. For nuclei with Z > 5, and when rtt differs from unity by more than 3% at 
one temperature at least of the considered range (rtt can be either > 1 or < 1), rtt is 
approximated by analytical formulae which are given in Table 3. In the other cases, we 
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just adopt NA(O'/V)t t = N A ( O ' @ g  s. The errors made by using the formulae of Table 3 are 
in general negligible, and can reach 5% only for large corrections (in excess of 50%). 

Note that if the target nucleus has an isomeric state, its population relative to the 

others states is not always Maxwellian in the considered temperature range, and the 
above prescription has to be modified. We refer to the comments of Table 2 for the 
particular case of the reaction 26Al(p, y)27Si. 

The thermalization corrections are most pronounced when low lying excited states 

of the target nuclei can be strongly populated in the considered temperature range, and 

when the probability of an outgoing channel is strongly dependent on momentum-parity 
selection rules. This is particularly true for endoergic reactions which have particle chan- 
nels as final states (see e.g. [AR72] ). The corrections exceed 50% at some temperatures 

in the considered temperature range for l l reactions: 7 of those are endoergic (p,n), 

(p ,a)  or (a ,n)  reactions, for which the corrections reach a factor 2 or more. Note 
that several large corrections are obtained for temperatures smaller than T9 = 10, which 

shows the role played by the momentum-parity selection rules on the thermalization 

effect. 

2.7. Reverse reaction rates 

The principle of time-reversal invariance [BL52] relates the cross section o'12-~34 for 

the reaction I + 2 --~ 3 ÷ 4 to the cross section o-34___,12 of the reverse 3 + 4 -+ I + 2 
transformation. On these grounds, and provided that the rates for the direct and for the 
inverse reactions are thermalized, their ratio is given by 

O'U) 34---* 12 _ 

O'll) 12---*34 (213+1)(214+1)(1+6,z) k,G---~4J ~A---~4) exp 

(40) 

where Q is the Q-value for reaction l + 2 --, 3 + 4 and Gi a re  the temperature-dependent 
partition functions for nuclei i = 1 to 4, defined by Eq. (39). Note than Gi(T) --= 1 for 
nucleons and for nuclei which have no bound excited states. 

The summation on the excited states /~ of the nucleus i is performed as in the case 
of Eq. (34) (see Section 2.5). When "particle" 4 is a photon, the photodisintegration 
rate (in s -1 ) for the reaction 3 + y --~ I + 2 is written as 

h3~'2=(213+1)(1+612) \ G3 J \-~--3 J \2~rNahZJ 

( Q )  (41) ×(o-v}12-~3~, exp - k ~  

x NA (o-v} 12-,3~ exp (--11.605 Q/Tg). (42) 
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A few of the compiled reactions involve three particles in the outgoing channel. 

Although the expression of NA (cry) for the direct reaction 1 + 2 ~ 3 + 4 + 5 is still 
given by Eq. ( 1 ), the reverse/direct rate ratio is given by 

(O'U) 345--~ 12 _ 

O'U) 12---*345 

(211 + 1)(212 + 1) n345[ 

(213 + 1)(214 + 1)(215 + 1)(1 + 612) 

G, G2 ~ { A1A2 )3/2 f27rNAh2. ] 
X 

\c 76s/ \ ) ' \ A.-~-n-A5 exp ( - ~ )  (43) 

where n345 is the number of identical particles among 3, 4 and 5. 
In Table 3 we give the reverse ratio for each reaction ("Rev. ratio") without the 

partition functions Gi(T). The complete reverse ratio is obtained by using the partition 
functions of Table 4. The special cases of the two 3-body reactions are treated in 
comments of Table 2. 

3. Presentation of  results 

The compilation is concerned only with reaction rates that are large enough for the 
target lifetime to be shorter than the age of the Universe, taken to be equal to 15x 109 
y. Assuming a density of 10 4 g cm -3, reactions rates with values 

NA(O'U) ~ 10 -25 c m 3 m o l - l s  -1 

can be considered as negligible in practically all astrophysical conditions. If NA(O'U) 
is always larger than 10 -25 cm 3 mol -n s -1, the lowest temperature T9 is taken as 

0.001, as in previous compilations. Larger densities can be met in various astrophysical 
phenomena, but only on a much shorter time scale. 

Table 1 lists the compiled reactions. Reaction rates are given in Table 2. For each 
reaction, some comments concerning the adopted experimental data are given, along 
with the way the calculation of the rates has been performed. If necessary, a table of 
narrow resonances is given. It contains the energies Er and strengths wy of an ensemble 
of relatively low energy resonances of relevance. For each of them, the source references 
are provided. In a variety of cases, more resonances than the explicitly tabulated ones are 
included in the rate calculation. Their taking into account is reminded in the resonance 
table, and the corresponding list of original references is given in the comments. A 
weighted average of the available resonance strengths is adopted for the calculation 
of the rates, except otherwise stated. For resonances where only an upper limit of the 
strength is reported, the adopted value is obtained by multiplying the upper limit by 0.1. 
The "error" on the adopted value corresponds to applying a factor 0 and 1 to obtain 
the lower and upper limits, respectively. The last column of the table shows whether 
the resonance has been treated as an isolated term (I), or included in a multiresonance 
term (M) in the analytical approximation. If its contribution is negligible (N), it is not 
included in the analytical approximation. 
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Figures of the S-factor versus energy are also given, where applicable. They show 

all published data sets, even those that are not adopted for the calculation of the rates. 
A temperature scale is also given. It is obtained by inverting Eq. (5), which gives the 
"most effective energy" E0 as a function of temperatures. The solid curves correspond 

either to the adopted S-factor in the whole energy range covered by experiments, or 

to an extrapolation to lower energies. In the first case, the adopted curve is, in most 
cases, a polynomial fit. However, in some reactions, the adopted rate is calculated 

using the energy dependence given by theoretical calculations. Details about the adopted 
procedure are found in the comments. If only an extrapolation curve is shown, the rates 

are calculated using a spline curve though the experimental data and extrapolated to 
zero energy by the displayed curve. The Q-value is also shown for endoergic reactions. 

The calculation of the reaction rates is performed as explained in Section 2. The results 

are presented in a tabular way in Table 2 as a function of Tg. The temperature steps 

are the same as in CA88. The columns labeled low, adopt, high display the lower limit, 

adopted value, and upper limit of  NA(o-v)gs. The column labeled exp is the exponent n 
of the factor 10" that should multiply the three previous columns. Our adopted NA/OU)tt 

rates can be calculated as the product of the entries of column adopt by the values of rtt, 
an analytical approximation of which is given in Table 3. The column ratio displays the 

ratios between these adopted NA(OVt))tt and the intermediate rates proposed by CA88. 
This ratio may thus be affected by the respective predictions of both the ground state 
rate and the thermalized rate. Cases where our rtt HF predictions differ from the CA88 
equal strength approximation (rtt = l )  by more than 10% are duly identified in the 

specific comments to the rates. 
Analytical approximations for the adopted reaction rates NA{O'V)gs and NA(O'U)t t are 

given in Table 3, along with an analytical approximation of the factor (Rev. ratio) 

by which NA(O'V)tt has to be multiplied in order to derive the reverse rate on the 
corresponding thermalized nucleus. 
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Appendix A. Notations 

21 

Throughout this work, we use the following symbols and conventions. When symbols 
of physical quantities must be replaced by numerical values, the units given in brackets 

are used implicitly (unless otherwise stated) throughout this paper. 

T 2 = 

F ,  F( E) = 

Fi (E) ,  F f ( E ) =  

= 

K = 

Ky 
,~ = 

# = 

or, o r ( E )  = 

(7  r 

4'i, ~.r = 

c o y  = 

Cl 0 

Ai  = 

A = 

C 

e 

E = 

E~, = 

Ei , f  = 

e r 

Eo = 

E x 

AEo = 

F~, G t  = 

li  = 

l i  = 

1 = 

J = 

J f  = 

kB = 
g = 

£i,  g r  = 

N A  = 

fine structure constant 
reduced resonance width 
total width in the center-of-mass system (MeV) 

partial widths of the entrance and exit channels 
in the center-of-mass system (MeV) 

Kronecker symbol 
Sommerfeld parameter 

particle wave number 

photon wave number 
order of the electric multipole moment 

reduced mass 
cross section (barn) 

resonant cross section (barn) 
initial and final radial wave functions 

resonance strength in the center-of-mass system (MeV) 
first Bohr radius 

mass of nucleus i (ainu) 

reduced mass (amu). For a two-body system 1 + 2, 

A = A 1 A z / ( A I  ÷ A2) (amu) 
light velocity 
proton charge 

energy in the center-of-mass system (MeV) 
energy of the emitted gamma ray (MeV) 
energy of the initial, final state in the compound nucleus (MeV) 

resonant energy in the center-of-mass system (MeV) 
most effective energy (MeV) 

excitation energy with respect to the ground state (MeV) 

full l / e  width of the Gamow window (MeV) 
regular, irregular Coulomb wave function 
reduced Planck constant 
spin of the interacting nucleus i in units of h 

channel spin in units of h, I = Ii ® 12 
resonance spin in units of h 
spin of a compound state in units of h 
Boltzmann constant 
relative orbital angular momentum in units of h 
initial, final orbital angular momentum in units of h 

Avogadro number 
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NA (crL,) = 

NA (oU)gs = 

NA (O'L')ms = 

N A  (O'O)tt = 
Q = 

F 

Ra = 

S ( E )  = 

Sr = 

T = 

T9 = 

C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 

reaction rate (cm 3 mo1-1 s -1)  

reaction rate for the target nucleus in ground state (cm 3 tool - l  s - l )  

reaction rate Ibr the target nucleus in isomeric state (cm 3 tool - I  s - l )  

reaction rate for a thermalized target nucleus (cm 3 mo1-1 s -1)  

reaction Q-value (MeV) 

radial variable describing the relative motion of  particles 

atomic radius 

astrophysical S-factor (MeV barn) 
S-factor at the resonance energy Er (MeV barn) 

temperature 

temperature in 10 9 K 

relative velocity 

charge number of  interacting nucleus i 

Appendix B. Physical constants and atomic masses 

The following physical and conversion constants are used in all calculations related 

to the present compilation. They are taken from the 1996 report of  the Particle Data 

Group [PA96] and, with the exception of  c, are rounded to a maximum of 6 significant 

digits. For atomic masses, the central values of  the AU97 compilation are used, rounded 

to the microamu level. 

Although the physics involved in the cross section and reaction rate evaluation most 

often does not require the level of accuracy used for the atomic masses and for the 

following constants, any detailed comparison the reader wishes to make between his/her 

reaction rates and ours should use the same values in order to avoid artificial numerical 

discrepancies. 

Note that, at the present level of  accuracy, the last significant digit of  our constants is 

neither affected by the l-standard deviation uncertainties quoted in [PA96] (the quoted 

value of  c is exact by definition, being used to define the meter), nor by the new 

recommended value for the constant (2e/h)  used in [AU97].  
c = 299792458 m s - I  
1 amu=  931.494 M e V / c  2 
1 eV = 1.60218x 1 0 - 1 9 j  

kBT = 0.08617T9 = 7"9/11.605 MeV 
NA = 6.0221 × 1023 tool-1 

ce = e2/hz: = 1/137.036 

hc = 197.327 MeV fm 
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Explanation of tables 

23 

Table 1. Summary of compiled reactions 

Reaction the reaction in conventional notation 

Notation in refs. notation used in references for each reaction 

Table 2. Reaction rates 

Reaction 
Comments 

S-factor figure 

Resonance table 

Table of rates 

the reaction in conventional notation 

specific comments on the compilation procedure 
presentation of S-factor versus c.m. energy 

tabular presentation of resonance properties 

Er resonance energy in c.m. system (in keV or MeV) 
J~ resonance spin and parity 
w y  resonance strength in c.m. system (in meV, eV or keV) 

adopt adopted resonance strength in c.m. system 

tabular presentation of rates 

T9 
lower 

adopt 
upper 

exp 

ratio 

temperature in units of 109 K 
lower limit of the rates 

recommended rates 
upper limit of the rates 
exponent n of the factor 10 n that should multiply 

the three previous columns 

ratio of the adopted rate NA(O'V)tt to the CA88 rate 

Table 3. Analytical approximation of the reaction rates 

Reaction 
Q 

(n%) 

gs, ms, tt 

g , m , t  

Rev. ratio 

the reaction in conventional notation 
Q-value of the reaction in MeV 
accuracy of the analytical approximation with respect 
to the tabulated rates, "better than n%" 
indicate reactions with target nuclei in ground state, isomeric state, 

or with thermalized target 
indicate reactions leading to the ground state, isomeric state, 
or to both ground and isomeric states 
factor by which the rate NA(O-tJ)tt has to 
be multiplied in order to get the rate of the reverse reaction 
on the corresponding thermalized nucleus 
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Table 4. Analytical approximation of the partition functions 

G(Tg) partition function 
isotope isotope in conventional notation 

al, a2, a3, a4, a5 coefficients of the analytical approximation 
The accuracy of the analytical approximations is better than 2%. 
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Table 1. List of compiled reactions 

25 

Reaction Notation Reaction Notation Reaction Notation 
in refs. in refs. in refs. 

iH(p,ue+)2H p p n u  tlB(p,a)SBe bllpa 2°Ne(p,a) t7F ne20pa 
2H (p,y) 3He dpg 12C(p,y) 13N cl2pg 2°Ne(a, 'y)24Mg ne20ag 

2H(d,'y)4He ddg 12C(ot,'y) 160 cl2ag 21Ne(p,y)22Na ne21pg 

2H(d,n)3He ddn 13C(p,'y) 14N cl3pg 2t Ne(a,n)24Mg ne21an 

2H(d,p)3H ddp L3C(p,n)t3N cl3pn 22Ne(p,y)23Na ne22pg 
2H(a, y)6Li dag 13C(a,n) 160 cl3an 22Ne(~,y)26Mg ne22ag 

3H(d,n)4He tdn 13N(p,y) x40 nl3pg 22Ne(ot,n)25Mg ne22an 
3H(a, y)TLi tag t4N(p,y) LSO nl4pg 22Na(p,y)Z3Mg na22pg 

3He(3He,2p)4He h e 3 h e 3  14N(p,n) 140 nl4pn 23Na(p,y)Z4Mg na23pg 
3He(a,y)YBe he3ag 14N(p,a)HC nl4pa 23Na(p,n)23Mg na23pn 

4He(an,y)9Be aang J4N(a,y) JSF nl4ag 23Na(p,a)2°Ne na23pa 
4He(o~a, y) 12C aaag t4N(~r,n) IVF nl4an 23Na(a,n)Z6Alg na23an 
6Li(p,y)TBe li6pg 15N(p,'y) 160 nl5pg 23Na(ot,n) 26A1 m na23an 

6Li(p,a)3He l i 6pa  15N(p,n)lSO nl5pn 23Na(a,n)Z6Alt na23an 
7Li(p,y)SBe l i7pg  15N(p,a)lZc nl5pa 24Mg(p,y)25Al mg24pg 
7Li(p,a)4He li7pa iSN(ot, 'y) t9F nl5ag 24Mg(p,a)21Na mg24pa 

7Li(a,y)llB li7ag t60(p,y) 17F ol6pg 25Mg(p,y)26Alg mg25pg 

7Li(a,n) mB l i7an  160(a,y)2°Ne ol6ag 25Mg(p,y)26Alm mg25pg 

7Be(p,y)SB be7pg 170(p,y)lSF ol7pg 25Mg(p,'y)Z6Alt mg25pg 

7Be(a, T)IIc be7ag  170(p,a)14N ol7pa 25Mg(a,n)28Si mg25an 
9Be(p,y) l°B be9pg 170(a,n)2°Ne ol7an 26Mg(p,'y)27 AI mg26pg 
9Be(p,n)gB be9pn 180(p,y) 19F ol8pg 26Mg(ot,n)29Si mg26an 
9Be(p,d)SBe be9pd 180(p,ot) tSN ol8pa 26AlgS (p,y)27Si a126pg 
9Be(p,a)6Li be9pa I80(a,y)22Ne ol8ag 26Alms (p,y)27Si a126pg 
9Be(cr,n)12C be9an  180(ot,n)ZlNe ol8an 27Al(p,y)28Si a127pg 
I°B(p,y) I tC bl0pg t9F(p,y)Z°Ne fl9pg 27Al(p,a)24Mg a127pa 

I°B(p,a)VBe bl0pa 19F(p,n) 19Ne fl9pn 27Al(a,n)3°P a127an 
I t B (P,T) t2C b I 1 pg 19F(p,a) 160 fl9pa 28Si(p,y)29P si28pg 
I I B(p,n) 11C bl lpn 2°Ne(p,y)21Na ne20pg 

The references of Sections 1, 2 and 3 are marked as "intro" in the reference list. 
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Table 2. Reaction rates 

Reaction: 1H(p,~,e+)2H 

The rates are essential ly de termined from theoretical calculat ions using the S-factor 

S(E) = So +S l  E + S 2  E 2. Only So and Si are available in the literature [BA69c,BR71,  

BA88a ,GO90 ,CA91 ,BA92] .  Fol lowing KA94,  the S-factor at zero energy 

10_25 ( / ~ 2 ( 0 ) )  (GA/GV'~ 2 ( 1  _]_8~2 ( f p p ( 0 ) ~  
S(0)  = 3.89 × \ - ' ~ - } - J  \ 1 . 2 5 7 3 ]  k, 1 - - - -~J  \-0-A-~-~-J M e V b  ( B . I )  

is expressed in terms of  the nuclear  overlap h2(0 ) ,  the ratio of  the axial vector to the 

vector coupl ing  constant  GA/Gv, the correction (1 + 6) to the nuclear  matrix e lement  

due to exchanges  of  ~ and p mesons,  and the phase space factor fpp(0) .  The value 

,~2(0) = 6.9 x (.t +0.07_0.015j~ is adopted, where the central value is from KA94,  and the uncer-  

tainty is the range of  publ ished values [ SA52 ,BA69c ,BR71 ,GA72 ,BA79a ,GO90 ,KA94] .  

A weighted mean  of  the available experimental  results [BY95,PA96]  gives GA/Gv -- 
- 1.268 :t: 0.004. The value 8 = 0.01 + 0.01 is adopted on grounds of  the most recent 

calculat ions [ BA79a,CA91 ]. Former  results [ BL65 ,GA72,DA76]  include only 7r contri-  

butions.  The value fpp (0)  = 0.142 from BA69c is adopted. A 1.5% radiative correction 

taken from neutron decay is introduced empir ical ly  in AD98.  As such a correction is 

sensitive to the varying endpoint  energy and is not available for the present  reaction, we 

do not  include it here. For  S~/So, the most  recent  result of  CA91,  $1/So -- 11.7 M eV - j  , 

is adopted (s imilar  evaluat ions are presented in BA69c, BR7!  and BA79a) .  For $2/So, 
the cross section from E = 0 to 1 Me V is computed in the present  work with two dif- 

ferent n u c l e o n - n u c l e o n  potentials [RE68 ,TH77] ,  leading to $2/So = 75 i 10 MeV -2.  

Finally, we adopt S(E)  = 3.94 x 10 -25 x ( 1 + 1 1.7 E + 75 E 2) M eV b, with E in MeV. 

The corresponding adopted rates are in good agreement  with the CA88 ones except at 

high temperatures.  This  is main ly  due to the higher value for $1 /S0  used here, and to 

the introduction of  the $2/So term omitted in CA88. 

T~) low adopt high exp ratio T9 low adopt high exp ratio 
0.002 5.43 5.57 5.99 -25 
0.003 1.24 1.28 1.37 -23 
0.004 8.82 9.06 9.75 -23 
0.005 3.53 3.62 3.90 -22 
0.006 1.01 1.04 1. I 1 -21 
0.007 2.33 2.39 2.57 -21 
0.008 4.62 4.74 5.11 -21 
0.009 8.24 8.46 9.10 -21 
0.01 1.35 1.39 1.49 -20  
0.011 2.09 2.14 2.30 -20 
0.012 3.05 3.13 3.37 -20 
0.013 4.29 4.41 4.74 -20 
0.014 5.83 5.98 6.44 -20 
0.015 7.70 7.90 8.51 -20 

1.0 0.15 
1.0 0.16 
1.0 0.18 
1.0 0.2 
[ .0 0.25 
1.0 0.3 
1.0 0.35 
1.0 0.4 
1.0 0.45 
1.0 0.5 
1.0 0.6 
1.0 0.7 
1.0 0.8 
1.0 0.9 

continued on next page 

3.84 3.99 4.34 -17 1.1 
4.32 4.49 4.89 - 17 1.1 
5.31 5.53 6.04 -17 1.1 
6.37 6.64 7.27 -17 1.1 
9.24 9.69 10.6 -17 1.2 
1.24 1.31 1.44 -16 1.2 
1.59 1.68 1.86 16 1.3 
1.96 2.08 2.31 -16 1.3 
2.35 2.51 2.80 - 16 1.4 
2.77 2.96 3.32 16 1.5 
3.67 3.96 4.47 - 16 1.6 
4.67 5.06 5.74 - 16 1.7 
5.75 6.27 7.15 -16 1.8 
6.92 7.58 8.68 -16 2.0 
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from previous page 

1.0 1 8.17 

1.0 1.25 1.16 

1.0 1.5 1.56 

1.0 1.75 2.00 
1.0 2 2.49 

1.0 2.5 3.59 

1.0 3 4.85 

1.0 3.5 6.26 
1.0 4 7.81 

1.0 5 1.13 

1.0 6 1.53 

1,0 7 1.97 

1,0 8 2.46 

1,0 9 2,98 
1,1 10 3,54 

1,1 

continued 

0.016 0.99 1.02 1.10 - 1 9  

0,018 1.55 1.59 1.71 - 1 9  

0.02 2.27 2.34 2.52 - 1 9  

0.025 4.89 5.02 5.41 - 19 

0.03 8.72 8.96 9.66 - 19 
0.04 2.02 2.08 2.24 - 18 

0.05 3.65 3.76 4.06 - 18 

0.06 5.74 5.91 6.38 - 1 8  

0.07 8.22 8.47 9.15 - 1 8  
0.08 1.11 1.14 1.23 - 1 7  

0.09 1.42 1.47 1.59 - 17 

0.1 1.77 1.83 1.98 - 1 7  

0.11 2.14 2.21 2.40 - 1 7  

0.12 2.53 2.62 2.85 - 1 7  

0.13 2.95 3.06 3.32 - 1 7  

0.14 3.39 3.51 3.82 - 1 7  

8.99 10.3 - 1 6  2.1 

1.29 1.50 - 15 2.4 

1.75 2.03 - 15 2.7 
2.25 2.64 - 1 5  3.1 

2.81 3.31 - 1 5  3.4 
4.09 4.83 - 1 5  4.1 

5.55 6.59 - 15 4.8 

7.19 8.56 - 1 5  5.5 
9.00 10.7 - 15 6,2 

1.31 1.57 - 1 4  7,6 

1.77 2.13 - 14 9.0 

2.30 2.76 - 1 4  10 

2.87 3.46 - 14 12 

3.48 4.21 - 14 13 

4.15 5.01 - 1 4  15 

27 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: 2H(p,~/)3He 

Cross section data from GR62, OR63, WA63a, BE64, FE65, ST65, GE67, WO67, 
TI73, SC95a and MA97 are used for the calculation of the rates. For WA63a, BE64, 
FE65, ST65 and TI73, the data given in the figure are obtained from those reported 
for the inverse reaction 3He(%p)2H. At low energy, the data sets of GR63 and SC95a 

differ by more than 50%, so that a unique extrapolation to zero energy is not possible. 

Therefore, the S-factor is fitted with a polynomial of degree 3, using the SC95a data for 
the calculation of the lower limits of the rates, and the GR63 data for the upper limits. 
The adopted rates are averages between the lower and upper limits. This procedure 
leads to So = (0.20 5: 0.07) x 10 -6 MeV b, $1 = (5.60 + 2.00) x 10 -6 b, $2 = 

(3.10 + 1.10) x 10 -6 MeV -1 b. For T9 < 1.5, the present rates are about 20% lower 

than the CA88 values, as a result of our lower adopted S-factor. At higher temperatures, 

our rates are higher, probably due to the more extended data base used here. 

1000 

. , . - - . .  -9 loo 
> 

~ lO 

'*7 

1 

0.1 

0.001 

T 
0.01 0.1 1 10 100 --9 

, . . . . . . .  , , , , , , , , , ,  , , , , , , , , ,  , , , ,  . . . . . . . . . . . . . .  

2H(p ,7 )3He  

~ ! E  R63 64 T65 067 
- "1173 A SC95b 

~ ~ ' ~  ~'~ O MA97 - -  adopted 
i i i i . . . .  i i , i . . . .  ~ i J . . . . .  i i i i i i i i l l  , i i . . . . .  

0.01 0.1 1 10 100 

E (aeV) 
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7b low adopt high exp ratio T9 low adopt high exp ratio 
0.001 0.83 1.30 1.77 - 11 0.8 
0.002 1.15 1.79 2.43 - 8  0.8 
0.003 3.75 5.80 7.85 - 7  0.8 
0.004 3.34 5.13 6.93 - 6  0.8 
0.005 1.57 2.41 3.24 - 5  0.8 
0.006 5.10 7.78 10.5 -5  0.8 
0.007 1.30 1.98 2.66 - 4  0.8 
0.008 2.82 4.27 5.72 - 4  0.8 
0.009 5.41 8.17 10.9 - 4  0.8 
0.01 0.95 1.43 1.91 - 3  0.8 
0.011 1.55 2.32 3.09 - 3  0.8 
0.012 2.39 3.57 4.75 - 3  0.8 
0.013 3.51 5.24 6.96 - 3  0.8 
0.014 4.98 7.40 9.83 - 3  0.8 
0.015 0.68 1.01 1.34 - 2  0.8 
0.016 0.91 1.35 1.79 - 2  0.8 
0.018 1.52 2.24 2.96 - 2  0.8 
0.02 2.36 3.47 4.57 - 2  0.8 
0.025 5.71 8.29 10.9 - 2  0.8 
0.03 1.12 1.61 2.10 -1  0.8 
0.04 2.98 4.23 5.47 - 1 0.8 
0.05 6.01 8.41 10.8 - I  0.8 
0.06 1.03 1.42 1.81 0 0.8 
0.07 1.58 2.16 2.75 0 0.8 
0.08 2.25 3.06 3.87 0 0.8 
0.09 3.05 4.11 5.17 0 0.8 
0. I 3.96 5.30 6.65 0 0.8 
0. I 1 4.98 6.63 8.28 0 0.8 
0.12 6.11 8.09 10.1 0 0.8 
0.13 7.34 9.66 12.0 0 0.8 

0.14 8.67 1.14 1.40 
0.15 1.01 1.32 1.62 
0.16 1~16 1.51 1.85 
0.18 1.49 1.91 2.34 
0.2 1.84 2.36 2.87 
0.25 2.85 3.60 4.34 
0.3 4.01 4.99 5.98 
0.35 5.28 6.51 7.74 
0.4 6.65 8.14 9.62 
0.45 8.11 9.85 11.6 
0.5 0.97 1.16 1.36 
0.6 1.29 1.54 1.79 
0.7 1.64 1.93 2.23 
0.8 2.00 2.35 2.69 
0.9 2.38 2.77 3.16 
1 2.77 3.20 3.64 
1.25 3.80 4.33 4.87 
1.5 4.87 5.50 6.13 
1.75 6.00 6.70 7.41 
2 7,15 7.93 8.71 
2.5 0.96 1.05 1.14 
3 1.21 1.30 1.40 
3.5 1.46 1.57 1.68 
4 1.73 1.84 1.95 
5 2.27 2.38 2.50 
6 2.83 2.94 3.05 
7 3.39 3.50 3.60 
8 3.96 4.06 4.15 
9 4.53 4.61 4.69 
10 5.09 5.16 5.23 

0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 

2 0.8 
2 0.8 
2 0.8 
2 0.8 
2 0.9 
2 0.9 
2 0.9 
3 1.0 
3 1.0 
3 1.0 
3 l.l 
3 1.1 
3 1.2 
3 1.2 
3 1.3 
3 1.3 
3 1.4 

Reaction: 2H(d0/)4He 

The non - r e sonan t  data  are f rom ZU63,  ME69,  and WE86,  and the relative data f rom 

WI85 and BA87.  They often as sume  pure E2 transit ions,  which  may  be a cause  o f  

sys temat ic  error. The 2 H ( d , y ) 4 H e  cross  sect ions  of  M E 6 9  are obta ined f rom those  

repor ted  for  the inverse reaction.  The ratios c r ( d , y ) / o ' ( d , p )  o f  WI85 and BA87 are 

no rmal i zed  here using the fit S ( E )  -- 56 + 0.203 E ( E  in keV, S ( E )  in keV b) for  

the S-factor  o f  2H(d ,p )3H.  For  7"9 < 0.2, the r e c o m m e n d e d  react ion rates are up to 

10% lower  than the rate given in CA88,  probably  due to a d i f ferent  o- (d ,p)  for  the 

normal iza t ion  o f  the WI85 and BA87 data. The d i f ferences  at high tempera tures  c o m e  

from the fact  that our numerical  integrat ion o f  Eq. (1 )  is more  accurate  than the 

analytical  approach  o f  CA88.  
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v 

" 5  

0.1 

0.01 

0.1 1 10 100 
1 , , , , , , , ,  , , , , , , , , ,  , , , , , , , , ,  , , , , , , , , ,  

2 H ( d ' y ) 4 H e  

O k ~ ' x ZU63 
/)1( / I z~ M E 6 9  l 

o B A 8 7  

- -  adopted 

i i i I i i I I I i i i i i i I i I i i I i i i i i 

T9 

0.001 

0.01 0.1 1 10 
E ( M e V )  

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.001 1.19 1.34 1.50 - 1 5  0.9 

0.002 4.90 5.55 6.20 - 12 0.9 

0.003 2.69 3.04 3.40 - I 0 0.9 

0.004 3.30 3.74 4.19 - 9  0.9 
0.005 1.95 2.21 2.47 - 8  0.9 

0.006 7.50 8.52 9.53 - 8  0.9 
0.007 2.19 2.49 2.79 - 7  0.9 

0.008 5.28 6.01 6.73 - 7  0.9 

0.009 1.11 1.26 1.42 - 6  0.9 

0.01 2.10 2.39 2.68 - 6  0.9 

0.011 3.65 4.16 4.67 - 6  0.9 

0.012 5.96 6.79 7.63 - 6  0.9 

0.013 0.92 1.05 1.18 - 5  0.9 

0.014 1.37 1.56 1.75 - 5  0.9 

0.015 1.95 2.23 2.50 - 5  0.9 
0.016 2.70 3.08 3.47 - 5  0.9 

0.018 4.78 5.47 6.16 - 5  0.9 

0.02 7.81 8.95 10.1 - 5  0.9 
0.025 2.07 2.38 2.69 - 4  0.9 

0.03 4.34 4.99 5.65 - 4  0.9 
0.04 1.26 1.45 1.65 - 3  0.9 
0.05 2.65 3.07 3.49 - 3  0.9 

0.06 4.64 5.40 6.17 - 3 0.9 

0.07 7.23 8.45 9.67 --3 0.9 
0.08 1.04 1.22 1.40 - 2  0.9 
0.09 1.41 1.66 1.90 - 2  0.9 

0.1 1.82 2.15 2.48 - 2  0.9 
0.11 2.28 2.70 3.12 - 2  0.9 
0.12 2.78 3.31 3.83 - 2  0.9 
0.13 3.32 3.95 4.59 - 2  0.9 

0.14 3.89 4.64 5.40 --2 0.9 

0.15 4.48 5.37 6.26 - 2  1.0 

0.16 5.10 6.13 7.16 - 2  1,0 

0.18 6.41 7.74 9.07 - 2  1.0 
0.2 7.80 9.46 11.1 - 2  1.0 

0.25 1.15 1.41 1.67 - 1  1.0 

0.3 1.54 1.91 2.28 - 1  1.0 

0.35 1.95 2.44 2.93 - I 1.1 

0.4 2.37 2.99 3.61 - 1 1.1 

0.45 2.80 3.55 4.31 - 1 1.1 

0.5 3.23 4.14 5.04 - 1  1.2 

0.6 4.14 5.34 6.55 - 1 1.2 

0.7 5.08 6.62 8.15 - 1 1.3 
0.8 6.07 7.95 9.83 - 1 1.4 

0.9 7.11 9.35 11.6 - 1  1.4 
1 0.82 1.08 1.34 0 1.5 

1.25 1.12 1.48 1.84 0 1.7 
1.5 1.47 1.93 2.39 0 1.8 

1.75 1.86 2.43 3.00 0 2.0 

2 2.29 2.97 3.66 0 2. I 
2.5 3.28 4.20 5.12 0 2.3 

3 4.45 5.61 6.77 0 2.4 
3.5 5.76 7.17 8.59 0 2.5 

4 7.21 8.88 10.6 0 2.6 
5 1.05 1.27 1.49 1 2.6 
6 1.41 1.68 1.96 I 2.7 
7 1.81 2.13 2.46 1 2.7 

8 2.23 2.60 2.97 I 2.6 
9 2.66 3.08 3.50 1 2.6 
10 3.10 3.56 4.02 I 2.5 
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Reaction: 2H(d,n)3He 

The non-resonant data of SC72, KR87a, BR90, and GR95 are used. The S-factor is 

fitted at low energies by S(E)  = So +Sl  E + S 2  E ~, with So = 0.055 MeV b, Sl = 0.308 

b and $2 = -0 .094 MeV -] b (E in MeV). Below E = 10 keV, the extrapolation of the 

S-factor depends on the degree of the polynomial. This sensitivity is taken into account 

in the uncertainties on the rate. The lower limit is calculated with the KR87a data 

only, while the upper limit is derived from the GR95 data only. At low temperatures 

(T9 < 0.3), the present rates are slightly larger than the CA88 ones, obtained by using 

So = 0.050 MeV b, S1 = 0.170 b, and $2 = 2.12 MeV -I  b. The large difference in 
$2 also leads to an important reduction of the rate above T9 ,-~ 0.5. The CA88 values 

have been obtained from a fit to the KR87a data only, restricted to energies lower than 

200 keV. The high-energy data of SC72 (from 1 to 3 MeV) included in our calculation 

allow for a more precise determination of the S-factor at high energies. The present 

reaction rates agree within a few percent with the BO92 compilation. 

1000 

...4 100 

d~ 

0.001 0.01 0.1 1 10 100 
, , J I , J F H ,  r I i i J l J r l  , , r ~ , H H  , I J l l I H ,  , , , , r N , ~  

2H(d,n)3He 

0 ~ ~ [ ~  •KR87a 
r A BR90 

lO , i i I I I i I I  L , , , ' , , , 1  I I I I I I I I I  

0.001 0.01 0.1 1 

E (MeV) 

[] GR95 

- -  adopted 

i t t t i l l  

T9 

10 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 1.26 1.39 1.52 - 8  
0.002 5.22 5.75 6.30 - 5  
0.003 2.87 3.17 3.47 - 3  
0.004 3.55 3.91 4.28 - 2  
0.005 2.10 2.32 2.53 - I  
0.006 8.11 8.94 9.79 - I 
0.007 2.38 2.62 2.87 0 
0.008 5.75 6.34 6.93 0 
0.009 1.21 1.33 1.46 1 
0.01 2.30 2.53 2.77 1 
0.011 4.01 4.42 4.83 I 
0.012 6.56 7.23 7.91 1 

1.1 0.14 
1.1 0.15 
1.1 0.16 
1.1 0.18 
1.1 0.2 
1.1 0.25 
1.1 0.3 
1.1 0.35 
1.1 0.4 
1. I 0.45 
1.1 0.5 
1.1 0.6 

continued on next page 

5.14 5.64 6.15 5 1.1 
5.98 6.57 7.16 5 1.1 
6.87 7.54 8.22 5 1.1 
8.78 9,63 10.5 5 1.1 
1.08 1,19 1.29 6 1.1 
1.65 1.80 1.96 6 1.1 
2.27 2,48 2.70 6 1.0 
2.93 3.20 3.48 6 1.0 
3.61 3.94 4.28 6 1.0 
4.31 4.71 5.11 6 0.9 
5.03 5.49 5.95 6 0.9 
6.48 7.06 7.65 6 0.9 
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continued from previous page 
0.013 1.02 1.12 1.23 2 1.1 
0.014 1.51 1.66 1.82 2 1.1 
0.015 2.16 2.38 2.61 2 1.1 
0.016 3.00 3.30 3.62 2 1.1 
0.018 5.34 5.89 6.44 2 1.1 
0.02 8.77 9.66 10.6 2 1.1 
0.025 2.35 2.59 2.84 3 1.1 
0.03 4.97 5.48 5.99 3 1.1 
0.04 1.47 1.61 1.76 4 1.1 
0.05 3.14 3.46 3.78 4 1.1 
0.06 5.59 6.15 6.72 4 1.1 
0.07 8.84 9.72 10.6 4 1.1 
0.08 1.29 1.41 1.54 5 1.1 
0.09 1.76 1.94 2.12 5 1.1 
0.1 2.31 2.54 2.78 5 1.1 
0.11 2.93 3.22 3.51 5 1.1 
0.12 3.61 3.97 4.33 5 1.1 
0.13 4.35 4.77 5.21 5 1.1 

0.7 7.95 8.64 9.35 6 0.8 
0.8 0.94 1.02 1.10 7 0.8 
0.9 1.09 1.18 1.27 7 0.7 
1 1.23 1.33 1.44 7 0.7 
1.25 1.58 1.71 1.84 7 0.6 
1.5 1.91 2.06 2.21 7 0.5 
1.75 2.23 2.40 2.57 7 0.5 
2 2.54 2.73 2.91 7 0.4 
2.5 3.12 3.33 3.54 7 0.4 
3 3.64 3.87 4.11 7 0.3 
3.5 4.13 4.37 4.61 7 0.3 
4 4.58 4.83 5.08 7 0.2 
5 5.39 5.63 5.88 7 0.2 
6 6.11 6.33 6.55 7 0.2 
7 6.76 6.95 7.14 7 0.1 
8 7.36 7.51 7.66 7 0.1 
9 7.95 8.05 8.14 7 0.1 
10 8.53 8.57 8.60 7 0.1 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: 2H(d,p)3H 
T h e  n o n - r e s o n a n t  da ta  o f  SC72,  KR87a ,  BR90 ,  and  G R 9 5  are used.  The  lowes t  e n e r g y  

da ta  po in t  o f  G R 9 5  tha t  m i g h t  be  a f fec ted  by  sc reen ing  effects  has  been  cor rec ted  (Ue = 

10 e V ) .  A n  add i t iona l  3 %  error,  due  to the a s s u m p t i o n  o f  a p o l y n o m i a l  desc r ip t ion  

o f  the  S - fac to r  curve ,  is a d d e d  to the  expe r i men t a l  errors .  The  S-fac tor  is fi t ted by  

S ( E )  = S o + S ]  E + S 2  E 2, with  So = 0 .056  M e V  b, S l  = 0 .204  b, ,92 = - 0 . 0 2 5 1  M e V  -1 

b. A t  low t e m p e r a t u r e s  (T9 < 0 . 4 ) ,  the  p resen t  ra te  is s l ight ly  la rger  than  the  rate o f  

C A 8 8 ,  b a s e d  on  So = 0 .053  M e V  b, S] = 0 .019  b, and  ,92 = 1.92 M e V  -1 b. T h e  large  

d i f f e rence  in $2 y ie lds  an  i m p o r t a n t  r educ t ion  of  our  ra tes  wi th  r e spec t  to the  C A 8 8  

ones  a b o v e  T9 --~ 0.7.  T h e  C A 8 8  va lues  have  been  ob t a ined  f rom a fit to the  K R 8 7 a  da ta  

[ see  the  2 H ( d , n ) 3 H e  r e a c t i o n ] .  T he  p re sen t  reac t ion  ra tes  agree  wi th in  a few pe rcen t  

wi th  the  B O 9 2  com pi l a t i on .  

1000 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 1.35 1.41 1.47 - 8  1.1 

0.002 5.60 5.85 6.09 - 5  I. 1 

0.003 3.08 3.21 3.35 - 3  I.I 
0.004 3.80 3.96 4.13 - 2  1.1 

0.005 2.25 2.34 2.44 - 1 1.1 

0.006 8.67 9.04 9.42 - 1 I. 1 

0.007 2.54 2.65 2.76 0 1. I 

0.008 6.13 6.40 6.66 0 1.1 

0.009 1.29 1.35 1.40 1 1. I 
0.01 2.44 2.55 2.66 I 1.1 

0.011 4.26 4.45 4.63 I 1.1 

0.012 6.97 7.27 7.57 1 I.I 

0.013 1.08 1.13 1.17 2 I.I 

0.014 1.60 1.67 1.74 2 I. 1 

0.015 2.29 2.39 2.49 2 I.I 

0.016 3.18 3.31 3.45 2 I.I 

0.018 5.65 5.89 6.14 2 1.1 

0.02 9.27 9.66 I0.1 2 1.1 
0.025 2.48 2.59 2.69 3 I. 1 

0.03 5.22 5.44 5.67 3 I. I 
0.04 1.53 1.60 1.66 4 I. 1 

0.05 3.26 3.40 3.54 4 1.1 

(I.06 5.78 6.02 6.27 4 I. 1 

0.07 9.10 9.48 9.86 4 I. I 
0.08 1.32 1.37 1.43 5 1.1 
0.09 1.80 1.88 1.95 5 1.1 

O. I 2.36 2.45 2.55 5 I. I 
O. 1 I 2.97 3.09 3.22 5 I. 1 

0.12 3.65 3.80 3.95 5 1.1 

0.13 4.38 4.56 4.74 5 1.1 

0.14 5.16 5.37 5.59 5 1.1 

0.15 5.99 6.23 6.48 5 1.1 
0.16 6.86 7.14 7.42 5 1.1 

0.18 8.72 9.07 9.42 5 1.1 

0.2 1.07 1.11 1.16 6 1.1 

0.25 1.61 1.67 1.74 6 1.1 

0.3 2.19 2.28 2.36 6 1.1 

0.35 2.80 2.91 3.02 6 1.1 

0.4 3.43 3.56 3.69 6 1.0 

0.45 4.07 4.22 4.38 6 1.0 
0.5 4.71 4.89 5.07 6 1.0 

0.6 6.01 6.22 6.45 6 0.9 

0.7 7.29 7.55 7.82 6 0.9 

0.8 8.55 8.86 9.17 6 0.8 

0.9 0.98 1.01 1.05 7 0.8 

1 1.10 1.14 1.18 7 0.7 
1.25 1.40 1.44 1.49 7 0.6 

1.5 1.68 1.73 1.79 7 0.6 
1.75 1.94 2.01 2.07 7 0.5 

2 2.20 2.27 2.35 7 0.5 
2.5 2.68 2.76 2.85 7 0.4 

3 3.11 3.22 3.32 7 0.3 

3.5 3.52 3.64 3.75 7 0.3 

4 3.90 4.03 4.16 7 0.3 
5 4.59 4.74 4.89 7 0.2 

6 5.19 5.36 5.53 7 0.2 

7 5.72 5.91 6.10 7 0.1 

8 6.20 6.40 6.61 7 0.1 

9 6.62 6.84 7.06 7 O. I 

10 7.00 7.22 7.45 7 O. 1 

R e a c t i o n :  Z H ( a , ~ ) 6 L i  

Direct measurements of  the non-resonant cross section have been performed only at 

energies E = 1 to 8.4 MeV [RO81 ], while MO94a is limited to the 3 + resonance at Er = 
0.711 MeV. An upper limit for the cross section at E = 53 keV has been established by 

CE96, but this limit is much higher than any theoretical estimate, and it has been disre- 

garded. At lower energies, the break-up results of KI91 (see,  however, Section 2.2.2) and 

theoretical calculations [ RO81 ,LA86a,LA86b,CR89,BU90,CR90,TY91 ,MO94a, TY94 ] 
are available (see  NO97 for an extended discussion).  The data of  KI91 are obtained from 

the author and, due to a problem in the graphic representation, they differ from those 
given in their paper. For the 0.711 MeV resonance, the adopted resonance strength is 
taken here as the weighted average of  BA60, EI69 and MO94a [o93, = ( 1 0 . 2 ± 0 . 6 )  x 10  - 4  

eV] ,  while the total width is taken as the weighted average of  MO94a and BA79b: F = 

22 + 2 keV. At low energies ( E  < 0.7 MeV) ,  we use the more recent calculation of  
MO94a. The rates are calculated by adding the 0.711 MeV resonant contribution to the 

non-resonant one. The lower and upper limits are calculated by taking into account the 
lower and upper limits in the theoretical calculations. At low temperatures (T9 < 0 .09) ,  
our rates are up to a factor of 2 lower than the CA88 ones, which correspond to those 
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derived by RO81, due to a different low energy extrapolation adopted here. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.002 0.17 2.13 12.3 - 2 3  0.5 
0.003 0.24 2.87 16.4 - 2 0  0.5 
0.004 0.23 2.68 15.1 - 1 8  0.5 
0.005 0.59 6.71 37.5 - 1 7  0.5 
0.006 0.70 7.80 43.3 - 16 0.5 
0.007 0.50 5.52 30.4 - 15 0.5 
0.008 0.26 2.77 15.2 - 1 4  0.5 
0.009 0.10 1.08 5.88 - 13 0.6 
0.01 0.33 3.50 18.9 - 1 3  0.6 
0.011 0.94 9.74 52.3 -- 13 0.6 
0.012 0.24 2.41 12.9 - 1 2  0.6 
0.013 0.54 5.42 28.7 - 1 2  0.6 
0.014 0.11 1.12 5.93 -11 0.6 
0.015 0.22 2.18 11.4 -11 0.6 
0.016 0.41 4.00 20.9 - I I 0.6 
0.018 0.12 1.17 6.04 --10 0.6 
0.02 0.31 2.94 15.0 - 1 0  0.6 
0.025 0.21 1.87 9.33 - 9  0.7 
0.03 0.88 7.65 37.3 - 9  0.7 
0.04 0.73 5.96 28.0 - 8  0.8 
0.05 0.33 2.57 11.6 - 7  0.8 
0.06 1.07 7.84 34.3 - 7  0.9 
0.07 0.27 1.91 8.12 - 6  0.9 
0.08 0.59 4.00 16.5 - 6  0.9 
0.09 1.15 7.48 30.0 - 6  1.0 
0. I 0.20 1.28 5.02 - 5  1.0 
0.11 0.34 2.06 7.85 - 5  1.0 
0.12 0.53 3.14 11.7 - 5  1.0 
0.13 0.79 4.57 16.6 - 5  1.0 
0.14 1.14 6.43 22.9 - 5  1.0 

0.15 1.59 8.76 30.5 - 5  1.0 
0.16 0.22 1.17 3.98 - 4  1.0 
0.18 0.37 1.93 6.34 - 4  1.1 
0.2 0.60 3.00 9.47 - 4  1.1 
0.25 1.61 7.28 21.1 - 4  1.1 
0.3 0.35 1.45 3.90 - 3 1.1 
0.35 0.65 2.53 6.34 - 3  1.0 
0.4 1.10 4.03 9.48 - 3  1.0 
0.45 1.75 6.02 13.3 - 3  1.0 
0.5 2.63 8.56 17.9 - 3  1.0 
0.6 0.53 1.57 2.93 - 2  1.0 
0.7 0.96 2.64 4.46 - 2  1.0 
0.8 1.63 4.24 6.56 - 2  1.0 
0.9 2.64 6.56 9.52 - 2  1.0 
I 4.07 9.81 13.6 - 2  1.1 
1.25 0.98 2.27 3.01 -1  1.1 
1.5 1.87 4.22 5.58 - 1 1.1 

1.75 3.02 6.67 8.85 - 1 1.0 
2 4.35 9.40 12.5 -1  1.0 
2.5 0.73 1.51 2.02 0 1.0 
3 1.05 2.06 2.75 0 1.0 
3.5 1.39 2.57 3.41 0 1.0 
4 1.75 3.07 4.03 0 1.0 
5 2.56 4.07 5.23 0 1.1 
6 3.52 5.17 6.49 0 1.1 
7 4.62 6.41 7.89 0 1.2 
8 5.85 7.81 9.47 0 1.3 
9 7.20 9.35 11.2 0 1.5 
10 0.86 1.I0 1.31 I 1.6 
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R e a c t i o n :  3 H ( d , n ) 4 H e  

Experimental data are available from E = 0.005 to 10 MeV [BR51a,AR52,CO52, 
ST52,AR54,HE55,GA56,BA57,GO61,KO66,MC73,MA75,JA84,BR87a]. The data be- 
low 0.1 MeV are fitted and extrapolated to energies below 0.005 MeV using a Breit- 
Wigner expression, the parameters of which have been fitted to the experimental data. 
Screening effects are neglected. Present and previous compilations are in good agreement 
(about 10%). Small differences around T9 = 0.05 are probably due to the numerical 
approach used here compared to the analytical procedure of CA88. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 1.82 1.90 1.97 - 7  1.0 
0.0011 7.06 7.35 7.64 - 7  1.0 
0.0012 2.34 2.43 2.53 - 6  1.0 
0.0013 6.81 7.09 7.37 - 6  1.0 
0.0014 1.79 1.86 1.93 - 5  1.0 
0.0015 4.29 4.47 4.64 - 5  1.0 
0.0016 9.55 9.94 10.3 - 5  1.0 
0.0018 3.93 4.09 4.25 - 4  1.0 
0.002 1.33 1.38 1.44 - 3  1.0 
0.0025 1.52 1.58 1.64 - 2  1.0 
0.003 0.97 1.01 1.05 - 1 1.0 
0.004 1.43 1.49 1.55 0 1.0 
0.005 0.97 1.00 1.04 1 1.0 
0.006 4.13 4.30 4.46 I 1.0 
0.007 1.32 1.37 1.42 2 1.0 
0.008 3.42 3.55 3.68 2 1. I 
0.009 7.64 7.94 8.24 2 1.1 
0.01 1.53 1.59 1.65 3 1.1 
0.011 2.80 2.91 3.02 3 1.1 
0.012 4.78 4.96 5.15 3 1.1 
0.013 7.71 8.01 8.31 3 1.1 
0.014 1.19 1.23 1.28 4 1.1 
0.015 1.76 1.82 1.89 4 1.1 
0.016 2.51 2.61 2.70 4 1.1 
0.017 3.50 3.63 3.76 4 1.1 
0.018 4.74 4.92 5.10 4 1.1 
0.02 8.18 8.49 8.79 4 1.1 
0.025 2.44 2.53 2.62 5 1.1 
0.03 5.64 5.84 6.05 5 I. I 
0.035 1.10 1.14 1.18 6 1.2 
0.04 1.91 1.98 2.05 6 1.2 
0.05 4.57 4.72 4.88 6 1.2 
0.06 8.85 9.15 9.45 6 1.2 
0.07 1.50 1.55 1.59 7 1.1 
0.08 2.29 2.37 2.44 7 1.0 

0.09 3.27 3.37 3.48 7 1.0 
0.1 4.41 4.55 4.69 7 1.0 
0.11 5.69 5.87 6.05 7 0.9 
0.12 7.09 7.31 7.53 7 0.9 
0.13 8.58 8.85 9.12 7 0.9 
0.14 1.01 1.05 1.08 8 0.9 
0.15 1.18 1.21 1.25 8 0.9 
0.16 1.34 1.38 1.42 8 0.9 
0.18 1.67 1.72 1.78 8 0.9 
0.2 1.99 2.06 2.12 8 1.0 
0.25 2.74 2.83 2.92 8 1.0 
0.3 3.35 3.47 3.58 8 1.0 
0.35 3.83 3.97 4.11 8 1.0 
0.4 4.19 4.35 4.51 8 1.0 
0.45 4.45 4.63 4.81 8 1.0 
0.5 4.64 4.84 5.04 8 1.0 
0.6 4.85 5.07 5.30 8 1.0 
0.7 4.90 5.15 5.41 8 1.0 
0.8 4.87 5.14 5.42 8 1.0 
0.9 4.78 5.07 5.37 8 1.0 
1 4.66 4.97 5.29 8 1.0 
1.25 4.31 4.66 5.02 8 0.9 
1.5 3.95 4.34 4.74 8 0.9 
1.75 3.63 4.05 4.47 8 0.9 
2 3.34 3.79 4.23 8 0.9 
2.5 2.87 3.36 3.85 8 0.9 
3 2.50 3.02 3.55 8 0.9 
3.5 2.21 2.77 3.32 8 0.9 
4 1.98 2.56 3.14 8 0.8 
5 1.65 2.26 2.87 8 0.8 
6 1.41 2.05 2.69 8 0.9 
7 1.23 1.90 2.56 8 0.9 
8 1.10 1.78 2.46 8 0.9 
9 1.00 1.69 2.38 8 0.9 
10 0.92 1.62 2.32 8 0.9 
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R e a c t i o n :  3 H ( a , ~ / ) 7 L i  

Non-resonant cross section data from GR61, BU87 and BR94 covering the energy 
range 0.047 ~< E ~< 1.18 MeV are used. The data of SC87a, which have an inconsistent 
normalization, are disregarded. Nuclear models explain well the low energy dependence 
without the inclusion of electron screening [KA86,LA86a,MO93]. Up to 2.5 MeV, we 
use the energy dependence given by the microscopic calculation of KA86. A renormal- 
ization factor 1.01 :E 0.11 is obtained from a X 2 analysis of the data. The recommended 

S-factor at zero energy is So = 0.10 + 0.02 keV b. For E ~< 0.4 MeV, the S-factor can 

be well approximated by the expression S(E) = 0 . 1 0 -  0.15E + 0.13 E 2 (E  in MeV, 

S(E) in keV b). The present rate is in perfect agreement with the CA88 compilation 
in the temperature range T9 ~< 1. However, for T9 > 1, the present rates are significantly 
lower, up to a factor 5 near T9 = 10. This difference is due to the S-factor used by 
CA88, which fits well the experimental data up to about 0.2 MeV, while it increases 
unphysically at higher energies. The present results are in good agreement with the rates 
given in BR94. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.002 6.51 7.30 8.10 -21 1.0 
0.003 1.65 1.85 2.05 - 17 1.0 
0.004 2.28 2.56 2.84 - 15 1.0 
0.005 7.55 8.48 9.40 - 14 1.0 
0.006 1.08 1.22 1.35 - 12 1.0 
0.007 0.91 1.02 1.13 -11 1.0 
0.008 5.21 5.85 6.48 - I I 1.0 
0.009 2.28 2.56 2.84 -10 1.0 
0.01 0.81 9.11 1.01 - 9  1.0 
0.011 2.46 2.76 3.06 - 9  1.0 
0.012 6.55 7.35 8.15 - 9  1.0 
0.013 1.57 1.76 1.96 - 8  1.0 
0.014 3.46 3.88 4.30 - 8  1.0 
0.015 7.07 7.93 8.80 - 8  1.0 
0.016 1.36 1.53 1.69 - 7  1.0 
0.018 4.31 4.84 5.36 - 7  1.0 
0.02 1.16 1.31 1.45 - 6  1.0 
0.025 8.43 9.46 1.05 - 6  1.0 
0.03 3.80 4.26 4.72 - 5  1.0 
0.04 3.36 3.77 4.18 - 4  1.0 
0.05 1.56 1.75 1.94 - 3  1.0 
0.06 5.01 5.63 6.24 - 3  1.0 
0.07 1.26 1.42 1.57 - 2  1.0 
0.08 2.70 3.03 3.36 - 2  1.0 
0.09 5.11 5.73 6.36 - 2  1.0 
0.1 8.83 9.91 11.0 - 2  1.0 
O. 11 1.42 1.59 1.77 - 1 1.0 
0.12 2.16 2.42 2.69 --1 1.0 
0.13 3.13 3.52 3.90 - 1 1.0 
0.14 4.38 4.92 5.45 -- 1 1.0 

0.15 5.93 6.66 7.38 -1  1.0 
o. 16 7.82 8.77 9.73 - 1 1.0 
o. 18 i .27 1.43 1.58 0 1.0 
0.2 1.92 2.16 2.39 0 1.0 
0.25 4.37 4.91 5.44 0 1.0 
0.3 8.09 9.08 10.1 0 1.0 
0.35 1.31 1.47 1.63 1 1.0 
0.4 1.94 2.18 2.42 1 1.0 
0.45 2.70 3.03 3.36 1 1.0 
0.5 3.57 4.00 4.44 1 1.0 
0.6 5.60 6.28 6.97 1 1.0 
0.7 7.96 8.93 9.90 1 1.0 
0.8 1.06 1.19 1.32 2 1.0 
0.9 i .34 i .50 1.67 2 1.0 
i 1.64 1.84 2.04 2 1.0 
i .25 2.42 2.72 3.02 2 0.9 
1.5 3.25 3.64 4.04 2 0.9 
1.75 4.09 4.59 5.08 2 0.8 
2 4.93 5.54 6.14 2 0.8 
2.5 6.63 7.44 8.26 2 0.6 
3 8.34 9.36 10.4 2 0.5 
3.5 1.00 1.13 1.25 3 0.5 
4 1.18 1.32 1.47 3 0.4 
5 1.54 1.73 1.91 3 0.3 
6 1.95 2.19 2.43 3 0.2 
7 2.49 2.79 3.10 3 0.2 
8 3.26 3.66 4.06 3 0.2 
9 4.41 4.95 5.49 3 0.2 
10 6.13 6.88 7.62 3 0.2 

R e a c t i o n :  3 H e ( 3 H e , 2 p ) 4 H e  

For  the de te rmina t ion  o f  the S-factor,  the non- resonan t  data o f  WA66, BA67,  DW71,  

DW74,  KR87b,  BR87b  and JU98 are used. The AR96 data are superseded  by the JU98 

data. Low energy  data are cor rec ted  by electron screening  with Ue -- 330 eV. The results  

o f  GO54 (a  factor  2-3 smal le r  than all the more  recent  data, wi thout  error  es t imate )  

and ZU65 ( w h e r e  only  a proton spec t rum is shown)  are not cons idered .  The adop ted  

data are well app rox ima ted  by S(E)  --- 5.18 - 2 . 2 2 E  + 0 . 8 0 4 E  2 ( E  in MeV, S(E)  

in M e V  b) .  The So value is c lose  to the r e c o m m e n d e d  of  AD98 ( 5 . 4 : 5  0.4 M e V  b ) .  

At  h igher  energ ies  ( E  > 2.8 M e V ) ,  we assume  a cons tant  value S(E)  --= 5.26 M e V  

b. The ex is tence  o f  a low energy  re sonance  [FE72 ,FO72]  is not obse rved  up to now 

[ JU98] .  In the 0.003 < T9 < 0.02 range,  the p resen t  rates are sl ightly (~< 10%) smal ler  

than the CA88  ones,  due  to the smal ler  value o f  So used here than the KR87b  value 

adopted  in the CA88  compi la t ion .  For  T9 > 1, the present  rates are signif icantly lower  

than the CA88  one.  In this t empera ture  region,  the CA88 values are based ent irely on 

the ex t rapola t ion  given in KR87b,  which  is valid only for E < 0.3 MeV. 
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2 o DW71 • DW74 
• BR87 x KR87b 
o JU98 - -  adopted 

0 

O.Ol o.1 E (MeV) 1 lO 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.003 2.74 2.91 3.08 -25  0.9 
0.004 5.44 5.76 6.10 - 2 2  0.9 
0.005 1.20 1.27 1.34 - 19 0.9 
0.006 7.31 7.75 8.20 - 18 0.9 
0.007 1.94 2.06 2.18 - 16 0.9 
0.008 2.91 3.08 3.26 - 15 0.9 
0.009 2.85 3.02 3.20 - 14 0.9 
0.01 2.04 2.16 2.29 -13  0.9 
0.011 1.14 1.20 1.28 - 1 2  0.9 
0.012 5.20 5.51 5.83 - 1 2  0.9 
0.013 2.02 2.14 2.27 -11 0.9 
0.014 6.87 7.29 7.71 -11 1.0 
0.015 2.09 2.22 2.34 - 1 0  1.0 
0.016 5.77 6.12 6.48 - 1 0  1.0 
0.018 3.48 3.69 3.91 - 9  1.0 
0.02 1.63 1.73 1.83 - 8  1.0 
0.025 3.60 3.81 4.04 - 7  1.0 
0.03 3.78 4.01 4.25 - 6  1.0 
0.04 1.15 1.22 1.30 - 4  1.0 
0.05 1.30 1.38 1.46 - 3  1.0 
0.06 8.20 8.70 9.22 - 3  1.0 
0.07 3.55 3.77 3.99 - 2  1.0 
0.08 1.19 1.26 1.33 - 1  1.0 
0.09 3.27 3.48 3.69 - 1 1.0 
0.1 7.84 8.33 8.83 - I  1.0 
O. I 1 1.68 1.78 1.89 0 1.0 
0.12 3.29 3.49 3.71 0 1.0 
0.13 5.99 6.37 6.76 0 1.0 
0.14 1.03 1.09 1.16 l 1.0 

0.15 1.68 1.78 1.89 
O. 16 2.62 2.79 2.96 
0.18 5.77 6.14 6.52 
0.2 1.14 1,21 1.28 
0.25 4.37 4,65 4.95 
0.3 1.21 1,29 1.37 
0.35 2.72 2.90 3.08 
0.4 5.27 5.62 5.99 
0.45 9.18 9.81 10.4 
0.5 1.48 1.58 1.68 
0.6 3.22 3.44 3.67 
0.7 5.95 6.37 6.80 
0.8 0.98 1.05 1.13 
0.9 1.49 1.60 1.72 
1 2.14 2.30 2.46 
1.25 4.35 4.68 5.02 
1.5 7.39 7.96 8.56 
1.75 1.12 1.21 1.30 
2 1.58 1.70 1.84 
2.5 2.68 2.90 3.13 
3 3.99 4.32 4.67 
3.5 5.49 5.95 6.42 
4 7.15 7.75 8.36 
5 1.09 1.18 1.27 
6 1.51 1.63 1.75 
7 1.97 2.12 2.27 
8 2.46 2.63 2.81 
9 2.95 3.15 3.36 
10 3.46 3.68 3.91 

1 1.0 
I 1.0 
1 1.0 
2 1.0 
2 1.0 
3 1.0 
3 1.0 
3 1.0 
3 1,0 
4 1,0 
4 1,0 
4 1,0 
5 0,9 
5 0,9 
5 0.9 
5 0.8 
5 0.7 
6 0.6 
6 0.5 
6 0.4 
6 0.3 
6 0.2 
6 0.2 
7 0.1 
7 0.1 
7 0.1 
7 0.1 
7 O.l 
7 0.1 
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Reaction: 3He(a,-y)7Be 

Non-resonant data from HO59, PA63, NA69, KR82, RO83a, AL84, OS84 and HI88 

are used. The VO83 data are omitted, since only the extrapolated value of the S-factor 

at zero energy is given. The PA63 data at E < 400 keV are taken from the values 

reported in NA69. Following HI88, the data of KR82 are renormalized by a factor 1.4. 

Up to 2.5 MeV, we use the energy dependence given by the microscopic calculation of 
KA86. A renormalization factor 1.08 + 0.18 is obtained from a X 2 analysis of the data. 

The recommended S-factor at zero energy is then So = 0.54 • 0.09 keV b (AD98 gives 
So = 0.53 ~ 0.05 keV b). For E ~< 0.2 MeV, the S-factor can be well approximated 
by the expression S(E) = 0.54 - 0.52E - 0.52E 2 (E  in MeV, S(E) in keV b). 

Beyond 2.5 MeV, a constant value of S(E) = 0.31 keV b is assumed, as suggested by 

direct capture calculations [ TO63,LI81 ,LA86a,MO93,WA84]. The resulting rates are in 
good agreement with those from CA88, except at the highest temperatures, where the 

adopted rates are significantly larger. The CA88 rates are obtained with an exponentially 

decreasing S-factor [WI8] ] which falls below the experimental data above E ~ 2 MeV. 

..Q 

(1) 
v 

o 

O.5 
o5 

0.1 1 10 
1.5 . . . . . . . . . . . . . . . . .  

3He((z,7)TBe 

I l l  

X HO59 
• PA63 
A NA69 
O KR82, RO83a 
O OS84 
• AL84 
[3 HI88 
- -  adopted 

f 

0 i t i i i i i i i i i i i i i i i i i i I i i 

0 0.5 1 1.5 2 2.5 

E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.005 4.14 4.97 5.80 - 2 5  1.0 

0.006 3.05 3.66 4.28 - 2 3  1.0 
0.007 0.95 1.13 1.32 -21  1.0 
0.008 1.60 1.92 2.24 --20 1.0 

0.009 1.75 2.10 2.45 - 1 9  1.0 
0.01 1.37 1.64 1.91 - 1 8  1.0 
0.011 8.25 9.90 11,5 - 1 8  1.0 
0.012 4.04 4.85 5.66 - 1 7  1.0 

0.013 1.68 2.01 2.35 - 1 6  1.0 
0.014 6.03 7.24 8.44 - 1 6  1.0 
0.015 1.93 2.32 2.70 - 15 1.0 

0.16 7.94 9.52 11.1 --4 1.0 
0.18 1.81 2.17 2,53 - 3  1.0 

0.2 3.67 4.40 5.14 - 3  1.0 
0.25 1.50 1.80 2.10 - 2  1.0 

0.3 4.35 5.22 6.09 - 2  1.0 
0.35 1.01 1.21 1.41 - 1 1.0 
0.4 2.01 2.42 2.82 - 1 1.0 
0.45 3.59 4.31 5.03 - 1 1.0 
0.5 5.90 7.07 8.25 - 1 1.0 
0.6 1.32 1.59 1.85 0 1.0 
0.7 2.50 3.01 3.51 0 1.0 

continued on next page 
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continued from previous page 
0.016 5.59 6.71 7.83 -15  1.0 
0.018 3.66 4.40 5.13 - 1 4  1.0 
0.02 1.85 2.22 2.59 - 13 1.0 
0,025 4.70 5.64 6.57 - 1 2  1.0 
0.03 5.51 6.61 7.71 -11  1.0 
0.04 1.97 2.37 2.76 - 9  1.0 
0.05 2.49 2.98 3.48 - 8  1.0 
0.06 1.71 2.05 2.39 - 7  1.0 
0.07 7.92 9.50 11.1 - 7  1.0 
0.08 2.80 3.36 3.91 - 6  1.0 
0.09 8.10 9.72 11.3 - 6  1.0 
0.1 2.02 2.42 2.83 - 5  1,0 
0.11 4.48 5.37 6.27 - 5  1.0 
0.12 0.91 1.09 1.27 - 4  1,0 
0.13 1.69 2.03 2.37 - 4  1,0 
0.14 2.98 3.58 4.17 - 4  1.0 
0.15 4.97 5.97 6.96 - 4  1.0 

0.8 4.21 5.06 5.90 0 1.0 
0.9 6.51 7.81 9.11 0 1.0 
1 0.94 1.13 1.32 1 1.0 
1.25 1.96 2.35 2.75 1 1.0 
1.5 3.39 4.07 4.74 1 1.0 
1.75 5.21 6.25 7.29 1 1.0 
2 7.39 8.87 10.3 I 1.0 
2.5 1.27 1.52 1.78 2 1.0 
3 1.91 2.29 2.67 2 1.1 
3.5 2.64 3.16 3.69 2 1.1 
4 3.44 4.12 4.81 2 1.1 
5 5.22 6.26 7.30 2 1.3 
6 7.16 8.60 10.0 2 1.4 
7 0.92 1.10 1.29 3 1.5 
8 1.13 1.35 1.58 3 1.7 
9 1.34 1.60 1.87 3 1.8 
10 1.54 1.85 2.16 3 1.9 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: 4He(an,'y)9Be 

We assume that the capture proceeds in two steps: a metastable 8Be is formed, which 
then captures a neutron. The formation of 5He followed by an a capture is neglected 
because of  the short lifetime of  5He. The rate is calculated with an extension of the 
model presented in NO85 (see also G095 for a simple, but crude approximation), 

U2A(O'V)aan=UA \ ~ a a J  \ ~ , ]  

j o-~,,~(E) 
× Fa(8Be,  E) exp(-E/kBT)NA(°'v)nSBe EdE, 

o 

where/z,~,~ is the reduced mass of  the a + cr system, and E is the energy with respect 
to threshold. The elastic cross section and the corresponding parameters are discussed in 
the comments related to the 4He(aot, y)12C reaction. The Na(trv) nS~e rate assumes that 
8Be is formed at an energy E different from the energy Esae of the 8Be ground-state 
resonance, and that it is bound. This rate is given by 

NA(O'V) "SBe = NA ..77T--- ~,2-"~-TBTJ e x p ( - E ' / k a T )  E' dE', 
/t~nSBe 

0 

where ]/.nSBe is the reduced mass of  the n + 8Be system and E' is the energy with 
respect to its threshold (which varies with the formation energy E).  We parametrize 
O'nSBe(EI; E) as 
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~rh 2 

~ ( 2 J  -~- l)2tZnSBeE------ ~ 
J=~/2,5/2 

/ 'n (9Be J, Et) I ' r (9Be J, E t + E) 
x 

I 9 J / 2 '  ( E  - Er J + E - ESBe) 2 + ~/ 'n(  Be , E ) 

where the sum runs over the 1/2 +, 1 / 2 -  and 5 /2  + resonances at energies Er J. This 

expression is related to the measured 9Be(y,n)SBe photoneutron cross section. Early 

experimental data for the photoneutron cross section are summarized in LA66 and in 

BE67. The BE67 data are criticized in BA68a. We adopt the FU82 data around the 

1/2 + resonance and the HU75 data at higher energies. For the 1/2 + resonance located 

just above threshold, we take the BA83 parametrization of the FU82 data. The neutron 

width of this s wave resonance is given by F , (9Be  J, E ' )  = v/ET/EJr Fn, and its El  y 

width by/ ' -y (9Be J, E / + E) = (ET + E I q- E - ESBe)3/(ET q- ErJ) 3 /'~,, where the photon 

threshold energy Er  is 1.644 MeV and E~ = 67 keV, F~ = 0.227 MeV, F~ = 0.51 + 0 . 1 0  

eV. The error is deduced from Table 3 of FU82. The adopted y width differs from the 

value in KU87, which is not consistent with the KU87 electron scattering data (EC. 

Barker, private communication).  The 5 / 2 -  resonance is neglected [BU98].  The broad 

1 / 2 -  resonance at E~ J = 1.12 ± 0.12 MeV should be important at high temperatures 

[BU98].  Its total width is 1.08 ± 0.11 MeV and we assume F r  = 1 WU for an M1 

decay (0.45 eV) with an error of 80% (see also DE89). For the 5 /2  + resonance at 

E~J = 1.385 MeV, we assume constant widths (Fn = 0.282 4- 0.011 MeV from AJ88). 

The y width obtained from electron scattering in CL68 does not allow reproducing the 

photoneutron cross section of HU75. The adopted value F z, = 0.90 + 0.45 eV is derived 

from this cross section with an increased error because of the smaller value in CL68. The 

differences with CA88 are due to many factors. We perform all integrations numerically. 

The adopted a-width of the SBe ground state is reduced [see 4 H e ( a a ,  y)12C]. Our 

rate is significantly larger below 7"9 = 0.025 because of the energy dependence of 

F ,  (8Be, E) ,  which is neglected in CA88. At higher temperatures, the rates differ because 

the photoneutron cross section in CA88 is parametrized as o'~,n = 1 . 6 e x p ( - 4 E )  mb 

(with E in MeV),  rather than as a sum over resonances. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 2.14 3.90 5.80 -59 
0.002 1.43 2.50 3.66 -47 
0.003 0.79 1.35 1.95 -41 
0.004 3.35 5.58 8.00 -38 
0.005 1.28 2. I 1 3.00 -35 
0.006 1.21 1.96 2.78 -33 
0.007 4.61 7.39 10.4 -32 
0.008 0.94 1.48 2.07 -30 
0.009 1.20 1.88 2.62 -29 
0.01 1.08 1.69 2.34 -28 
0.011 0.75 1.16 1.60 -27 

0.14 
0.15 
0.16 
0.18 

11358 0.2 
IE45 0.25 
11336 0.3 
IE29 0.35 
I E24 0.4 
11320 0.45 
11317 0.5 

continued on next page 

2.80 3.57 4.34 -8  0.6 
4.11 5.23 6.35 -8  0.6 
5.70 7.25 8.80 -8  0.6 
0.96 1.22 1.49 -7  0.6 
1.43 1.82 2.21 -7  0.6 
2.74 3.48 4.22 -7  0.6 
3.93 4.99 6.06 -7  0.7 
4.84 6.14 7.45 -7  0.7 
5.44 6.90 8.37 -7  0.7 
5.77 7.33 8.89 -7  0.7 
5.90 7.50 9.09 -7  0.7 
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continued from previous page 
0.012 4.15 6.37 8.77 - 27  IE14 
0.013 1.93 2.95 4.04 - 2 6  IE12 
0.014 0.78 1.18 1.61 -25  IE10 
0.015 2.76 4.17 5.69 -25  1E8 
0.016 0.89 1.33 1.81 - 24  IE7 
0.018 0.70 1.05 1.42 - 23  1E5 
0.02 4.27 6.29 8.48 - 23  IE3 
0.025 2.11 2.99 3.92 -21 2.0 
0.03 3.88 5.05 6.24 - 19 0.4 
0.04 1.48 1.90 2.33 - 15 0.4 
0.05 2.01 2.58 3.15 - 13  0.4 
0.06 5.01 6.43 7.84 - 12 0.4 
0.07 4.80 6.14 7.48 -11 0.5 
0.08 2.53 3.24 3.94 - 10 0.5 
0.09 0.90 1.15 1.40 - 9  0.5 
0.1 2.44 3.12 3.79 - 9  0.5 
0. I 1 5.42 6.92 8.41 - 9  0.5 
0.12 1.04 1.33 1.61 --8 0.5 
0.13 1.78 2.27 2.76 - 8  0.5 

(1999) 3-183 

0.6 5.78 7.34 8.91 - 7  0.7 
0.7 5.38 6.84 8.30 - 7  0.7 
0.8 4.89 6.22 7.56 - 7  0.7 
0.9 4.40 5.60 6.80 - 7  0.7 
1 3.93 5.00 6.08 - 7  0.8 
1.25 2.96 3.78 4.60 - 7  0.8 
1.5 2.26 2.89 3.52 - 7  0.8 
1.75 1.76 2.26 2.75 - 7  0.8 
2 1.40 1.80 2.20 - 7  0.8 
2.5 0.93 1.21 1.49 - 7  0.8 
3 6.69 8.87 11.0 - 8  0.9 
3.5 5.05 6.83 8.61 - 8  1.0 
4 3.97 5.48 6.99 - 8  1.0 
5 2.67 3.83 5.01 - 8  1.2 
6 1.94 2.88 3.83 - 8  1.5 
7 1.48 2.26 3.04 - 8  1.7 
8 1.16 1.81 2.47 - 8  1.9 
9 0.94 1.48 2.03 - 8 2. I 
10 0.77 1.23 1.70 - 8  2.3 
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T 9 low adopt high exp ratio T9 low adopt high exp . ratio 

Reaction: 4He(aa,'y) 12C 

T h e  rate  is ca l cu la t ed  wi th  a va r i an t  of  the  mode l  p re sen ted  in N O 8 5  and  L A 8 6 c ,  

NZ(o.v)a,~a=3Na (8.rrh. ~ ( Iz,~. -~3/2 

S o',~,~ ( E )  8 B x F,~(8Be,  E )  exp(-E/kl3T)NA(O'V) ~ eEdE,  
0 

where/z,~,~ is the  r e d u c e d  mass  o f  the  tr + a sys tem,  and  E is the  ene rgy  wi th  r e spec t  to 

the  ot + ot th resho ld .  T h e  e las t ic  cross  sec t ion  o f  oe + o~ sca t te r ing  is g iven  by Eq.  ( 7 )  

wi th  F i = Ff  = F,~(8Be,  E ) .  T h e  e n e r g y - d e p e n d e n t  wid th  o f  the  8Be g r o u n d  state is 

de f ined  in Eq.  ( 9 ) .  T h e  ene rgy  Es~e and  wid th  F ,~(8Be)  o f  the  8Be g r o u n d  state are 

d i sp l ayed  in the  table .  T he  NAIO'U) aSBe rate a s sumes  that  8Be has  b e e n  f o r m e d  at an  

e n e r g y  E d i f fe ren t  f r o m  ESBe, and  that  it is b o u n d  [ L A 8 6 c ] .  Th i s  rate is g iven  by  

877" ( /tZotSBe "~ 3/2 
NA(O'U) a"Be = NA ..-~'---- k2--~BT j 

/'£ot8Be 

oo 

i o',~sBe(E'; E )  e x p ( - E ' / k B T )  E' dE ~, 
0 

w h e r e  /x,~8Be is the  r e d u c e d  mass  o f  the  a + 8Be sys tem,  and  E '  is the  ene rgy  wi th  

r e spec t  to its t h r e s h o l d  ( w h i c h  var ies  wi th  the f o r m a t i o n  ene rgy  E ) .  As  in N O 8 5  and  

L A 8 6 c ,  we  p a r a m e t r i z e  o'~rSBe(Et; E )  as 
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o',~.Be(E';E) = Z ( 2 J +  1) 7"rh~ 
2/z,~sBe Er J--0,2 

F~( 12CJ, E')Fr( lZCJ, E' + E) 
× 

1/-,[ 12¢'-,J (E' - Er s + E - ESBe) 2 + ~1~ ,_. , E'; E) 2' 

where the sum runs over the 0~- resonance and an assumed 2 + resonance at energies 

Er J. The widths are given by F = F,~ + F r, F,~(12CJ, E ') = F,~(12C J) Pt(E')/Pt(EJr) 
and Fr (12C J, E' + E) = Fr (12C J) (Er + E' + E - EsBe)5/(Er + E~) 5, where, for J = 0, 

the photon threshold energy ET is 7.367 - 4.439 = 2.928 MeV and Er J, F,~(12C J) and 

Fr(12CJ) are given in the table. In these expressions, we follow DE87 in not including 

a separate non-resonant contribution as in LA86c. Indeed, such a contribution interferes 
with the tail of  a broad resonance, and the microscopic calculation in DE87 shows that 

a Breit-Wigner expression provides a fair approximation of  the global terms. For J = 2, 
we assume the existence of  a broad resonance belonging to the same rotational band as 

the 05 state. The capture to the ~ZC ground state is calculated with Er = 7.367 MeV 
and the theoretical values [DE87] Er J = 1.75 MeV, F,~ = 0.56 MeV and F:, = 0.2 eV. 
An 80% uncertainty is adopted on the y width. The various integrals are calculated 
numerically. The weak influence of  higher resonances is restricted to a contribution 

of  the 3 -  resonance, for which we use F~ = 2 meV. The experimental bound and 
the Fro value given in the table are used as upper and lower bounds. The rate of  
CA88 (which is the rate of  NO85 with an additional resonance term) is always smaller 
than the present one, in spite of  the fact that our adopted a-width of  the 8Be ground 
state is smaller. Our rate is significantly larger at low temperatures because NO85 uses 
[ 'c~(12CJ,Et;E) = / ' a ( 1 2 C J )  PI(E')/Pt(EJr- E + ESBe ). Their reduced a-width then 

depends in an unrealistic way on the threshold energy E. At high temperatures, our rate 
is much larger because of  the assumed 2 + contribution. 

Nucleus j,rr Er (keY)  I',~ (eV)  F r ( m e V )  Ref. 

8Be 0 + 92.12 6.8 ± 1.7 - BE68 
92.03 5.57 ± 0.25 - W U 9 2  

92.08 5 .60 4- 0.25 - adopt 
~2C 0~- 287.7  8.3 zt: 1.0 3.7 -t- 0.5 A J90 

3[- 2274 ( 3 4 - t - 5 )  × 103 < 14 (Fz, 0 = 0.31 4 - 0 . 0 4 )  AJ90 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
11 0.25 

11 0.3 

11 0.35 

11 0.4 

12 0.45 
12 0.5 

12 0.6 
continued on next page 

0.01 2.13 2.93 3.89 - 7 1  

0.011 4.32 5.94 7.90 - 6 9  

0.012 4 .79 6.59 8.75 - 6 7  

0.013 3.24 4.46 5.92 - 6 5  

0 .014 1.46 2.01 2.66 - 6 3  

0.015 4.65 6.40 8.50 - 6 2  

0 .016 I. 11 1.53 2.03 - 6 0  

3.65 4.22 4.79 - 14 1.1 

3.95 4.57 5.18 - 1 3  1.0 
2.01 2.33 2.64 - 1 2  1.0 

6.48 7.49 8.50 - 12 1.0 

1.54 1.78 2.02 - 11 1.0 

2.98 3.45 3.91 - 11 1.0 
7.46 8.62 9.79 - 11 1.0 



C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 

from previous page 
11 0.7 1.34 
8.9 0.8 1.96 
4.1 0.9 2.54 
2.3 1 3.01 
1.8 1.25 3.71 
1.7 1.5 3.87 
1.7 1.75 3.72 
1,7 2 3.44 
1.3 2.5 2.86 
1,2 3 2.45 
1,1 3.5 2.22 
1,1 4 2.11 
1,1 5 2.05 
1,1 6 2.05 
1.1 7 2.01 
1.1 8 1.94 
1.1 9 1.84 
1.1 10 1.73 
1.1 

continued 
0.018 3.07 4.22 5.61 -58  
0.02 3.96 5.45 7.23 - 5 6  
0.025 0.81 1.11 1.47 -51  
0.03 1.10 1.46 1.86 - 4 7  
0.04 4.04 5.31 6.76 -41  
0.05 0.79 1.04 1.32 - 3 6  
0.06 0.91 1.20 1.52 - 3 3  
0.07 2.33 3.00 3.75 -31 
0.08 8.18 9.68 11.2 - 2 9  
0.09 2.18 2.52 2.87 - 2 6  
0.1 2.05 2.38 2.70 - 2 4  
0.11 8.34 9.64 10.9 - 2 3  
0.12 1.79 2.07 2.35 -21 
0.13 2.35 2.72 3.09 - 2 0  
0.14 2.10 2.43 2.76 - 1 9  
0.15 1.38 1.60 1.82 - 1 8  
0.16 7.11 8.22 9.34 -18  
0.18 1.05 1.22 1.38 - 1 6  
0.2 0.88 1.02 1.16 -15  

1.55 1.75 - 1 0  1.0 
2.27 2.58 - 1 0  1.0 
2.93 3.33 - 1 0  1.0 
3.48 3.95 - 10 1.0 
4.30 4.89 - 1 0  1.0 
4.49 5.12 - 1 0  1.0 
4.37 5.02 - 10 1.0 
4.16 4.87 - 1 0  1.1 
3.92 4.99 - 10 1.3 
4.16 5.90 - 1 0  1.7 
4.77 7.39 - 10 2.6 
5.55 9.10 - 1 0  3.8 
7.04 12.2 - 1 0  7.0 
8.03 14.3 - 1 0  10 
8.48 15.3 - 1 0  13 
8.52 15.5 - 1 0  15 
8,28 15.1 - 1 0  15 
7.90 14.5 - 10 15 
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T 9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: 6Li(p,~,)7Be 

The non-resonant data from SW79 in the 0.25 ~< E ~< 1 MeV range are adopted, along 
with the direct capture calculation of BA80. The zero energy S-factor So = 65 ± 10 eV 

b from CE92 is omitted, since this value is not presently understood. For T9 ~< 1.5, the 
adopted rates are higher than the CA88 ones, due to the different S-factor extrapolation 
at low energies adopted here. The large differences for 7"9 > 5 are due to a very rapid 

decrease of the CA88 rates at high temperatures. The CA88 rates are obtained from an 
exponentially decreasing S-factor which falls below the BA80 estimate above 1 MeV. 

120 
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40 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 2.88 3.60 4.32 - 2 9  1.9 
0.002 6.29 7.86 9.43 - 2 2  1.9 
0.003 2.23 2.79 3.35 - 18 1.9 
0.004 3.82 4.78 5.74 - 16 1.9 
0.005 1.47 1.84 2.21 - 14 1.9 
0.006 2.38 2.97 3.56 - 13 1.9 
0.007 2.18 2.73 3.27 - 12 1.9 
0.008 1.35 1.69 2.03 - 1 I 1.9 
0.009 6.32 7.90 9.48 - 1 I 1.9 
0.01 2.38 2.97 3.57 - 1 0  1.9 
0.011 7.56 9.45 11.3 - 1 0  1.8 
0.012 2.10 2.63 3.16 - 9  1.9 
0.013 5.25 6.56 7.87 - 9  1.9 
0.014 1.20 1.49 1.79 - 8  1.9 
0.015 2.52 3.15 3.78 - 8  1.9 
0.016 4.99 6.24 7.49 - 8  1.8 
0.018 1.67 2.08 2.50 - 7  1.8 
0.02 4.70 5.88 7.05 - 7  1.8 
0.025 3.73 4.66 5.60 - 6  1.8 
0.03 1.80 2.25 2.70 - 5  1.8 
0.04 1.76 2.20 2.64 - 4  1.8 
0.05 0.88 1.10 1.32 - 3  1.8 
0.06 2.98 3.73 4.47 - 3  1.8 
0.07 7.86 9.82 I 1.8 - 3  1.7 
0.08 1.74 2.18 2.61 - 2  1.7 
0.09 3.40 4.25 5.10 - 2  1.7 
0.1 6.03 7.54 9.05 - 2  1.7 
0.11 0.99 1.24 1.49 - I 1.7 
0.12 1.54 1.93 2.31 - I  1.7 
0.13 2.28 2.85 3.42 - 1 1.7 

0.14 3.24 4.05 4.86 
0.15 4.45 5.57 6.68 
0.16 5.95 7.44 8.93 
0.18 0.99 1.24 1.49 
0.2 1.53 1.91 2.29 
0.25 3.62 4.52 5.42 
0.3 6.92 8.62 10.3 
0.35 1.15 1.43 1.71 
0.4 1.75 2.17 2.59 
0.45 2.48 3.07 3.66 
0.5 3.34 4.13 4.91 
(1.6 5.43 6.68 7.94 
0.7 7.94 9.75 I 1.6 
0.8 1.08 1.33 1.57 
0.9 1.40 1.71 2.02 
1 1.75 2.13 2.52 
1.25 2.66 3.24 3.82 
1.5 3.63 4.41 5.19 
1.75 4.65 5.63 6.61 
2 5.65 6.84 8.03 
2.5 7.64 9.24 10.8 
3 0.98 1.18 1.39 
3.5 1.18 1.43 1.68 
4 1.38 1.68 1.98 
5 1.79 2.18 2.57 
6 2.17 2.66 3.14 
7 2.54 3.12 3.70 
8 2.89 3.56 4.23 
9 3.2[ 3.96 4.71 
10 3.49 4.32 5.15 

- 1  1.6 
- 1  1.6 
- 1  1.6 

1.6 
1.6 
1.5 
1.5 
1.4 
1.4 
1.3 
1.3 
1.3 
1.2 
1.2 

2 1.1 
2 1.1 
2 1.1 
2 1.0 
2 1.0 
2 1.0 
2 1.0 
3 1.0 
3 1.1 
3 1.3 
3 1.9 
3 3.2 
3 6.5 
3 17 
3 70 
3 2800 

Reaction: 6Li(p,~)3He 

Tota l  c r o s s  s e c t i o n s  a r e  a d o p t e d  f r o m  M A 5 6 ,  J E 6 3 a ,  F A 6 4 ,  G E 6 6 ,  S P 7 1 ,  G O 7 4 ,  L I 7 7 ,  

E L 7 9 a ,  S H 7 9  a n d  K W 8 9  f r o m  E = 0 . 0 4 3  to 12 .08  M e V .  T h e  l o w - e n e r g y  d a t a  f r o m  F I 6 7  

a re  o m i t t e d  d u e  to w h a t  a p p e a r s  to be  n o r m a l i z a t i o n  p r o b l e m s .  T h o s e  f r o m  E N 9 2  a r e  

c o r r e c t e d  fo r  e l e c t r o n  s c r e e n i n g  e f f e c t s  (Ue  = 4 7 0  e V  a n d  4 4 0  e V  fo r  a t o m i c  a n d  

m o l e c u l a r  t a r g e t  da ta ,  r e s p e c t i v e l y ) .  W e  u s e d  t h e  e x t r a p o l a t i o n  p e r f o r m e d  b y  K W 8 9 ,  

So = 2 . 9 7  + 0 . 0 3  M e V  b a n d  w e  f i t ted  t he  S - f a c t o r  d a t a  in t he  w h o l e  e n e r g y  r a n g e .  

T h e  f i t ted  S - f a c t o r  c u r v e  is s h o w n  in t he  f i gu re .  F o r  E ~ 0 .1  M e V ,  t h e  S - f a c t o r  c a n  

be  we l l  a p p r o x i m a t e d  by  t h e  e x p r e s s i o n  S ( E )  = 2 . 9 7 -  0 . 6 7  E -  5 . 4 9 E  2 ( E  in M e V ,  

S ( E )  in M e V  b ) .  T h e  d i f f e r e n c e s  b e t w e e n  t h e  a d o p t e d  r a t e s  a n d  t h e  C A 8 8  o n e s  a t  h i g h  

t e m p e r a t u r e s  ( a b o u t  3 0 %  at  T9 = 10)  a re  p r o b a b l y  d u e  to t he  b e t t e r  a c c u r a c y  o f  t h e  

n u m e r i c a l  i n t e g r a t i o n  o f  t he  ra te  e q u a t i o n  u s e d  he re .  
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0,001 0.90 1.00 1.10 - 2 4  0.9 
0.002 1.97 2.19 2.41 -17  0.9 
0.003 6.98 7.76 8.53 - 14 0.9 
0.004 1.20 1.33 1.46 - 1 I 0.9 
0.005 4.61 5.12 5.63 - 1 0  0.9 
0.006 7.43 8.25 9.08 - 9  0.9 
0.007 6.82 7.58 8.33 - 8  0.9 
0.008 4.23 4.70 5.17 - 7  0.9 
0.009 1.98 2.20 2.42 - 6  0.9 
0.01 7.45 8.27 9.10 - 6  0.9 
0.011 2.37 2.63 2.90 - 5  0.9 
0.012 6.60 7.33 8.06 - 5  0,9 
0.013 1.65 1.83 2.01 - 4  0,9 
0.014 3.75 4.17 4.58 - 4  0,9 
0.015 7.92 8.80 9.68 - 4  0,9 
0.016 1.57 1.74 1.92 - 3  0,9 
0.018 5.25 5.83 6.41 - 3  0,9 
0.02 1.48 1.65 1.81 - 2  0.9 
0.025 1.18 1.31 1.44 - 1  0.9 
0.03 5.69 6.32 6.95 - 1 0.9 
0.04 5.58 6.20 6.82 0 0.9 
0.05 2.80 3.11 3.43 I 0.9 
0.06 0.95 1.06 1.17 2 0.9 
0.07 2.52 2.80 3.08 2 0.9 
0.08 5.61 6.23 6.85 2 0.9 
0.09 1.10 1.22 1.34 3 0.9 
0.1 1.96 2.17 2.39 3 0.9 
0. I 1 3.23 3.59 3.95 3 0.9 
0.12 5.03 5.59 6.15 3 0.9 
0.13 7.47 8.30 9.13 3 0.9 

0.14 1.06 1.18 1.30 
0.15 1.47 1.63 1.79 
0.16 1.97 2.19 2.41 
0.18 3.30 3.66 4.03 
0,2 5.13 5.70 6.27 
0,25 1.23 1.37 1.51 
03 2.38 2.65 2.91 
0.35 4.01 4.46 4.91 
0,4 6.14 6.82 7.50 
0.45 8.76 9.73 10.7 
0.5 1.19 1.32 1.45 
0.6 1.94 2.15 2.37 
0.7 2.85 3.16 3.48 
0.8 3.88 4.31 4.75 
0.9 5.03 5.58 6.14 
1 6.25 6.95 7.64 
1.25 0.95 1.06 1.17 
1.5 1.30 1.45 1.59 
1.75 1.66 1.84 2.03 
2 2.02 2.24 2.46 
2.5 2.73 3.03 3.33 
3 3.44 3.82 4.20 
3.5 4.14 4.60 5.06 
4 4.83 5.37 5.91 
5 6.14 6.82 7.50 
6 7.32 8.13 8.94 
7 8.34 9.27 10.2 
8 0.92 1.03 1.13 
9 1.00 1.11 1.22 
10 1.06 1.18 1.30 

4 0.9 
4 0.9 
4 0.9 
4 0.9 
4 0.9 
5 0.9 
5 0.9 
5 0.9 
5 0.9 
5 0.9 
6 0.9 
6 0.9 
6 0.9 
6 0.9 
6 0.9 
6 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 0.9 
7 1.0 
7 1.0 
8 1.1 
8 1.2 
8 1.3 

..Q 
4 
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Reaction: 7Li(p,T)SBe 

Experimental data from RI63, PE63 and ZA95a are adopted, covering the energy range 

0.086 ~< E ~< 10 MeV. The relative cross sections of RI63 and PE63 are normalized 

to the absolute values of ZA95a in the overlapping energy region (with an assumed 

100% error). Several experiments using polarized proton beams [CH92,GO96,GO97] 
show that the reaction 7Li(p,T)8B proceeds by both s-wave and p-wave capture. The 

anisotropic cross section has been confirmed by HA96. At energies E < 100 keV, 
estimations of the M1/EI  cross section ratio ranges between 12% lower and 20% 
higher than obtained when a constant S-factor is assumed. However, no clear results 

are given until now [see GO97 for an extended discussion]. Therefore, we consider an 
additional uncertainty of 20% to the constant S-factor equal to S(E) = 1.5 i 0.2 keV b 

[CE92] adopted for the extrapolation to low energies. The present rates are significantly 
higher than those of CA88 at low temperatures. This results mainly from a different 

extrapolation [ZA95a]. At high temperatures, the differences are probably due to the 
omission by CA88 of the contribution of the resonance around 2 MeV [RI63,PE63] 

and of the giant dipole resonance around 7.3 MeV ]PE63,FI76]. 

0.01 1 10 
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0.1 100 T9 

~, RI63 
~Li(p'~f)SBe S ,~ PE63 

O 
o o ZA95a 

O 
O 

ZX A ' ~ ' A ~  

o---O-o-o-o 

0 1, i I i i i i i i i  i i i i i i I i i  i i i i i i i i 

0.01 0.1 1 10 
E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.001 1.95 2.81 3.82 - 2 8  
0.002 4.79 6.90 9.37 -21  
0.003 1.80 2.59 3.52 - 1 7  
0.004 3.19 4.59 6.23 - 1 5  

0.005 1.26 1.81 2.46 - 13 
0.006 2.07 2.97 4.03 - 12 
0.007 1.93 2.77 3.76 - 11 

0.008 1.21 1.74 2.35 - 10 
0.009 5.71 8.20 11.1 - 10 
0.01 2.17 3.11 4.21 - 9  
0.011 6.96 9.98 13.6 - 9  

109 0.14 
107 0.15 
105 0.16 
104 0.18 

102 0.2 
101 0.25 
100 0.3 
99 0.35 
98 0.4 
97 0.45 

96 0.5 
continued on next page 

4.27 4.71 5.16 0 46 
5.92 6.52 7.12 0 44 
7.98 8.77 9.55 0 43 
1.35 1.48 1.61 1 40 

2.13 2.32 2.51 1 38 
5.31 5.72 6.14 1 30 
1.09 1.16 1.24 2 17 

2.05 2.18 2.32 2 7.8 
3.76 3.99 4.23 2 4.1 
6.77 7.17 7.56 2 2.7 
1.17 1.24 1.30 3 2.1 
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continued from previous page 
95 0.6 2.96 
94 0.7 6.02 
93 0.8 1.03 
92 O.9 1.55 
92 1 2.14 
90 1.25 3.69 
88 1.5 5.11 
85 1.75 6.26 
82 2 7.17 
76 2.5 8.31 
71 3 8.89 
67 3.5 9.07 
63 4 9.15 
60 5 8.72 
57 6 8.08 
54 7 7.47 
52 8 6.83 
49 9 6.31 
47 10 0.58 

0.012 1.95 2.79 3.78 - 8  
0.013 4.89 7.01 9.48 - 8  
0.014 1.12 1.60 2.17 - 7  
0.015 2.38 3.40 4.60 - 7  
0.016 4.73 6.76 9.14 - 7  
0.018 1.59 2.27 3.07 - 6  
0.02 4.51 6.45 8.71 - 6  
0.025 3.63 5.18 6.98 - 5  
0.03 1.77 2.52 3.38 - 4  
0.04 2.18 2.48 2.78 - 3  
0.05 1.10 1.25 1.40 - 2  
0.06 3.76 4.24 4.73 - 2  
0.07 0.99 1.12 1.25 - 1  
0.08 2.21 2.48 2.76 - 1 
0.09 4.33 4.86 5.38 - 1 
0. I 7.72 8.63 9.54 - 1 
0.11 1.28 1.43 1.57 0 
0.12 2.00 2.22 2.44 0 
0.13 2.98 3.30 3.62 0 

3.12 3.27 3 1.6 
6.32 6.62 3 1.4 
1.08 1.13 4 1.3 
1.63 1.70 4 1.3 
2.24 2.35 4 1.3 
3.86 4.04 4 1.2 
5.35 5.60 4 1.2 
6.56 6.86 4 1.3 
7.53 7.88 4 1.3 
8.75 9.20 4 1.3 
9.43 9.97 4 1.4 
9.74 10.4 4 1.5 
9.98 10.8 4 1.6 
9.96 11.2 4 1.8 
9.82 11.6 4 2.0 
9.79 12.1 4 2.2 
9.76 12.7 4 2.5 
9.88 13.5 4 2.8 
1.00 1.42 5 3.2 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

R e a c t i o n :  7 L i ( p , a ) 4 H e  

Experimental cross section data from CA62, MA64, FI67, SPTI, RO86, HA89 and 
EN92 are adopted. The low energy data of EN92 are corrected for electron screening 
with Ue = 300 eV. The original data of SP71 and HA89 represent the number of a- 
particles emitted per proton. In order to obtain the total cross section, we divide their 
values by a factor of 2. For the calculation of the rates, a smooth spline fit to all data is 
adopted. For E ~< 0.9 MeV, the approximation of the "bare" nucleus S-factor given in 
EN92 is adopted, S(E)  = 0.0593 + 0.193 E - 0.355 E 2 + 0.236 E 3 (E in MeV, S(E)  in 
MeV b). The differences between the adopted rates and the CA88 ones (about 30%) 
are probably due to the higher accuracy of the numerical integration used here. 
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T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.001 0.98 1.13 1.28 - 2 6  1.1 
0.002 2.42 2.79 3.16 - 1 9  I.l 
0.003 0.91 1.05 1.19 - 1 5  1.1 
0.004 1.63 1.88 2.13 - 1 3  1.1 
0.005 6.47 7.45 8.44 - 12 1. I 
0.006 1.07 1.23 1.39 - 10 I. I 
0.007 1.00 1.15 1.30 - 9  1. I 
0.008 6.32 7.27 8.22 - 9  1.1 
0.009 2.99 3.44 3.89 - 8  1.1 
0.01 1.14 1.31 1.48 - 7  1.1 
0.011 3.68 4.23 4.77 - 7  1.1 
0.012 1.03 1.19 1.34 - 6  1.1 
0.013 2.61 2.99 3.38 - 6  1.1 
0.014 5.99 6.88 7.76 - 6  I. I 
0.015 1.28 1.46 1.65 - 5  1.1 
0.016 2.55 2.92 3.30 - 5  1.1 
0.018 8.64 9.90 11.2 - 5  1.1 
0.02 2.47 2.83 3.19 4 1.1 
0.025 2.02 2.31 2.60 - 3 1. I 
0.03 1.00 1.14 1.28 - 2  1.1 
0.04 1.01 1.16 1.30 - 1  1.1 
0.05 5.25 5.97 6.70 - I 1.1 
0.06 1.83 2.08 2.33 0 1. I 
0.07 4.95 5.62 6.29 0 1.1 
0.08 1.12 1.27 1.42 1 1.0 
0.09 2.24 2.53 2.83 1 1.0 
0. l 4.05 4.58 5.11 1 1.0 
0. I 1 6.80 7.68 8.55 1 1.0 
0.12 1.07 1.21 1.35 2 1.0 
0.13 1.61 1.82 2.02 2 1.0 

0.14 2.32 2.62 2.91 2 1.0 
0.15 3.24 3.65 4.05 2 1.0 
0.16 4.38 4.93 5.48 2 1.0 
0.18 7.47 8.40 9.34 2 1.0 
0.2 1.18 1.33 1.47 3 1.0 
0.25 2.94 3.30 3.66 3 1.0 
0.3 5.89 6.60 7.31 3 1.0 
0.35 1.02 1.14 1.26 4 1.0 
0.4 1.61 1.80 1.99 4 1.0 
0.45 2.35 2.62 2.89 4 1.0 
0.5 3.29 3.65 4.01 4 1.0 
0.6 5.60 6.20 6.79 4 1.0 
0.7 8.55 9.44 1.03 4 1.0 
0.8 1.21 1.33 1.45 5 1.0 
0.9 1.61 1.77 1.93 5 1.0 
t 2.07 2.27 2.47 5 1.0 
1.25 3.38 3.70 4.02 5 1.0 
1.5 4.87 5.33 5.79 5 1.0 
1.75 6.56 7.18 7.80 5 1.0 
2 8.38 9.19 10.00 5 1.1 
2.5 1.25 1.38 1.50 6 1. I 
3 1.75 1.93 2. I 1 6 1.2 
3.5 2.35 2.60 2.85 6 1.3 
4 3.10 3.43 3.77 6 1.3 
5 4.94 5.48 6.02 6 1.1 
6 7.05 7.81 8.58 6 1.0 
7 0.92 1.02 1.12 7 0.9 
8 I. 13 1.25 1.37 7 0.9 
9 1.33 1.48 1.62 7 0.8 
10 1.52 1.68 1.84 7 0.8 

Reaction: 7Li(~e,~,)UB 

T h e  p a r a m e t e r s  r e p o r t e d  by  P A 6 7  a n d  H A 8 4  fo r  t he  r e s o n a n c e s  at  Er = 0 . 2 5 5 ,  0 . 5 1 8 ,  

0 . 6 0 7 ,  1 .590 ,  1 .667 ,  1 .782 ,  a n d  1 .936  M e V  a r e  a d o p t e d  ( f o r  a d i s c u s s i o n  o f  t he  B E 5 1  

da ta ,  s e e  H A 8 4 ) .  In  D E 9 5 ,  t h e  n o n - r e s o n a n t  c a p t u r e  is s h o w n  to be  we l l  a p p r o x i m a t e d  

by  t he  tail  o f  l o w - e n e r g y  r e s o n a n c e s  on ly .  T h e  d i f f e r e n c e  b e t w e e n  o u r  a d o p t e d  r a t e s  a n d  

t h e  C A 8 8  o n e s  a t  l o w  t e m p e r a t u r e s  a re  m a i n l y  d u e  to t h e  c o n t r i b u t i o n  o f  t he  r e s o n a n c e  

a t  E,. = 1 . 5 9 0  M e V ,  fo r  w h i c h  C A 8 8  u s e  a to ta l  w i d t h  o f  2 0 0  k e V  [ P A 6 3 ] ,  w h e r e a s  

o u r  a d o p t e d  w i d t h  is 4 3 3  k e V  [ P A 6 7 ] .  A l t h o u g h  P A 6 7  r e p o r t s  in o n e  t ab l e  a w i d t h  o f  

2 0 0  keV,  t h i s  v a l u e  is r e j e c t e d  in t he  text ,  a n d  t he  v a l u e  F = 4 3 3  k e V  is  r e c o m m e n d e d  

the re .  A s m a l l  d i f f e r e n c e  in e n e r g y  o f  t h e  Er = 0 . 2 5 5  M e V  r e s o n a n c e  ( 0 . 2 5 6 5  M e V  in 

C A 8 8 )  h a s  a l so  a s i g n i f i c a n t  e f f e c t  a t  h i g h e r  t e m p e r a t u r e s .  
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E~ (MeV) wT (eV) Ref. 

0.255 4- 0.002 0.0088 4- 0.0013 HA84 I 
0.518 4- 0.001 a ~1+0.12 HA84 M . . . .  -0.09 
0.607 4- 0.001 1.73 4- 0.24 HA84 M 
1.590 4- 0.012 17.0 4- 3.4 PA67 M 
1.667 4- 0.012 1.5 4- 0.3 PA67 M 
1.782 4- 0.032 2.5 4- 0.5 PA67 M 
1.936 4- 0.032 n f~+0.36 PA67 M v.v '_0.04 

T9 low adopt high exp ratio T 9 low adopt high exp ratio 
0.015 1.95 
0.016 0.98 
0.018 1.69 
0.02 1.98 
0.025 2.70 
0.03 1.15 
0.04 2.68 
0.05 1.30 
0.06 2.49 
0.07 2.64 
0.08 1.95 
0.09 1.49 
0.1 1.62 
0.11 1.71 
0.12 1.34 
0.13 7.83 
0.14 3.55 
0.15 1.31 
0.16 4.06 
0.18 2.66 
0.2 1.17 
0.25 1.62 
0.3 0.89 
0.35 2.91 

3.06 4.40 -25  2.7 
1.53 2.21 - 2 4  2.7 
2.65 3.83 - 2 3  2.7 
3.09 4.45 - 2 2  2.7 
4.21 6.09 --20 2.7 
1.79 2.59 -- 18 2.7 
4.18 6.07 - 1 6  2.7 
2.02 2.93 --14 2.6 
3.88 5.63 -13  2.6 
4.11 5.95 - 1 2  2.6 
2.99 4.30 - 11 2.5 
2.13 2.91 --10 2.1 

0.4 6.98 8.31 9.66 - 1  1.1 
0.45 1.38 1.64 1.92 0 1.1 
0.5 2.42 2.89 3.39 0 1.1 
0.6 6.15 7.45 8.88 0 1.1 
0.7 1.38 1.69 2.04 1 1.1 
0.8 2.80 3.44 4.19 1 1.1 
0.9 5.13 6.28 7.67 1 1.1 

1 0.85 1.04 1.27 2 1.1 
1.25 2.14 2.62 3.19 2 1.1 
1.5 3.91 4.78 5.79 2 1.0 
1.75 5.90 7.2l 8.70 2 1.0 
2 7.95 9.71 11.7 2 1.0 
2.5 1.20 1.48 1.77 3 1.0 
3 1.63 2.00 2.43 3 1. I 
3.5 2.08 2.57 3.17 3 1.1 
4 2.57 3.15 3.95 3 1.2 
5 3.52 4.21 5.45 3 1.4 
6 4.21 4.91 6.45 3 1.5 
7 4.48 5.30 6.79 3 1.7 
8 4.48 5.52 6.79 3 1.9 
9 4.43 5.61 6.76 3 2.2 
10 4.46 5.58 6.77 3 2.4 

2.10 2.63 - 9  1.7 
2.1 I 2.54 - 8 1.5 
1.63 1.93 - 7  1.4 
9.45 11.1 - 7  1.4 
4.26 5.00 - 6  1.3 
1.57 1.83 - 5  1.3 
4.87 5.70 - 5  1.3 
3.18 3.71 - 4  1.2 
1.40 1.63 - 3  1.2 
1.93 2.25 - 2  1.2 
1.06 1.23 - 1 1.1 
3.47 4.03 - 1 1.1 

R e a c t i o n :  7Li (ce ,n) l °B 

Experimental data from GI59, MA68, SE81 and OL84 covering the energy range 
from threshold (Q = - 2 . 7 9 0  MeV) to E = 5.22 MeV are adopted. From threshold to 

E = 3.61 MeV, OL84 and SE81 are selected, as a careful and complete discussion of 
possible sources of errors is provided. At higher energies up to 5.22 MeV, the GI59 
data are used, following the suggestion of SE81 and OL84. Differential cross sections 
are reported by ME63 for a wide energy range. We have converted them into total cross 
sections assuming isotropy and 100% error. All these resulting values are shown in the 
figure, but only those above E = 5.22 MeV are adopted. The CA88 rates rely only on a 
continuum term, which is in contradiction with the experimental data. At energies close 
to threshold, the cross sections used in CA88 are much higher than the experimental 
ones. 
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T9 low adopt high exp ratio T 9 low adopt high exp ratio 

0.45 1.33 1.46 1.60 - 2 4  0. l 
0.5 1.82 2.00 2.18 -21 0.1 
0.6 0.94 1.03 1.11 - 1 6  0.1 
0.7 2.22 2.41 2.60 - 13 0.1 
0.8 7.62 8.25 8.87 - I 1  0.1 
0.9 7.22 7.79 8.36 - 9  0. I 
1 2.78 2.99 3.20 - 7  0.1 
1.25 2.02 2.17 2.31 - 4  0.1 
1.5 1.69 1.80 1.92 - 2  0. I 
1.75 4.02 4.29 4.56 - 1 0.1 
2 4.39 4.68 4.96 0 0. I 

2.5 1.30 1.38 1.46 2 0.2 
3 1.30 1.37 1.45 3 0.2 
3.5 6.95 7.35 7.75 3 0.2 
4 2.50 2.65 2.79 4 0.2 
5 1.54 1.65 1.76 5 0.3 
6 5.23 5.74 6.24 5 0.3 
7 1.25 1.41 1.58 6 0.4 
8 2.38 2.80 3.22 6 0.4 
9 3.91 4.81 5.71 6 0.5 
10 5.67 7.37 9.07 6 0.5 

Reaction: 7Be(p,~/)8B 

Experimental data from KA60, PA66, KA69, VA70a, FI83a, FI83b and HA98 are 

available. All data sets, with the exception of the HA98 ones, are renormalized to 
the 7Li(d,p)SLi cross section, for which the recommended value of ST96a, obtained 

by analysing previous experiments also, is adopted. However, the error quoted by 

ST96a is increased to take into account uncertainties in the absolute data normalization, 
o'(7Li(d,p)SLi)= 146 ± 11 mb. The data point from WI77 is omitted. Data obtained in 
Coulomb break-up experiments [MO94b] are also disregarded (see Section 2.2.2). For 

the calculation of the rates, we adopt the energy dependence predicted by the micro- 
scopic calculation of DE94a with a renormalization factor of 0.69 4- 0.07 obtained from 

a ,I ,2 analysis of the experimental data. The recommended S-factor at zero energy is then 

So = 21 + 2 eV b. This value is slightly larger than the value recommended by AD98 

(So = 19 +4 eV b) who exclude the KA69 data. For E ~< 0.1 MeV, the S-factor can be 
well approximated by the expression S(E) = 21 - 18 E + 38 E 2 (E in MeV, S(E) in 
eV b). For the Er = 633 4- 10 keV resonance, we adopt a strength o)y = 0.011 4- 0.002 

eV following the renormalization of the original values of KA69 and FI83 (see above). 
The differences between the present rates and the CA88 ones relate to the influence of 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.003 1.43 1.60 1.77 - 2 4  0.9 
0.004 7.90 8.83 9.78 - 2 2  0.9 
0.005 7.00 7.83 8.67 - 2 0  0.9 
0.006 2.13 2.38 2.64 - 1 8  0.9 
0.007 3.25 3.64 4.03 - 17 0.8 
0.008 3.07 3.44 3.80 - 16 0.8 
0.009 2.05 2.29 2.53 - 15 0.8 
0.01 1.05 1.17 1.29 -15  0.8 
0.011 4.35 4.86 5.38 - 1 4  0.8 
0.012 1.53 1.71 1.90 - 1 3  0.8 
0.013 4.73 5.29 5.85 - 1 3  0.8 
0.014 1.30 1.46 1.61 - 1 2  0.8 
0.015 3.28 3.66 4.05 - 1 2  0.8 
0.016 7.60 8.50 9.40 - 12 0.8 
0.018 3.37 3.76 4.16 -11 0.8 
0.02 1.21 1.35 1.50 - 1 0  0.8 
0.025 1.56 1.74 1.93 - 9  0.8 
0.03 1.09 1.22 1.35 - 8  0.8 
0.04 1.84 2.05 2.27 - 7  0.8 
0.05 1.35 1.51 1.67 - 6  0.8 
0.06 6.17 6.90 7.64 - 6  0.8 
0.07 2.06 2.31 2.55 - 5  0.8 
0.08 5.56 6.22 6.88 - 5  0.8 
0.09 1.28 1.43 1.59 - 4  0.8 
0.1 2.63 2.94 3.25 - 4  0.8 
0.11 4.92 5.49 6.08 - 4  0.8 
0.12 8.54 9.54 10.6 - 4  0.8 
0.13 1.40 1.56 1.73 - 3  0.8 
0.14 2.18 2.43 2.69 - 3  0.8 

0.15 3.25 3.64 4.03 - 3  0.8 
0.16 4.70 5.25 5.81 - 3  0.8 
0.18 0.90 1.00 1.11 - 2  0.8 
0.2 1.56 1.75 1.93 - 2  0.8 
0.25 4.73 5.29 5.85 - 2  0.8 
0.3 1.09 1.22 1.35 - 1 0.8 
0.35 2.13 2.38 2.63 - I  0.8 
0.4 3.67 4.10 4.54 - I  0.8 
0.45 5.82 6.50 7.20 - 1 0.8 
0.5 8.64 9.66 10.7 - 1 0.8 
0.6 1.66 1.86 2.07 0 0.8 
0.7 2.82 3.17 3.54 0 0.8 
0.8 4.40 4.98 5.59 0 0.8 
0.9 6.46 7.36 8.31 0 0.8 
1 0.91 1.04 1.18 1 0.8 
1.25 1.79 2.07 2.37 1 0.8 
1.5 2.97 3.45 3.96 1 0.8 
1.75 4.38 5.10 5.85 1 0.9 
2 5.95 6.91 7.91 1 0.9 
2.5 0.94 1.08 1.23 2 0.9 
3 1.29 1.49 1.69 2 0.9 
3.5 1.66 1.90 2.15 2 0.9 
4 2.04 2.32 2.62 2 1.0 
5 2.82 3.20 3.58 2 1.0 
6 3.65 4.12 4.60 2 1.1 
7 4.53 5.11 5.69 2 1.1 
8 5.45 6.13 6.82 2 1.2 
9 6.42 7.21 8.00 2 1.3 
10 7.41 8.32 9.23 2 1.4 

the new value for the 7Li(d,p)8Li  cross section, and to the use of  a different low energy 

extrapolation. 
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R e a c t i o n :  7 B e ( a , ~ / ) l l c  

Experimental data are available only for the first two resonances at Er = 0.560 and 

0.877 MeV [HA84] .  For the non-resonant rates, theoretical information is available up 

to T9 = 0.7 only (E0 = 0.53 MeV, AEo = 0.41 M e V ) ,  since calculated cross sections 

[DE95] ,  which also include a subthreshold resonance (J~  = 3/2 +, Er = - 4 3  keV) ,  are 

restricted to E ~ 1 MeV. In [BU88] ,  the S-factor is computed with a potential model,  

but some parameters of  this model can not be determined with precision. Beyond T9 = 2, 

higher-energy resonances should contribute (the first one is a 7 / 2  + resonance at Er = 

1.11 M c V ) ,  but w y  values are not available. Consequently, HF rates have been used 

for T9 ~ 2. The origin of  the non-resonant term of  CA88 is unknown (the positive S~ 

value does not correspond to the tail of  a subthreshold state). The strong enhancement 

at low temperatures is due the presence of the subthreshold state, which is not included 

in CA88. Between T9 = 0.3 and T9 = 5, the resonant term dominates, and both reaction 

rates are similar. Beyond T9 = 5, our HF calculation yields larger rates than the CA88 

ones. 

Er J~ wy (eV)  I'~, (eV) / 'y (eV)  Ref 

0.560 3 / 2 -  0.331 :t=0.041 11 : t = 7  0.3504-0.056 HA84 I 
0.877 5 / 2 -  3.804-0.57 12.64-3.8 3.1 ~ 1.3 HA84 1 

7"9 low adopt high exp ratio T9 low adopt high exp ratio 
0.02 0.81 1.16 1.50 - 2 6  133 
0.025 3.05 4.36 5.67 - 2 4  126 

0.03 2.79 3.98 5.17 - 2 2  119 
0.04 1.96 2.80 3.63 - 19 108 
0.05 2.02 2.89 3.76 - 17 99 

0.06 6.84 9.78 12.7 - 16 91 
0.07 1.12 1.61 2.09 - 1 4  84 

0.08 1.12 1,60 2.08 - 13 78 

0.09 0.78 1, l 1 1.44 - 12 73 
0.10 4.09 5,85 7.61 - 12 69 

0. I 1 1.74 2.49 3.24 - 11 65 
0.12 6.27 8.96 11.7 - I I  61 

0.13 1.97 2.81 3.65 - 1 0  58 
0.14 5.50 7.86 10.2 - 1 0  55 
0.15 1.40 2.00 2.60 - 9  53 
0.16 3.28 4.69 6.10 - 9  51 
0.18 1.49 2.13 2.77 - 8  44 
0.2 5.52 7.90 10.3 - 8  28 
0.25 1.08 1.58 2.15 - 6  3.1 

0.3 2.57 3.82 5.34 - 5  1.3 
0.35 3.93 5.73 7.89 - 4  1.1 
0.4 3.22 4.61 6.23 - 3  1.1 

0.45 1.65 2.32 3.09 - 2  

0.5 6.03 8.40 11.1 - 2  
0.6 4.12 5.65 7.31 - 1  

0.7 1.60 2.18 2.79 0 
0.8 4.41 6.01 7.66 0 

0.9 0.97 1.33 1.70 1 
1 1.84 2.54 3.26 1 

1.25 5.64 8.01 10.4 1 

1.5 1.25 1.78 2.34 2 
1.75 2.13 3.17 4.21 2 
2 3.21 4.84 6.46 2 
2.5 4.64 7.61 10.6 2 

3 0.59 1.05 1.50 3 
3.5 0.70 1.33 1.96 3 
4 0.80 1.61 2.43 3 
5 0.93 2.15 3.36 3 
6 1.03 2.66 4.28 3 
7 1.10 3.15 5.18 3 
8 1.16 3.63 6.08 3 
9 1.21 4.10 6.97 3 
10 1.25 4.58 7.88 3 

l.I 
l . l  
l .I  

.l 

.I 

.1 

.1 

.0 

.0 
0.9 
0.9 
0.8 

0.7 
0.7 
0.7 
0.8 
0.9 
1.0 
1.2 
1.3 
1.6 
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R e a c t i o n :  9 B e ( p , 3 / ) l ° B  

The data from ZA95b are adopted. They cover the energy region from 65 to 1620 keV, 
and are in agreement with the data of HO64, AU75 and PA89. The data of ME59 are 
omitted due to discrepancies in the quoted partial cross sections. The narrow resonance 
at Er = 974.2 keV (o)3/= 0.73 ± 0.10 eV) [FO49,HO53,MO56,BO64,HO64,ZA95b], 

not shown in the figure, has a negligible contribution to the rates. The reliability of  
the reaction rates below T9 = 0.1 depends on the validity of  the extrapolated value 
So = 1 keV b proposed by ZA95b. This So value is not supported by the data of CE92 
(So = 4.2 keV b), which indicate a constant S-factor below 150 keV. The reason for 
this discrepancy is not clear, and we adopted the data of ZA95b because they are in 
agreement with the rest of  the existing data in the energy range of overlapping data. 
Between T9 = 3.5 and 10, the rates are calculated by assuming that S(E > 1.62 MeV) 
has a constant value equal to the measured one at 1.62 MeV with 50% of uncertainty. 
The present reaction rates are about 2 to 5 times lower than the CA88 ones in the region 
0.3 ~< T9 ~< 2. This is due to the use by CA88 of the ME59 data, which overestimate 
the contribution of the Er = 296.8 keV resonance by similar factors. 

, 10 > 
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100 . . . . . . . . . . . . . . . . .  

• ME59 (norm.) 
9Be(p,7)l°B [] HO64 (norm. )  

~ ~  • AU75 
~' ,~ PA89 

S ~  , × zAgsb 
- -  extrapol. 

x ~,:<x × 
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0 .  I i i i i l i i I i I i I I i 

0 0.5 1 1.5 2 
E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.003 2.93 4.03 5.13 - 2 3  

0 .004 1.75 2.39 3.03 - 2 0  

0.005 1.64 2.23 2.82 - 18 

0 .006 5.25 7.07 8.9 - 17 

0 .007 0.83 1.12 1.4 - 1 5  

0 .008 0.81 1.09 1.36 - 14 

0 .009 5.59 7.41 9.23 --  14 

0.01 2.94 3.87 4.81 - 1 3  

0.011 1.25 1.64 2.03 - 12 

0 .012 4.51 5.9 7.28 - 1 2  

0.9 0.15 

0.9 0.16 

0.9 0.18 

0.9 0.2 

0.9 0.25 

0.9 0.3 

0.9 0.35 

0.9 0.4 

0.9 0.45 

0.9 0.5 
continued on next page 

1.99 2.16 2.34 - 1  0.8 

2.95 3.2 3.45 - 1 0.8 

5.93 6.42 6.91 - 1 0.8 

1.09 1.18 1.27 0 0.8 

3.79 4.08 4.38 0 0.7 

0.99 1.07 1.15 1 0.6 

2.14 2.31 2.47 1 0.5 

4 4.3 4.61 1 0.4 

6.66 7.16 7.67 I 0.3 

1.02 1.09 1.17 2 0.3 
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continued 
0.013 1.42 1.85 2.27 -11 0.9 
0.014 4 5.18 6.35 -11 0.9 
0.015 1.02 1.32 1.62 - 10 0.9 
0.016 2.41 3.1 3.79 - 1 0  0.9 
0.018 1.1 1.41 1.71 - 9  0.9 
0.02 4.09 5.17 6.26 - 9 0.9 
0.025 5.62 6.99 8.37 - 8  0.9 
0.03 4.15 5.08 6.02 - 7  0.9 
0.04 7.63 9.11 10.6 - 6  0.9 
0.05 6.04 7.05 8.07 - 5  0.9 
0.06 2.91 3.34 3.77 - 4  0.9 
0.07 1.02 1.15 1.29 - 3  0.9 
0.08 2.84 3.18 3.52 - 3  0.9 
0.09 6.75 7.5 8.24 - 3  0.8 
0.1 1.42 1.57 1.72 - 2  0.8 
0.11 2.73 2.99 3.26 - 2  0.8 
0.12 4.85 5.31 5.76 - 2  0.8 
0.13 8.14 8.88 9.62 - 2  0.8 
0.14 1.3 1.41 1.53 -1  0.8 

from previous page 
0.6 1.96 
0.7 3.2 
0.8 4.68 
0.9 6.46 
1 8.55 
1.25 1.59 
1.5 2.73 
1.75 4.31 
2 6.31 
2.5 1.08 
3 1.53 
3.5 1.94 
4 2.29 
5 2.7 
6 2.92 
7 3.04 
8 3 
9 2.94 
10 2.93 

2.11 2.27 2 0.2 
3.44 3.68 2 0.2 
5.04 5.39 2 0.2 
6.95 7.44 2 0.2 
9.2 9.84 2 0.2 
1.7 1.82 3 0.3 
2.92 3.12 3 0.4 
4.61 4.92 3 0.5 
6.75 7.18 3 0.6 
1.16 1.23 4 0.7 
1.64 1.75 4 0.8 
2.07 2.21 4 0.8 
2.46 2.62 4 0.8 
2.9 3.11 4 0.9 
3.15 3.38 4 0.9 
3.29 3.54 4 0.9 
3.26 3.52 4 0.9 
3.23 3.52 4 1.0 
3.24 3.55 4 1.0 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

R e a c t i o n :  9 B e ( p , n ) 9 B  

The experimental data from GI59 are used from threshold (Q = -1 .851  MeV) to 
E = 3.5 MeV. For E ~> 4.8 MeV, the relative yield data of BA64 are adopted, after 
normalization to the value o-= 0.511 b at E = 4.33 MeV from GI59. In the intermediate 
region, the •2 average of both data sets is adopted. In GI59, the total error is 5%, 
and includes uncertainties in detector efficiency and target thickness. In BA64, the 
corresponding error is 8%. The recommended reaction rates are in good agreement with 
the CA88 ones. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.3 5.49 5.84 6.07 --24 1.0 
0.35 1.58 1.68 1.75 - 1 9  1.0 
0.4 3.52 3.73 3.89 - 16 1.0 
0.45 1.42 1.50 1.57 - 13 1.0 
0.5 1.72 1.82 1.91 - 11 1.0 
0.6 2.34 2.48 2.59 - 8  1.0 
0.7 4.11 4.34 4.55 - 6  0.9 
0.8 2.01 2.13 2.23 - 4  0.9 
0.9 4.21 4.44 4.65 --3 0.9 
1 4.84 5.11 5.36 --2 0.9 
1.25 4.08 4.30 4.52 0 0.9 
1.5 8.13 8.56 8.99 1 0.9 

1.75 7.03 7,40 7.77 2 0.9 
2 3.59 3.78 3.97 3 0.9 
2.5 3.61 3.80 3.99 4 0.9 
3 1.71 1.81 1.90 5 0.9 
3.5 5.30 5.58 5.86 5 0.9 
4 1.25 1.32 1.38 6 0.9 
5 4.26 4.50 4.74 6 0.9 
6 0.99 1.05 1.11 7 0.9 
7 1.85 1.95 2.07 7 0.9 
8 2.98 3.16 3.34 7 0.9 
9 4.35 4.62 4.90 7 0.9 
10 5.93 6.30 6.70 7 0.9 

React ion:  9Be(p,d)SBe 

For the (p,d0) channel, the data of SI73 and ZA97 are adopted below E = 0.63 MeV. 

The S-factor quoted in SI73 refers to the combined (p,do) and (p,a0) reactions, its 
adopted values being a weighted average of the corresponding cross sections. Between 
E = 0.67 and 2.7 MeV, the data of NE51 and WE56 are adopted, while the data of 

HU72 are used between E = 4.4 MeV and 9.8 MeV. The low energy extrapolation 

(E  ~< 0.07 MeV) is made assuming a constant S-factor, based on the So value of SI73, 
So = 17+_ 25 MeV b. However, it should be pointed out that the low energy data from 

ZA97 show an enhancement that cannot be explained only by electron screening, but 
no clear explanation is given in ZA97. We have calculated the contribution of several 
subthreshold states in ~°B, but none of them is sufficiently important to explain the 
enhancement. Therefore, we follow SI73 for the extrapolation. The adopted reaction 

rates are in good agreement with the CA88 ones, except at the highest temperatures. 
This is probably due to the fact that CA88 did not use the high energy data adopted 

in the present compilation. The differences around T9 = 0.25 reflect differences between 
our numerical integrations and the CA88 analytical approximation. 
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T9 low adopt high exp ratio 
0.002 1.52 2.67 7.30 -23 1.0 
0.003 3.77 6.66 17.8 - 19 1.0 
0.004 2.20 3.92 10.3 - 16 1.0 
0.005 2.03 3.63 9.32 - 14 1.0 
0.006 0.63 1.14 2.88 -12 1.0 
0.007 0.99 1.80 4.44 - 11 1.0 
0.008 0.95 1.73 4.22 - 10 1.0 
0.009 0.64 1.18 2.81 - 9  1.0 
0.01 3.31 6.12 14.4 - 9  1.0 
0.011 1.39 2.58 5.96 - 8  1.0 
0.012 4.94 9.22 21.0 - 8  1.0 
0.013 1.53 2.88 6.43 - 7  0.9 
0.014 4.26 8.02 17.6 - 7  0.9 
0.015 1.08 2.04 4.40 - 6  0.9 
0.016 2.51 4.77 10.2 - 6  0.9 
0.018 1.12 2.15 4.43 - 5  0.9 
0.02 4.09 7.84 15.7 -5  0.9 
0.025 0.55 1.05 1.96 - 3  0.9 
0.03 4.00 7.56 13.3 - 3  0.9 
0.04 0.74 1.35 2.13 -1  0.9 
0.05 0.61 1.05 1.51 0 0.9 
0.06 3.12 5.04 6.77 0 0.9 
0.07 1.17 1.78 2.26 1 0.9 
0.08 3.52 5.04 6.17 I 0.9 
0.09 0.90 1.23 1.46 2 0.9 
0.1 2.02 2.64 3.08 2 0.9 
0.1 I 4.13 5.20 5.97 2 1.0 
0.12 7.76 9.51 10.8 2 1.0 
0.13 1.37 1.64 1.84 3 1.0 
0.14 2.28 2.68 2.99 3 1.0 

T9 low adopt high exp ratio 
0. l 5 3.64 4.20 4.66 3 1.0 
0.16 5.57 6.36 7.03 3 1.1 
0.18 1.19 1.34 1.46 4 1.1 
0.2 2.31 2.55 2.78 4 1.2 
0.25 8.86 9.62 10.4 4 1.2 
0.3 2.52 2.71 2.90 5 1.1 
0.35 5.81 6.22 6.62 5 1.0 
0.4 1.14 1.22 1.30 6 1.0 
0.45 1.99 2.12 2.25 6 0.9 
0.5 3.14 3.34 3.55 6 0.9 
0.6 6.38 6.79 7.19 6 0.9 
0.7 1.07 1.14 1.21 7 0.9 
0.8 1.58 1.68 1.79 7 0.9 
0.9 2.15 2.28 2.42 7 0.9 
I 2.73 2.91 3.09 7 0.9 
1.25 4.20 4.49 4.77 7 0.9 
1.5 5.55 5.95 6.35 7 0.9 
1.75 6.73 7.24 7.75 7 0.9 
2 7.75 8.37 8.99 7 0.9 
2.5 0.94 1.02 1.10 8 0.9 
3 1.05 I. 15 1.26 8 0.9 
3.5 1.14 1.26 1.38 8 1.0 
4 1.21 1.34 1.47 8 1.0 
5 1.30 1.45 1.61 8 1.0 
6 1.35 1.53 1.70 8 1.1 
7 1.39 1.58 1.76 8 1.1 
8 1.42 1.61 1.80 8 1.2 
9 1.43 1.63 1.83 8 1.2 
10 1.44 1.65 1.85 8 1.3 

Reaction: 9Be(p,¢¢) 6Li 

For the (p,ceo) channel ,  the data o f  SI73 and ZA97 are adopted  for E ~< 0.63 MeV. 

The S-factor  quoted  in SI73 refers  to the comb i n ed  (p,d0) and (p,cr0) react ions,  its 

adopted  values being a we igh ted  average of  the co r r e spond ing  cross  sections.  Be tween  

E = 0.67 and 0.9 MeV, the NE51 data are used,  renormal ized  by a factor  1.1, der ived 

f rom the average  o f  W E 5 6  and the differential  cross  sect ion measured  at 98.5 ° by TH49.  

Be tween  E = 0.9 and 4 MeV, the relative data o f  MO65  are used,  normal ized  to the 

adopted  value for  the cross  sect ion at 0.899 MeV. For  energies  above 5 MeV, the data o f  

BL63 and YA64 are selected.  For  the (p,o~z) channel ,  the data o f  DA52 and the relative 

values o f  M A 5 9  (no rma l i zed  to DA52)  are adopted.  The energies  o f  M A 5 9  are cor rec ted  

for the target th ickness .  The low energy  S-factor  is a s sumed  to be constant ,  based on 

the So factor  o f  SI73, So = 17+_275 M e V  b. However ,  ZA97 point  out that the low energy  

data show an e n h a n c e m e n t  that cannot  be expla ined  only by electron screening,  but 

no clear  explana t ion  is given in ZA97.  We have calculated the contr ibut ion o f  several  

sub threshold  states in l°B, but none  o f  them is sufficiently impor tant  to explain the 

e n h a n c e m e n t .  Therefore ,  we fol low SI73 for the extrapolat ion [see  also 9 B e ( p , d ) S B e ] .  

The adopted  react ion rates are in good  ag reemen t  with the CA88 ones,  excep t  at the 
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highest temperatures. This is probably due to the fact that CA88 did not use the high- 
energy data adopted in the present compilation. The differences around T9 = 0.25 reflect 
differences between our numerical integrations and the CA88 analytical approximation. 

1000 

~ "  100 

" "  10 

¢h 1 

0.001 0.01 0.1 1 10 100 

9Be(p,~)6Li 

T 

zX NE51 
• BL63 
[] YA64 
X MO65 (norm.) 
,t, SI73 
o ZA97 

- -  e x t r a p o l .  

0.001 0.01 0.1 1 10 100 

E (MeV) 

7"9 low adopt high exp ratio T9 low adopt high exp ratio 
0.002 1.52 2.56 7.30 - 2 3  1.0 
0.003 3.77 6.39 17.8 - 1 9  l.O 
0.004 2.20 3.76 10.3 - 16 1.0 
0.005 2.02 3.49 9.32 - 14 1.0 
0.006 0.63 1.10 2.88 --12 0.9 
0.007 0.99 1.73 4.44 - 11 0.9 
0.008 0.95 1.67 4.22 --10 0.9 
0.009 0.64 1.14 2.81 --9 0.9 
0.01 3.31 5.91 14.4 - 8  0.9 
0.011 1.39 2.50 5.96 - 8  0.9 
0.012 4.93 8.93 21.0 - 8  0.9 
0.013 1.53 2.79 6.43 - 7  0.9 
0.014 4.25 7.78 17.6 --7 0.9 
0.015 1.07 1.97 4.40 - 6  0.9 
0.016 2.50 4.63 10.2 - 6  0.9 
0.018 1.12 2.09 4.43 - 5  0.9 
0.02 4.08 7.61 15.7 --5 0.9 
0.025 0.55 1.02 1.96 - 3  0.9 
0.03 3.99 7.34 13.3 - 3  0.9 
0.04 0.74 1.31 2.13 - 1 0.9 
0.05 0.61 1.02 1.51 0 0.9 
0.06 3.12 4.93 6.77 0 0.9 
0.07 1.17 1.74 2.26 1 0.9 
0.08 3.52 4.97 6.17 I 0.9 
0.09 0.90 1.21 1.46 2 0.9 
O. 1 2.02 2.62 3.08 2 0.9 
0.11 4,12 5.17 5.97 2 0.9 
0.12 7,76 9.46 10.8 2 1.0 
0.13 1,37 1.63 1.84 3 1.0 
0.14 2,28 2.67 2.99 3 1.0 

0.15 3.63 4.18 4.66 3 1.0 
0.16 5.56 6.33 7.01 3 1.1 
0.18 1.18 1.33 1.45 4 1.1 
0.2 2.28 2.52 2.75 4 I. I 
0.25 8.59 9.33 10.1 4 1.2 
0.3 2.38 2.57 2.75 5 1.2 
0.35 5.36 5.74 6.12 5 1.1 
0.4 1.03 l.lO 1.17 6 1.0 
0.45 1.77 1.88 2.00 6 1.0 
0.5 2.75 2.93 3.11 6 0.9 
0.6 5.50 5.85 6.20 6 0.9 
0.7 9.13 9.71 10.3 6 0.9 
0.8 1.34 1.43 1.52 7 0.9 
0.9 1.82 1.93 2.05 7 0.9 
1 2.31 2.47 2.62 7 0.9 
1.25 3.58 3.83 4.08 7 0.9 
1.5 4.79 5.15 5.51 7 0.9 
1.75 5.91 6.38 6.85 7 0.9 
2 6.91 7.50 8.09 7 ! .0 
2.5 8.61 9.43 10.3 7 1.0 
3 0.99 1.10 1.20 8 1.0 
3.5 1.10 1.22 1.34 8 1.1 
4 1.18 1.32 1.46 8 1.1 
5 1.29 1.46 1.62 8 1.2 
6 1.36 1.55 1.73 8 1.3 
7 1.41 1.61 1.81 8 1.4 
8 1.45 1.65 1.86 8 1.4 
9 1.47 1.68 1.90 8 1.5 
10 1.48 1.70 1.93 8 1.6 
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Reaction: 9Be(a,n)12C 

The reaction rate is determined using the experimental cross sections of GI65, VA70b, 

GE75, SC92, WR94 and KU96. In the energy range E ~< 0.254 MeV, data of WR94 

for the E~ = 166 keV resonance are used. Tails from resonances at higher energies 

are also taken into account. The width of the resonance at Er = 106 keV is adopted 

from CI80, and the upper limit in its strength is estimated by the Wigner limit. This 

strength is multiplied by 0.1 in order to obtain the extrapolation to zero energy and 

the recommended rate. The lower limit of the rates is calculated by neglecting this 

resonance. For the 0.254 ~< E ~< 2.5 MeV range, the data of GE75, WR94 and KU96 

are used. The data of VA70b are omitted because they deviate from these data sets at 

low energies (E < 1.5 MeV). Even the resonance at Er = 1.085 MeV, which has a clear 

signature, is not observed in the VA70b data. For 2.5 ~< E ~< 4.86 MeV, the VA70b and 

GE75 data are used. These two sets are in agreement within experimental errors. For 

4.86 ~< E ~< 10.87 MeV, the SC92 data are used. The uncertainty on the reaction rate is 

evaluated from the experimental uncertainties, except for the Er = 166 keV resonance, 

which is treated as described above. The large difference between our rates and the 

CA88 ones near T9 ~ 0.15 arises probably from the underestimate by CA88 of the 

166 keV resonance contribution. 

1 E+6 

...-., 1 E+5 
-9, > 
(1) 

~ 1 E+4 

~ '  1E+a 
cO 

1 E+2  
0.01 

"3" 
0.01 0.1 1 10 ~9 

, , , , , , , ,  . . . . . . . . .  , , . . . . . . .  , , . . . . . . .  

+ GI65 
1 A VA70b 
kx ~ o GeTS 

/ ~ • sc92 
/ ~ < .  .,~ '1~ x WR94, KU96 

9Be(~'n)'l, 2C IIt~...t111. 
i I I  i i i I i I i i  i I 

0.1 1 10 E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.018 2.58 3.98 16.6 --25 
0.02 5.85 9.23 39.7 - 2 4  
0.025 3.12 5.27 24.6 -21 
0.03 3.88 7.04 35.5 - 1 9  
0.04 4.90 9.74 53.3 --16 
0.05 0.98 1.78 8.93 - 13 
0.06 0.77 1.09 4.04 -- 11 
0.07 2.88 3.43 8.40 - 10 

1.2 0.4 
1.3 0.45 
1.5 0.5 
1.5 0.6 
0.6 0.7 
0.5 0.8 
0.7 0.9 
1.4 I 

continued on next page 

1.11 1.24 1.38 1 0.9 
3.00 3.35 3.70 1 0.9 
6.67 7.43 8.21 1 0.9 
2.23 2.49 2.74 2 1.0 
5.40 6.01 6.62 2 1.1 
1.09 1.21 1.33 3 1.2 
2.01 2.24 2.46 3 1.4 
3.61 4.02 4.44 3 1.5 
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continued from previous page 
2.5 1.25 1.55 

3.5 1.5 5.75 
4.3 1.75 1.64 
4.9 2 3.75 
5.5 2.5 1.22 
6.1 3 2.69 
6.7 3.5 4.76 
7.1 4 7.35 
7.1 5 1.38 
5.4 6 2.17 
3.3 7 3.06 
1.4 8 4.01 
1.0 9 4.99 
0.9 10 5.95 

0.08 5.39 5.91 10.6 - 9  
0.09 5.72 6.04 8.90 - 8  
0.1 3.91 4.06 5.37 - 7  
0,11 1.92 1.97 2.46 - 6  
0.12 7.31 7.48 8.98 - 6  
0.13 2.29 2.34 2.75 - 5  
0.14 6.16 6.29 7.30 - 5  
0,15 1.48 1.51 1.74 - 4  
0,16 3.23 3,32 3.81 - 4  
0.18 1.30 1.35 1.55 - 3  
0.2 4.52 4.81 5.48 - 3  
0.25 7.01 7.73 8.72 - 2  
0,3 6.10 6.79 7,59 - 1  
0.35 3.15 3.52 3,91 0 

1.74 1.93 4 1.4 
6.47 7.20 4 1.2 
1.86 2.07 5 1.1 
4.25 4,74 5 1.0 
1.38 1.55 6 0.9 
3.06 3.42 6 0.9 
5.40 6.04 6 0,9 
8.33 9.30 6 0.8 
1.56 1.74 7 0,8 
2.44 2.71 7 0.9 
3.43 3.79 7 0.9 
4.48 4.94 7 0.9 
5.55 6.11 7 1.0 
6.60 7.26 7 1.0 

T9 low adopt high exp ratio T 9 low adopt high exp ratio 

Reaction: 1°B(p,~/)11C 

The experimental data from KU70 and WI83 are adopted. They cover the reaction 
rate region from T9 = 0.15 to 10. For T9 < 0.15, the reaction rates are influenced by 

a low energy resonance (~ = 0) resonance at Er = (9 ± 2) keV [WI83] [see also 
l°B(p,a)TBe].  For E < 0.09 MeV, the S-factor is approximated by a Breit-Wigner 

expression using the parameters of the 9 keV resonance given by WI83, (O'r = (2.07 ± 
0.40) × 10 -14 /zb, / ' y / / ' t o t  ---- (2.6 -4- 0.15) x 10 - 4  and / 'tot = 15 -4- 1 keV). From these 
parameters we obtain Fp = (1.0 4-0.2) × 10 -17 keV and F z, = (3.9-t-0.3) × 10 -3 keV. 

We have studied the influence of the energy error by calculating the reduced width 3"2 
corresponding to an energy of 9 keV, and the S-factor curves for 7 and 11 keV and this 

3 ,2. The error of O'r, Fz,//'tot and/'tot is also added. The results show that the uncertainty 
in the rates is large at temperatures below 0.001, but for T9 ~> 0.003 and in the region of 
the Breit-Wigner approximation, the error is not larger than 30%. The large differences 

between the adopted rates and the CA88 ones at low temperatures are mainly due to the 

contribution of this low energy resonance, which is not included in CA88. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.16 1.58 2.00 2.47 
0.18 2.99 3.78 4.64 
0.2 5.20 6.55 8.02 
0.25 1.58 1.98 2.40 
0.3 3.65 4.57 5.51 
0.35 7.03 8.79 10.6 
0.4 I. 19 1.49 1.79 
0.45 1.85 2.31 2.77 
0.5 2.69 3.36 4.03 
0.6 4.98 6.22 7.46 
0.7 0.82 1.03 1.23 
0.8 1.26 1.58 1.89 
0.9 1.84 2.30 2.76 
I 2.57 3.21 3.86 
1.25 5.22 6.53 7.84 
1.5 0.92 1.15 1.38 
1.75 1.45 1.81 2.17 
2 2.10 2.62 3.15 
2.5 3.67 4.58 5.50 
3 5.43 6.78 8.13 
3.5 7.25 9.05 10.9 
4 0.91 1.13 1.36 
5 1.25 1.56 1.87 
6 1.58 1.98 2.37 
7 1.91 2.38 2.86 
8 2.23 2.79 3.34 
9 2.56 3.19 3.83 
10 2.88 3.60 4.31 
0.15 1.10 1.40 1.74 

- 2  48 
- 2  41 
- 2  36 

1 28 
- l 23 
-1 19 

0 16 
0 14 
0 12 
0 9.9 
I 8.3 
1 7 .1  

1 6 .1  

I 5 . 2  

1 3 . 2  

O.OO4 
0.005 
0.006 
0.007 
0.008 
0.009 
0.01 
0 . 0 1  l 

0.012 
0.013 
0.014 
0.015 
0.016 
0.018 
0.02 

I. 14 1.45 1.87 -22 7800 
2.21 2.81 3.59 -20  7500 
1.16 1.47 1.87 -18 6900 
2.61 3.31 4.20 -17 6200 
3.29 4.17 5.29 -16 5500 
2.74 3.46 4.38 - 15 4800 
1.66 2.10 2.66 - 14 4200 
7.90 9.98 12.6 - 14 3700 
3.11 3.93 4.97 - 13 3300 
1.05 1.32 1.68 - 12 2900 
3.12 3.94 4.99 -12 2600 
0.83 1.05 1.34 - 11 2300 
2.04 2.58 3.27 - 11 2100 
0.99 1.24 1.58 -10  1700 
3.78 4.77 6.06 -10  1500 
5.42 6.86 8.72 - 9  1000 
4.03 5. I I 6.49 - 8  730 
7.20 9.13 l 1.6 - 7  450 
5.41 6.87 8.76 - 6  310 
2.47 3.14 4.00 - 5  230 
0.82 1.04 1.32 - 4  180 
2.16 2.74 3.49 - 4  140 
4.86 6.18 7.84 - 4  120 
0.97 1.24 1.56 - 3  98 
1.77 2.25 2.84 - 3  84 
3.02 3.83 4.82 - 3  73 
4.85 6.16 7.71 - 3  65 
7.45 9.45 11.8 - 3  58 

2 2.1 
2 1.5 
2 1.2 
2 0.9 
2 0.8 
2 0.8 
3 0.8 
3 0.8 
3 1.0 
3 1.1 
3 1.3 
3 1.6 
3 1.9 

-2 52 

0.025 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
0.11 
0.12 
0.13 
0.14 

Reaction: l°B(p,a)7Be 

The exper imenta l  data  f rom BU50,  BR51b,  JE64, SZ72, RO79, YO91, KN93 and 

AN93 are used. The thick target yields  f rom RO79 are conver ted  into cross  sect ion 

data using s topping  p o w e r  in format ion  [ZI85] .  The data f rom BA55a  are in s t rong 

d i s ag reemen t  with the other  low energy  data, and are omit ted.  The S-factor  shows  a 

s teep increase  with dec reas ing  energy  due to the p resence  o f  a low energy  (g = 0) 

r e sonance  at E,. = (9 + 2) keV [ W I 8 3 ] .  This resonance  domina te s  the S-factor  up 

to an ene rgy  of  about  400 keV [see  also l ° B ( p , y ) l l C ] .  F rom the parameters  o-r = 

(2 .07 ± 0 .40)  × 10 -14 /zb, / 'T / / ' to t  = (2 .6  ± 0.15)  x 10 -4  and /'tot = 15 -+- 1 keV 

[ W I 8 3 ] ,  we  obtain / 'p = (1 .0  + 0.2)  × 10 -17 keV (F,~ _~ Ftot). For  E < 18.7 keV, 

the S-factor  is app rox ima ted  by a B r e i t - W i g n e r  express ion  using these parameters .  We 

have s tudied the inf luence o f  the energy  error  by calculat ing the reduced  width ,/2 

co r r e spond ing  to an energy  o f  9 keV, and the S-factor  curves  for 7 and 1 1 keV and 

this ,/2. The error  o f  O'r, F~,/Ftot and /'tot is also added.  The results  show that the 

uncer ta inty  in the rates is large at t empera tures  be low 0.001, but for T9 ~> 0.003 and 

in the region o f  the B r e i t - W i g n e r  approximat ion ,  the error is not  larger than 30%. At  

h igher  energies ,  a b road  resonan t  structure domina tes  the S-factor. The react ion rates are 
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calculated by interpolating linearly the data points. The large differences between the 
adopted rates and the CA88 ones at low temperatures are due to the contribution of the 
10 keV resonance, which is not included in CA88. 

10000 

1000 

-9, 
> 

100 

lO 

CO 1 
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0.1 

0.001 

0.001 0.01 0.1 1 10 

• BU50 o BR51b 
~ + BA55 o JE64 

zx SZ72 x RO79 
~ _  • YO91 • KN92 

[] AN93 - -  extrapol 

0.01 0.1 1 10 

E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.003 0.96 1.25 1.53 --21 430 

0.004 1.72 2.23 2.74 - 18 450 

0.005 3.30 4.29 5.27 - 16 430 

0.006 1.72 2.23 2.75 - 14 400 

0.007 3.86 5.01 6.16 - 1 3  360 

0.008 4.85 6.30 7.74 - 12 320 

0.009 4.04 5.24 6.43 - 11 280 

0.01 2.47 3.19 3.91 - 1 0  250 
0.011 1.18 1.52 1.86 - 9  220 

0.012 4.70 6.02 7.34 - 9  195 

0.013 1.59 2.02 2.46 - 8  170 

0.014 4.73 5.98 7.23 - 8  155 

0.015 1.27 1.59 1.91 - 7  140 
0.016 3.08 3.84 4.59 --7 120 
0.018 1.50 1.83 2.16 --6 100 

0.02 5.78 6.94 8.09 --6 83 
0.025 8.61 9.97 11.3 --5 58 

0.03 6.70 7.60 8.50 --4 44 
0.04 1.29 1.43 1.58 --2 29 

0.05 1.06 1.17 1.29 -- 1 22 
0.06 5.18 5.70 6.23 --1 18 
0.07 1.84 2.03 2.21 0 15 
0.08 5.28 5.79 6.31 0 13 
0.09 1.24 1.36 1.48 1 12 

O. I 2.52 2.76 3.00 1 10 
O. I 1 4.88 5.36 5.83 1 9.2 

0.12 8.63 9.48 10.3 1 8.4 
0.13 1.41 1.54 1.68 2 7.7 
0.14 2.16 2.38 2.60 2 7.0 

0.15 3.23 3.56 3.89 2 6.5 

0.16 4.55 5.02 5.50 2 5.9 

0.18 8.45 9.37 10.3 2 5.1 

0.2 1.42 1.57 1.73 3 4.4 

0.25 3.99 4.44 4.89 3 3.4 

0.3 8.49 9.44 10.4 3 2.7 

0.35 1.47 1.64 1.81 4 2.1 

0.4 2.53 2.81 3.10 4 1.9 
0.45 3.78 4.22 4.66 4 1.6 

0.5 5.58 6.23 6.87 4 1.5 

0.6 1.03 1.17 1.30 5 1.3 

0.7 1.71 1.98 2.24 5 1.2 

0.8 2.64 3.13 3.61 5 I.I 
0.9 4.03 4.92 5.82 5 1. I 

I 5.69 7.15 8.61 5 I.I 
1.25 1.29 1.71 2.14 6 1.2 

1.5 2.44 3.35 4.26 6 1.1 
1.75 4.22 5.91 7.59 6 1.1 

2 6.54 9.35 12.2 6 1.1 
2.5 1.26 1.87 2.47 7 1.0 

3 2.00 3.06 4.12 7 0.9 
3.5 2.75 4.35 5.96 7 0.9 
4 3.50 5.73 7.95 7 0.9 
5 4.80 8.29 11.8 7 0.9 
6 0.58 1.05 1.51 8 1.1 
7 0.65 1.23 1.80 8 1.2 

8 0.70 1.36 2.01 8 1.4 
9 0.79 1.52 2.25 8 1.7 
10 0.85 1.63 2.42 8 2.0 
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Reaction: llB(p,T) 12C 

The experimental data of  AL64 and SE65 are used for E /> 481 keV. Below E = 

481 keV, the data of  HU53 normalized to tr = 45 /zb at E = 623 keV [SE65] and 

a linear extrapolation to the So value determined by direct capture calculations from 

CE92 are used (So = 3.3 ± 0.5 keV b). The 149 keV resonance (j~r = 2 +) is also 

included. The adopted resonance strength is the averaged value of  HU53 and AN74 

(wy  = 0.0393 + 0.0056 eV). The derived reaction rates are lower than the CA88 ones 

for most considered temperatures. This is due mainly to the adoption by CA88 of  the 

HU53 data, which are higher than the presently adopted values. 

10000 
0.1 1 10 T 9 

11B(p,~12C 
lOOO 

100 
v 

~ lO 

1 

0.1 ' 

0.01 

• HU53 (norm.) 

× AL64 
o SE65 

- -  extrapol. [CE92] 

I I I I i i i I i i i i i I i i I i I I I I I i i 

0.1 1 10 

E (MeV) 

T 9 low adopt high exp ratio T9 low adopt high exp ratio 

0.004 1.23 1.45 1.67 
0.005 2.48 2.92 3.36 
0.006 1.37 1.61 1.85 
0.007 3.63 4.28 4.93 
0.008 5.28 6.22 7.17 
0.009 5.00 5.89 6.78 
0.01 3.46 4.07 4.69 
0.011 1.88 2.21 2.55 
0.012 8.39 9.89 11.4 
0.013 3.20 3.77 4.34 
0.014 1.07 1.26 1.45 
0.015 3.20 3.77 4.34 
0.016 0.87 1.03 1.18 
0.018 5.11 6.02 6.94 
0.02 2.35 2.76 3.18 
0.025 4.94 5.82 6.70 
0.03 5.03 5.92 6.82 
0.04 1.46 1.72 1.98 
0.05 1.60 1.88 2.17 
0.06 0.99 I. 17 1.35 

- 2 4  0.9 0.16 
- 2 2  0.9 0.18 
- 2 0  0.8 0.2 
- 1 9  0.9 0.25 
-18  0.9 0.3 
-17  0.9 0.35 
- 1 6  0.8 0.4 
-15  0.8 0.45 
-15  0.8 0.5 
- 1 4  0.8 0.6 
-13  0.8 0.7 
-13  0.8 0.8 
- 1 2  0.8 0.9 
- 1 2  0.8 1 
- 11 0.8 1.25 
- 1 0  0.7 1.5 

- 9  0.7 1.75 
- 7  0.7 2 
- 6  0.6 2.5 
- 5  0.6 3 

continued on next page 

1.73 2.07 2.40 0 0.8 
4.83 5.77 6.70 0 0.8 
1.08 1.29 1.50 1 0.8 
4.40 5.25 6.10 1 0.8 
1.07 1.28 1.48 2 0.9 
1.95 2.32 2.70 2 0.9 
2.98 3.56 4.13 2 0.9 
4.08 4.87 5.65 2 0.9 
5.18 6.18 7.17 2 0.9 
7.27 8.66 10.1 2 0.9 
0.92 1.09 1.27 3 0.9 
1.10 1.31 1.52 3 1.0 
1.29 1.53 1.77 3 1.0 
1.50 1.77 2.04 3 1.0 
2.12 2.47 2.82 3 1.0 
2.89 3.33 3.78 3 1.0 
3.77 4.31 4.85 3 0.9 
4.70 5.35 5.99 3 0.9 
6.59 7.44 8.30 3 0.8 
8.38 9.42 10.5 3 0.7 
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continued from previous page 
0.07 4.68 5.52 6.36 - 5  0.6 
0.08 2.29 2.72 3.14 - 4  0.6 
0.09 1.24 1.47 1.70 --3 0.7 
0.1 5.97 7.11 8.25 --3 0.8 
0.11 2.33 2.78 3.22 --2 0.8 
0.12 7.38 8.79 10.2 - 2  0.8 
0.13 1.96 2.34 2.72 - 1  0.8 
0.14 4.52 5.39 6.26 - 1  0.8 
0.15 0.93 1.11 1.29 0 0.8 

3.5 1.00 1.12 1.24 4 0.7 
4 1.14 1.28 1.42 4 0.7 
5 1.38 1.54 1.70 4 0.7 
6 1.57 1.75 1.93 4 0.7 
7 1.74 1.94 2.14 4 0.7 
8 1.90 2.12 2.34 4 0.7 
9 2,08 2.32 2.56 4 0.7 
10 2.29 2.54 2.80 4 0.7 

63 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: nB(p,n)nc 

From the threshold (Q = - 2 . 7 6 5  MeV)  to E = 3.4 MeV, the data of  VA78 and RA80 

are used, normalized to their averaged value of  o- = 100 + 10 mb at E = 3.3 MeV. 

These renormalized data are in excellent agreement with the thick target yield data of  

BA81, which are not used here. Above E = 3.4 MeV, the data of  LE61 and BA64 are 

used, normalized to o- = 137 mb at E = 4.7 MeV from VA78 and RA80. The GI59 

data are not included, since the authors warned against the quality of  the used target. 

The available experimental  data are complete for the calculation of  the reaction rates. 

The recommended reaction rates are larger than the CA88 ones. This may come from 

the adoption by CA88 of  the GI59 data, which are lower than the adopted values by a 

factor of  2, but no clear statement can be set. 
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T9 low adopt high exp ratio T 9 low adopt high exp ratio 
0.45 1.75 1.95 2.14 -23  1.1 
0.5 2.30 2.56 2.82 -20  1.1 
0.6 1.10 1.22 1.35 -15 1.2 
0.7 2.42 2.69 2.96 - 12 1.3 
0.8 7.79 8.66 9.53 -10  1.4 
0.9 6.95 7.73 8.50 - 8  1.4 
1 2.53 2.81 3.09 - 6  1.5 
1.25 1.64 1.82 2.00 - 3  1.6 
1.5 1.23 1.36 1.50 -1  1.6 
1.75 2.68 2.98 3.28 0 1.7 
2 2.71 3.01 3.31 1 1.7 

2.5 6.86 7.62 8.38 2 1.8 
3 5.87 6.53 7.18 3 1.8 
3.5 2.71 3.01 3.31 4 1.8 
4 8.47 9.41 10.4 4 1.8 
5 4.17 4.63 5.09 5 1.8 
6 1.21 1.34 1.47 6 1.8 
7 2.59 2.87 3.16 6 1.8 
8 4.61 5.12 5.63 6 1.8 
9 7.24 8.05 8.85 6 1.8 
10 1.04 1.16 1.27 7 1.8 

Reaction: UB(p,a)24He 

Exper imenta l  data  f rom BE87 and AN93  are used for the calculat ion o f  the adopted 

rates and their  upper  limits. This  fo l lows the r ecommenda t ion  o f  BE87,  who  show that 

the react ion proceeds  predominant ly  by a sequential  decay, so that the observed yields 

should be d iv ided  by 2 and not by 3, as in SE65 and DA79.  The  original  data f rom SE65 

and DA79  are used for obtaining the lower  limits o f  the rates. The  S-factor is domina ted  

by a broad resonance  structure near  600 keV. A narrow resonance at E~ = 148.6 :k 0.4 

keV [ A N 7 4 , D A 7 9 , B E 8 7 ]  is super imposed  to this structure (adopted resonance  strength 

w y  = 14 :t: 2 eV [ S E 6 1 , A N 7 4 , D A 7 9 ]  ). For  the calculat ion o f  the react ion rates, data at 

E < 60 keV are corrected for electron screening with Ue = 430 eV [ B E 8 7 , A N 9 3 ] .  For  

the low energy  extrapolat ion,  the r ecommended  "bare"  nuclei  curve  (So = 187 4-30 M e V  

b) f rom A N 9 3  is adopted.  Our adopted rates are within about  20% of  the CA88  ones 

at T9 < 5. CA88  used probably  the original  SE65 and DA79 data sets, and extrapolated 

to zero energy. The  dif ferences  are larger at h igher  T9. 
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T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.003 3.57 4.90 5.15 - 2 3  1.2 

0.004 6.25 8.68 9.12 - 2 0  1.2 

0.005 1.26 1.77 1.86 - 17 1.2 
0.006 0.72 1.01 1.07 -- 15 1.2 

0.007 1.80 2.57 2.70 - 14 1.2 

0.008 2.57 3.69 3.88 - 13 1.2 

0.009 2.42 3.51 3.69 - 12 1.2 

0.01 1.67 2.43 2.56 - 11 1.2 

0.011 0.90 1.32 1.39 - 1 0  1.2 

0.012 4.00 5.91 6.22 - 1 0  1.2 

0.013 1.51 2.26 2.37 - 9  1.2 

0.014 5.02 7.54 7.93 - 9  1.2 
0.015 1.49 2.25 2.37 - 8  1.2 

0.016 4.03 6.14 6.46 - 8  1.2 

0.018 2.33 3.61 3.80 --7 1.2 

0.02 1.06 1.66 1.74 - 6  1.2 

0.025 2.16 3.49 3.67 - 5  1.2 
0.03 2.17 3.55 3.74 - 4  1.2 

0.04 0.66 1.04 1.09 - 2  1.2 

0.05 0.77 1.13 1.20 - 1  1.2 

0.06 4.98 7.02 7.51 - 1  1.2 

0.07 2.17 3.02 3.26 0 1.2 

0.08 0.72 1.01 1.10 1 1.2 
0.09 1.99 2.82 3.12 I 1.3 

0.1 4.79 6.94 7.82 1 1.2 

0.1 I 1.04 1.55 1.78 2 1.2 

0.12 2.08 3.19 3.76 2 1.2 
0.13 3.88 6.12 7.41 2 1.2 

0.14 0.68 1.11 1.38 3 1.1 

0.15 1.15 1.91 2.41 3 I.I 

0.16 1.84 3.12 4.00 3 I.I 

0.18 4.20 7.36 9.64 3 1.0 
0.2 0.85 1.51 2.00 4 1.0 

0.25 3.27 5.95 7.87 4 1.0 

0.3 0.87 1.60 2.07 5 1.0 

0.35 1.89 3.42 4.30 5 1.1 

0.4 3.55 6.36 7.79 5 1.2 

0.45 0.61 1.08 1.29 6 1.2 
0.5 0.98 1.70 2.00 6 1.2 

0.6 2.12 3.66 4.16 6 1.2 

0.7 3.96 6.76 7.54 6 1.2 
0.8 0.66 1.12 1.23 7 1.1 

0.9 1.01 1.70 1.86 7 1.0 

1 1.43 2.40 2.62 7 0.9 

1.25 2.75 4.59 4.99 7 0.8 
1.5 4.30 7.12 7.73 7 0.8 

1.75 5.84 9.70 10.5 7 0.8 

2 0.74 1.21 1.32 8 0.8 

2.5 0.99 1.64 1.77 8 0.9 

3 1.18 1.97 2.14 8 1.0 

3.5 1.33 2.22 2.42 8 I. I 

4 1.41 2.43 2.65 8 1.2 
5 1.51 2.76 3.04 8 1.3 

6 1.57 3.03 3.38 8 1.4 

7 1.66 3.28 3.72 8 1.5 

8 1.67 3.54 4.09 8 1.6 
9 1.67 3.80 4.47 8 1.8 

10 1.67 4.04 4.85 8 1.9 

Reaction: 12C(p,~)13N 

Experimental data from BA50, HA50, LA57a, VO63 and RO74a, covering the energy 
range from 72 to 541 keV, are adopted. For the calculation of the rates, a smooth spline 
fit to all data is adopted. For the extrapolation to E = 0, the direct capture results from 
[RO74a] are adopted. At higher energies, the 0 ° and 90 ° differential cross sections 
from RO74a multiplied by 4zr are adopted, assuming a 40% error. The derived values 

are in very good agreement with the overlapping adopted data at lower energies. For 
E > 2.3 MeV, the S-factor is assumed to be energy independent, as suggested by direct 
capture studies [RO74a]. The adopted rates are very close to the CA88 ones, except 
around T9 = 0.3. This is probably due to the numerical approach used here compared to 
the analytical approximation used by CA88. 
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0 0.5 1 1.5 2 
E (MeV) 

2.5 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.006 1.10 1.22 1.34 - 2 4  1.0 

0.007 4.35 4.83 5.32 - 2 3  1.0 

0.008 0.90 1,00 1,10 -21  1.0 

0,009 1.17 1.30 1.43 - 2 0  1.0 

0.01 1.07 1.18 1.30 - 19 1.0 

0.011 7.33 8.15 8.96 - 1 9  1,0 

0.012 4.04 4.49 4,94 - 18 1.0 

0,013 1.86 2.06 2.27 - 1 7  1.0 

0.014 7,35 8.17 8.99 - 1 7  1.0 
0.015 2.57 2.85 3.14 - 1 6  1.0 

0.016 8.06 8.96 9.85 - 1 6  1.0 
0.018 6.10 6.78 7.46 - 1 5  1.0 

0.02 3.49 3.88 4.27 - 14 1.0 
0.025 1.15 1.28 1.40 - 1 2  1.0 

0.03 1.65 1.83 2.02 - 11 1.0 

0.035 1.38 1.54 1.69 - 10 1.0 
0.04 7.97 8,86 9,75 - 1 0  1.0 

0.05 1.26 1.40 1.54 - 8 1,0 
0.06 1,03 1.14 1.26 - 7  1.0 
0.07 5.52 6.13 6.75 - 7  1.1 

0.08 2.21 2.45 2.70 - 6  1.1 
0.09 7.13 7.93 8.72 - 6  1.1 

0,1 1.96 2,18 2.40 - 5  1.1 
0.11 4.76 5.29 5.82 - 5  1.1 
0.12 1.05 1.16 1.28 - 4  1.1 
0.13 2.13 2.36 2.60 - 4  1.1 
0.14 4.04 4.49 4.94 - 4  I. 1 
0.15 7.27 8.08 8,88 - 4  1.1 

0.16 1.25 1.39 1.53 - 3  1.1 
0.18 3.30 3.67 4.04 - 3  1.2 

0.2 7.80 8.66 9.53 - 3  1.2 

0.25 4.95 5,50 6.05 - 2  1,4 

0.3 2.50 2.78 3.05 - 1 1.6 

0.35 1,04 1.15 1.27 0 1.5 

0.4 3.43 3.81 4.19 0 1.4 

0.45 0.92 1.02 1.12 I 1.3 

0.5 2.05 2.28 2,51 1 1.2 

0.6 6.90 7.67 8.44 1 1. I 
0.7 1.62 1.81 1.99 2 1.0 

0.8 3.04 3.38 3.72 2 1.0 
0.9 4.87 5.42 5.97 2 0.9 

1 7,01 7.80 8.60 2 0.9 

1.25 1.29 1.44 1.59 3 0.9 

1.5 1.86 2.08 2.30 3 0.8 
1.75 2.34 2.62 2.89 3 0.8 

2 2.70 3.02 3.35 3 0.8 
2.5 3.16 3.56 3.96 3 0.8 

3 3.35 3.80 4.25 3 0.9 
3.5 3.41 3.90 4.39 3 0.9 
4 3.41 3.94 4.47 3 0.9 

5 3.28 3,88 4.48 3 0.9 
6 3.14 3.81 4.48 3 1.0 
7 2.97 3.69 4.42 3 1.0 
8 2.86 3.64 4.41 3 1.0 
9 2.70 3.52 4,34 3 1.0 
10 2.69 3.55 4.42 3 1.1 
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Reaction: 12C(aw)160 

For the E1 contribution, the S-factor SEI(300 keV) = 79 + 21 keV b resulting from 
an R-matrix fit [BU93,AZ94] is used. This fit involves experimental data on capture 

[DY74,RE87,KR88,OU92,OU96,TR97], elastic scattering [PL87] and t -delayed a-  
spectrum of 16N [BU93,AZ94]. Significant improvements on the 12C(a,3,)160 rate 

have been performed through the analysis of the 16N 13 decay [BU93,ZH93,FR97]. The 

E1 S-factor, which includes the contribution of the 1 ~- subthreshold state and of the l~- 
broad resonance, is used to determine the reaction rate by numerical integration. The 

data of KE82 and KR88 do not separate E1 and E2 contributions, and are not included 
in the figure. The error on this fit is estimated as AS/S (E  = 0.3 MeV) = 0.27 (given 
in AZ94), A S / S ( E  = 2.34 MeV) = 0.05 (lowest experimental error) and A S / S ( E  = 

2.94 MeV) = 0.13 (estimated from the experimental data). Between these points, the 
shape of AS/S  is assumed to be linear with E. Recent data of OU96 supersede erroneous 

ones [OU92], and do not change the fit within the error bars. For the E2 contribution, 
we use the R-matrix fit of BA91 [SE2(300 keV) = 120 ± 60 keV b], which involves 

experimental data on capture IRE87] and on elastic scattering [PL87]. This 300 keV 
value is consistent with the upper limit recommended by BU96 [SE2(300 keV) ~< 

140 keV b] from R-matrix fits. The low-energy S-factor is mainly determined by the 
properties of the 2 + subthreshold state. Recent E2 data [OU96] are consistent with 

the fit. The E2 cross sections are deduced from O'E2/O'E1 data; therefore, the errors on 
E2 are also affected by the errors on El. At low energy, statistics is the main source 

of errors. At higher energy (,~ 2.5 MeV), the ~rE2/~rE1 ratio is small owing to the 
broad 1~- resonance, which enhances the E1 cross section. From these considerations, 
a constant uncertainty of 50% is used for the E2 component. Contributions from other 
resonances up to E = 6 MeV are treated separately, with energies and widths given 
in TI93. The contribution of cascade transitions is small (7-10% from RE87), and is 

therefore neglected. For T9 ~< 2, the differences between our adopted rates and the CA88 
ones arise from the S-factor SEi (300 keV) adopted by CA88, which is a factor of about 
2 lower than the value adopted here. 

::t, 
v 

"6 
"T 

,T, 
cO 

100 

10 

0.1 

0 

0.1 1 T 9 

" ~  / . . . .  ' ~ '  '120.(~ ,160 

A bY74 

0 TR97 ' " ~  

1 2 3 

E (MeV) 



~
~

,
~

,
~

,
~

 
.

.
.

.
 

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
 

~
~

0
~

~
~

'
~

~
~

~
~

 

• 
~

o
~

~
~

.
 

~
Q

~
~

~
~

o
o

~
 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
1 

I 

E 

0 0 

0 

m E
 

~ 

< 

(~
E2

/(~
E1

 
o 

/°
 

i 
i 

D 
~>
 

"
"
 

~
.o

m
a

 
c
m
-
<
 

r~
 



C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 69 

Reaction: 13C(p,~) 14N 

The experimental data from HE60a, HE61 and KI94 are adopted. Since the data of 
HE60a and HE61 are limited to the capture cross section to the 14N ground state, a 

renormalization factor 1.18, suggested by the authors [HE60a,HE61,KI94], is used to 

obtain the total cross section. For this reaction, the S-factor has been extrapolated by 
using a R-matrix fit involving the 1- (Er = 0.511 MeV) resonance and a background 

contribution. This procedure yields So = 7.0 -4- 1.5 keV b. This value is consistent with 

the recommendation of AD98 (7.6 -4- 1 keV b), who use the extrapolation of KI94. 
Resonance properties are taken from SE52, WO53, DE65, BI81, ZI86, PR85, and KI94. 

For the resonant data, a conservative error of 100% is adopted when no error is given 
by the authors. The 1- resonance (Er = 0.511 MeV) is the most important one. The 

present rates are slightly larger than the CA88 rates up to T9 ~ 0.5, since the So value 
used in CA88 (5.5 keV b) is lower than the present extrapolated value [KI94]. For 
7"9 ~> 5, the difference probably relates to the larger number of resonances included in 

the present rates. 

Er (MeV) J~ wy (eV) Ref. Er (MeV) j r  wy (eV) Ref. 

0.416 4- 0.005 2 -  0.020 4- 0.002 KI94 M 1.429 4- 0.003 2 + 0.13 -4-0.13 WO53 N 

0.511 4- 0.001 1 - 8.8 4- 1.1 K194 1 1.578 4- 0.001 3 + 0.03 + 0.03 DE65 N 

0.939 ± 0.002 4 -  0.01 ± 0.01 DE65 N 1.621 ± 0.001 2 + 9.1 ± 0.5 BI81 M 
1.069 4- 0.002 0 + 1.3 4- 1.3 WO53 M 1.958 4- 0.003 2 -  7.0 ± 1.0 PR85 M 

1.225 4- 0.007 0 -  12.8 4- 12,8 SE52 M 2.152 ± 0.004 1 + 0.11 ± 0.01 PR85 N 
1.356 ± 0.003 3 -  0.67 4- 0.07 ZI86 M 2.545 1,2 + 0.37 4- 0.03 PR85 N 

1.413 ± 0.002 5 + 0.003 4- 0.003 DE65 N 2.881 ± 0.005 2 + 22.8 ± 1.3 PR85 M 
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T9 low adopt high exp ratio 
0.007 1.59 2.00 2.40 - 2 2  1.2 

0.008 3.30 4.15 5.00 -21  1.2 

0.009 4.29 5.39 6.49 - 2 0  1.2 

0.010 3.90 4.90 5.89 - 1 9  1.2 

0.011 2.69 3.37 4.05 - 18 1.2 

0.012 1.48 1.86 2.23 - 17 1.2 

0.013 6.81 8.54 10.3 - 1 7  1.2 

0.014 2.69 3.38 4.06 - 16 1.2 

0.015 0.94 1.18 1.42 - 1 5  1.2 

0.016 2.95 3.69 4.44 - 15 1.2 
0.018 2.23 2.79 3.34 - 1 4  1.2 

0.020 1.27 1.59 1.90 - 13 1.2 

0.025 4.15 5.18 6.21 - 1 2  1.2 

0.03 5.93 7.38 8.84 - 11 1.2 
0.04 2.85 3.54 4.22 - 9  1.2 

0.05 4.48 5.53 6.59 - 8  1.2 

0.06 3.65 4.50 5.36 - 7  1.2 
0.07 1.95 2.40 2.85 - 6  1.2 

0.08 7.80 9.57 11.3 - 6  1.2 

0.09 2.52 3.08 3.64 - 5  1.2 

0.10 6.91 8.43 9.95 - 5  1.2 

0. I 1 1.67 2.04 2.40 - 4  1.2 

0.12 3.66 4.45 5.23 - 4  1.2 

0.13 7.40 8.95 10.5 - 3  1.2 

0.14 1.40 1.69 1.98 - 3  1.2 
0.15 2.49 3.00 3.51 - 3  1.2 

0.16 4.23 5.08 5.94 - 3  1.2 

T9 low adopt high exp ratio 
0.18 1.09 1.30 1.51 - 2  1.2 

0.2 2.47 2.93 3.40 - 2  1.2 
0.25 1.31 1.54 1.77 - 1 1.3 

0.3 5.04 5.81 6.58 - 1  1.3 

0.35 1.75 1.96 2.17 0 1.3 

0.4 5.54 6.04 6.53 0 1.2 

0.45 1.58 1.69 1.79 1 1.1 

0.5 3.85 4.20 4.54 1 1.0 

0.6 1.64 1.82 2.00 2 0.9 

0.7 4.74 5.41 6.09 2 0.9 
0.8 1.12 1.27 1.43 3 0.9 

0.9 2.13 2.43 2.74 3 0.9 

1 3.51 4.01 4.51 3 0.9 

1.25 8.21 9.40 10.6 3 0.9 
1.5 1.38 1.58 1.79 4 0.9 

1.75 1.92 2.23 2.54 4 0.9 

2 2.40 2.82 3.24 4 0.8 

2.5 3.11 3.78 4.46 4 0.8 

3 3.53 4.47 5.41 4 0.9 
3.5 3.73 4.94 6.15 4 0.9 

4 3.81 5.27 6.72 4 0.9 
5 3.77 5.62 7.46 4 1.0 

6 3.64 5.74 7.84 4 1.1 

7 3.49 5.74 7.99 4 1.1 
8 3.35 5.67 7.98 4 1.2 

9 3.23 5.55 7.88 4 1.2 
10 3.12 5.42 7.72 4 1.2 

R e a c t i o n :  1 3 C ( p , n ) 1 3 N  

The rates of  this reaction (Q = - 3 . 0 0 3  MeV)  are obtained by numerical integration 
of the experimental data of  WO61, DA61 and FI91, with a linear interpolation between 
the data points. Above the neutron threshold in t4N (10.55 MeV) ,  the level density is 
very high (47 levels between Ex = 10.55 MeV and Ex = 15 MeV, as indicated by the 
experimental data). Below T9 = 1, the present rates are slightly smaller than the CA88 
ones, due to the new data of  FI91, which are in general lower than the data of  WO61 
and DA61 used in CA88. Above T9 = l, the present rates are larger (up to a factor 
of  2.6 at T9 = 10) due to the numerical integration of  the rate formula, which is more 
accurate than the analytical treatment of  CA88, especially at high temperatures, and to 
our thermalization corrections which are larger (rtt  --- 1.10 to 1.36 at T9 = 5 to 10) than 
the CA88 o n e s  (rtt = 1 at all T9). 
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E (MeV) 

71 

16 

/'9 low adopt high exp ratio T9 low adopt high exp ratio 
0.5 5.00 6.39 7,78 -23 0.7 
0.6 6.40 7.91 9,41 -18 0.8 
0.7 2.81 3.41 4.02 -14 0.9 
0.8 1.51 1.81 2.12 -11 0.9 
0.9 2.00 2.39 2.77 -9  1.0 
1 0.99 1.18 1.37 -7  1.0 
1.25 1. I 1 1.32 1.52 - 4  1.0 
1.5 1.20 1.42 1.64 - 2  1.1 
1.75 3.41 4.03 4.65 --1 1.1 
2 4.19 4.97 5.75 0 1.2 

2.5 1.42 1.69 1.96 2 1.2 
3 1.51 1.80 2.09 3 1.3 
3.5 8.20 9.79 11.4 3 1.4 
4 2.95 3.52 4.09 4 1.5 
5 1.81 2.16 2.52 5 1.7 
6 6.17 7.38 8.59 5 1.8 
7 1.49 1.79 2.08 6 2.0 
8 2.99 3.57 4.14 6 2.3 
9 5.03 6.00 6.98 6 2.4 
10 7.74 9.23 10.7 6 2.6 

Reaction: 13C(a,n)160 

The rates are determined using experimental cross sections of  SE67a, DA68, BA73a, 

DR93 and BR93 covering the energy range between E = 0.28 and 4.47 MeV. For 

E < 0.28 MeV, the S-factor is extrapolated by fitting the data of  DR93 with the tail of a 

1/2 + subthreshold resonance at Ex = 6.356 MeV (Er = - 3  keV),  using Eq. (31) with 

F -- 124 + 12 keV [FO73,JO73] and Sr = 2.30 × 107 MeV b. This extrapolation agrees 

with the R-matrix calculation of  HA97. For T9 > 4, HF rates are used following the 

procedure explained in Section 2.5. At low temperatures, the adopted rates are up to a 

factor of  8 higher than the CA88 ones. This large difference is caused by the inclusion 

of  the subthreshold resonance. For 0.4 ~< T9 ~< 2.5, the adopted rates are up to factor of 

2 higher, due to the new data of  DR93 and BR93. At high temperatures, the HF rates 

are larger than the CA88 estimates. 
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zx DA68 
x BA73a 
+ DR93 
o BR93 
- -  extrapol. 

T9 

f i l l  

4 5 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.04 0.65 5.34 6.45 -24 8.4 
0.05 0.49 3.24 3.91 -21 6.5 
0.06 0.77 4.19 5.06 -19 5.2 
0.07 0.44 2.00 2.42 - 17 4.3 
0.08 1.22 4.80 5.80 -16 3.6 
0.09 2.03 6.99 8.45 - 15 3. I 
0.1 2.28 6.99 8.49 -14 2.7 
0.11 1.90 5.24 6.41 -13 2.4 
0.12 1.23 3.12 3.88 -12 2.2 
0.13 0.66 1.55 1.95 -11 2.0 
0.14 2.99 6.57 8.40 - 11 1.8 
0.15 1.18 2.44 3.16 -10 1.7 
0.16 4.15 8.12 10.6 -10 1.6 
0.18 3.85 6.77 8.88 - 9  1.4 
0.2 2.64 4.21 5.46 - 8  1,3 
0.25 1.28 1.70 2.08 - 6  1,1 
0.3 2.61 3.14 3.65 - 5  1.0 
0.35 3. I 1 3.57 4.03 - 4  1.1 
0.4 2.54 2.88 3.22 - 3  1.3 
0.45 1.55 1.76 1.97 - 2  1.4 

0.5 7.35 8.42 9.49 - 2  1.6 
0.6 0.91 1.06 1.21 0 1.8 
0.7 6.07 7.18 8.30 0 1.9 
0.8 2.66 3.18 3.70 1 1.9 
0.9 0.86 1.04 1.22 2 1.9 
1 2.27 2.75 3.23 2 1.8 
1.25 1.41 1.73 2.05 3 1.6 
1.5 5.46 6.74 8.01 3 1.4 
1.75 1.60 1.99 2.37 4 1.2 
2 3.89 4.84 5.79 4 1.2 
2.5 1.50 1.87 2.24 5 1.1 
3 3.91 4.88 5.85 5 1.0 
3.5 7.85 9.81 11.8 5 1.0 
4 1.33 1.66 2.00 6 0.9 
5 3.02 3.86 4.72 6 1.0 
6 5.36 7.02 8.73 6 1.2 
7 0.82 1.10 1.40 7 1.3 
8 1.14 1.58 2.03 7 1.6 
9 1.49 2.12 2.78 7 1.8 
10 1.85 2.72 3.61 7 2.1 

Reaction: 13N(p,~/) 140 

The reac t ion  rates are domina t ed  by the contr ibut ion o f  the j~r = 1 -  r e sonance  at 

Er = 528,4 keV ( w e i g h t e d  average value o f  GR72a,  DE93a  and M A 9 4 ) .  The width  

o f  the resonance ,  F = 37.3 4- 0.9 keV, is taken f rom CH85,  DE93a  and MA94 .  The  

r e sonance  s t rength,  (o i /=  2.5 4- 0.6 eV, is the we igh ted  average value obta ined f rom the 

indirect  m e t h o d s  o f  FE89  and SM93 and the di rect  result  o f  DE93a.  The result  f rom 

AG89 is d i s regarded  s ince the authors  warn against  a poss ib le  13C con tamina t ion  o f  

the target. The two available results  f rom Cou lomb  break-up exper imen t s  [ MO91 ,KI93  ] 

are not  inc luded  ei ther  ( s ee  Sect ion  2 .2 .2) .  The rates are co mp u t ed  f rom the r e sonance  
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parameters and include the tail contribution of the 528.4 keV resonance. The constructive 

interference with the direct capture below the resonance, as suggested by DE93b, is also 

taken into account in order to obtain the upper limit of the rates. The present rates are 
up to factor of 2.6 (at T9 ~ 0.45) larger than the theoretical estimates of LA85 used by 

CA88. 

Method Ref. I%,/ F F r (eV) 

~2C(3He,n'y)140 rE89 (0.72 4- 0.35) × 10 -4  
12C(3He,n'y)140 AG89 (2.0 4- 1.0) x 10 -4* 
14N(p,n)140 SM93 (3.1 4- 1.7) × 10 -4  

averaged 0.82 4- 0.47 × 10 -4  3.1 4- 1.8 

Coulomb break up MO91 - 3.1 i 0.6* 
Coulomb break up KI93 - 2.4 ± 0.9* 
13N(p,y) 140 DE93b - 3.3 ± 0.9 

adopted 3.3 ± 0.8 

* See comments. 

10 

1 

> 
0.1 

v 

0.01 

0.001 

0.1 1 T9 

528.4 keV resonance 

resonance . ~ ~  
+ int~erence ....... -" ' 

DC 

0.0001 . . . .  ' . . . .  L . . . .  , . . . .  ~ . . . .  

0 0.2 0.4 0.6 0.8 1 
E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.008 0.81 1.05 1.85 - 2 4  
0.009 1.40 1.82 3.21 - 2 3  
0.01 1.64 2.13 3.75 --22 
0.011 1.41 1.83 3.21 - 2 1  
0.012 0.94 1.22 2.15 - 2 0  
0,013 5.16 6,70 11.7 - 2 0  
0.014 2.39 3J1  5.44 - 1 9  
0.015 0.96 1,25 2.19 - 1 8  
0.016 3.45 4A7 7.81 - 1 8  
0,018 3.28 4.26 7.42 - 1 7  
0.02 2.29 2.97 5.16 - 1 6  

1.1 0.2 
1.1 0.25 
1.1 0.3 
1.1 0.35 
1.1 0.4 
1.1 0.45 
1.1 0.5 
1.1 0.6 
1.1 0.7 
1.2 0.8 
1.2 0.9 

continued on next page 

1.03 1.34 1.99 - 3  1.6 
7.10 9.23 13.1 - 3  1.7 
3.55 4.61 6.17 - 2  2.0 
1.56 2.03 2.50 - l 2.3 
6.15 7.98 9.82 - 1  2.6 
2.05 2.67 3.28 0 2.6 
5.73 7.45 9.16 0 2.5 
2.83 3.67 4.52 1 2.3 
0.89 1.16 1.43 2 2.1 
2.10 2.73 3.35 2 2.0 
4.03 5.23 6.44 2 1.9 
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from previous page 
I 6.71 
1.25 1.62 

1.5 2.78 
1.75 3.97 
2 5.06 
2.5 6.78 
3 0.79 
3.5 0.85 

1.4 4 0.87 
1.4 5 0.87 
1.4 6 0.83 
1.5 7 0.77 
1.5 8 7.17 
1.5 9 6.64 
1.5 10 6.16 
1.5 

continued 
0.025 1.12 1.45 2.51 - 1 4  1.2 
0.03 2.17 2.82 4.84 -13  1.2 
0.04 1.64 2.13 3.61 -11 1.3 
0.05 3.56 4.62 7.76 - 10 1.3 
0.06 3.73 4.84 8.05 - 9  1.3 
0.07 2.44 3.17 5.22 - 8  1.3 
0.08 1.15 1.50 2.45 - 7  1.4 
0.09 4.29 5.58 9.03 - 7  1.4 
O. I 1.34 1.74 2.79 - 6  
O. 11 3.62 4.70 7.48 - 6  
0.12 0.88 1.14 1.80 - 5  
0.13 1.93 2.51 3.94 - 5  
0.14 3.96 5.14 8.01 - 5  
0.15 7.62 9.90 15.3 - 5  
0.16 1.39 1.81 2.77 - 4  
O. 18 4.06 5.27 7.95 - 4  

8.71 10.7 2 1.9 
2.10 2.58 3 1.8 
3.61 4.44 3 1.7 
5.16 6.34 3 1.7 
6.58 8.09 3 1.7 
8.80 10.8 3 1.8 
1.02 1.26 4 1.8 
1.10 1.35 4 1.8 
1.13 1.40 4 1.8 
1.13 1.39 4 1.8 
1.07 1.32 4 1.9 
1.00 1.23 4 1.9 

9.31 11.5 3 1.9 
8.63 10.6 3 1.9 
8.00 9.83 3 2.0 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

R e a c t i o n :  1 4 N ( p , ~ ) l S O  

The experimental data from LA57b, PI57 (as cited by SC87b), HE63 and SC87b 

are adopted for the calculation of the non-resonant contribution to the reaction rates• 

For the four data sets, a systematic error is added to the statistical error given in the 

figures or Tables (23% in LA57b, 33% in PI57, 12% in HE63, 15% in SC87b). For 

the extrapolation to energies below E = 93 keV, a subthreshold state at Er = -504  keV 
is included• This extrapolation is in agreement with the one given in SC87b. Our 

recommended So = 3.2 + 0.8 keV b, in agreement with the value given by AD98 within 

the error bars (So = 3 5 +0.4 keV b). The resonant data include 13 resonances. The • - 1 .6  

strengths of  the resonances between Er = 2185 ± 7 keV and Er = 4272 i 14 keV are 

the reported values of  DU51,  PH72, KU77 and SC87b. The 1/2 + resonance (Er = 
259.4 ± 0.4 keV) dominates the reaction rates at T9 ~< 1. All resonance tails have a 

negligible contribution to the total reaction rates. Good agreement with the CA88 rates 

is obtained. 

Er (MeV) J~ wy (eV) 

DU51 BA55b HA57a HE63 SC87b adopt 

0.2594 4- 0.0004 1/2 + 0.0204-0.004 0.0134-0.003 
0.983 4- 0.002 3/2 + 0.634-0.13 
1.440 4- 0.006 1/2 + 0.16-/-0.06 
1.623 4- 0.002* I /2 + 0.214-0.06 
1.684 4- 0.005 ( 3 / 2 ) -  0.52=k0.11 

0.0144-0.003 0.0144-0.001 0.0144-0.001 I 
0.394-0.13 0.394-0.08 0.314-0.04 0.354-0.05 M 
0.114-0.02 0.0934-0.020 0.1044-0.014 M 
0.764-0.19 0.264-0.16 M 
0.304-0.07 0.364-0.10 M 

Res. 2.185-4.272 MeV see comments 

*A 1/2 + and 5/2 + doublet separated by 0.54-0.5 keV 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.008 0.74 1.03 1.32 --24 1.0 
0.009 1.28 1.78 2.29 - 2 3  1.0 
0.01 1.49 2.08 2.67 - 2 2  1.0 
0.011 1.27 1.77 2.28 -21 1.0 
0.012 0.85 1.18 1.52 - 2 0  1.0 
0.013 4.62 6.44 8.27 - 2 0  1.0 
0.014 2.13 2.97 3.81 - 1 9  1.0 
0.015 0.85 1.19 1.53 - 1 8  1.0 
0.016 3.04 4.24 5.43 - 1 8  1.0 
0.018 2.87 4.00 5.12 - 1 7  1.0 
0.02 1.98 2.76 3.53 --16 1.0 
0.025 0.95 1.31 1.68 - 1 4  1.0 
0.03 1.79 2.48 3.18 - 1 3  1.0 
0.04 1.29 1.78 2.28 - 11 1.0 
0.05 2.67 3.68 4.69 - 10 1.0 
0.06 2.67 3.68 4.68 - 9  1.0 
0.07 1.67 2.30 2.92 - 8  1.0 
0.08 0.76 1.04 1.32 - 7  1.0 
0.09 2.71 3.70 4.69 - 7  1.0 
0.1 0.82 1.11 1.40 - 6  1.0 
0.11 2.18 2.95 3.71 - 6  1.0 
0.12 5.56 7.37 9.19 - 6  1.0 
0.13 1.44 1.85 2.27 - 5  1.0 
0.14 3.93 4.85 5.78 --5 1.0 
0.15 1.09 1.30 1.51 - 4  1.0 
0.16 2.92 3.40 3.88 - 4  1.0 
0.18 1.71 1.93 2.16 --3 1.0 

0.2 7.41 8.26 9.14 - 3  1.0 
0.25 1.04 1.14 1.25 - 1 1.0 
0.3 5.84 6.40 6.98 - 1 1.0 

0.35 1.94 2.12 2.31 0 1.0 
0.4 4.67 5.09 5.53 0 1.0 
0.45 9.04 9.85 10.7 0 1.0 
0.5 1.51 1.64 1.78 1 1.0 
0.6 3.14 3.42 3.70 1 1.0 
0.7 5.05 5.48 5.91 1 1.0 
0.8 7.09 7.68 8.27 1 1.0 
0.9 9.04 9.79 10.5 1 1.0 
1 1.08 1.17 1.26 2 1.0 
1.25 1.45 1.57 1.69 2 0.9 
1.5 1.74 1.89 2.05 2 0.9 
1.75 2.02 2.22 2.42 2 0.9 
2 2.35 2.61 2.88 2 0.9 
2.5 3.23 3.70 4.19 2 0.8 
3 4.54 5.39 6.27 2 0.7 
3.5 6.38 7.84 9.33 2 0.7 
4 0.88 1.11 1.34 3 0.7 
5 1.52 1.97 2.43 3 0.8 
6 2.27 2.99 3.71 3 0.9 
7 3.06 4.03 5.03 3 1.0 
8 3.80 5.02 6.26 3 1.1 
9 4.46 5.90 7.36 3 1.1 
10 5.03 6.65 8.29 3 I. 1 
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Reaction: 14N(p,n)140 

For this endoergic reaction (Q = -5.926 MeV), the reaction rates are obtained from 

the data of DY81 and NOB1, with a linear interpolation between the experimental data 

points. The data from KU64 differ by more than one order of magnitude from the DYSI 

and NO81 data, which are in excellent agreement. This large discrepancy may be due 

to the technique used in KU64 for determining the nitrogen content in the foil targets, 

but no definite conclusion can be drawn from the paper. The KU64 data are used for 

the determination of the upper limits of the rates, while the data from DY81 and NO81 

are used for the adopted rates and the lower limits. Our thermalization corrections give 

up to a factor 2.9 at T9 = 10 (CA88 adopted rtt = l at all T9). The adopted rates are 

about 5 to 10 times lower than the CA88 rates, which are probably based on the KU64 

data only. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
1 5.14 6.37 266 - 2 4  0.1 
1.25 6.03 7.41 273 -18  0.1 
1.5 7.02 8.56 283 - 1 4  0.1 
1.75 5.78 7.02 212 -11 0.1 
2 0.90 1.09 30.7 - 8 0.1 
2.5 1.09 1.32 33.3 - 5  0.1 
3 1.27 1.53 36.0 - 3  0.1 
3.5 3.81 4.62 103 - 2  0.2 

4 4.93 5.99 129 - 1 0.2 
5 1.79 2.18 45.1 1 0.2 
6 1.97 2.41 48.5 2 0.2 
7 1.09 1.34 26.5 3 0.2 
8 3.93 4.82 94.7 3 0.2 
9 1.06 1.31 25.5 4 0.2 
10 2.35 2.89 56.3 4 0.2 

~ "  10 

GO 0.1 

10 100 
100 . . . . . . . . . . . . . . . . . . .  

1 4 N ( p , n ) 1 4 0  

001. ' ' ' ' ' ~ ' ' ' ' 

0 5 10 

T 9  

+ KU64 

A NO81 

• DY81 

= i i i I i i I i I i i i i 

15 20  25  

E (MeV) 

Reaction: ]4N(p,a)HC 
For this endoergic reaction (Q = -2.922 MeV), data from EP71, JA74, IN76a, CA78 

and BI80 are used. Data from SH68 are omitted because they correspond only to the 
c~0 channel and are systematically lower than the other data sets. Experimental data are 
missing at energies between the threshold and E = 3.6 MeV. The existing data at the 

lowest energies do not allow a clear picture of the behavior of the S-factor curve. Below 
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E = 4.77 MeV, only the 14N + p and l t c  + a channels are open, and hence the energy 

dependence of the cross section is dominated by the Coulomb barrier of the ce channel. 
Therefore, for the calculation of the reaction rates, the S-factor for the reverse reaction 
l lC(a,p)lnN, which smoothly depends on energy, is approximated by a polynomial of 
degree 5. Neither low energy resonances, nor subthreshold states affect the S-factor. Due 
to the uncertainty in absolute values of the different data sets, a conservative uncertainty 
of a factor 2 is adopted for the lower and upper limits of the S-factor of the reverse 
reaction 11C(ce,p)14N. Below T9 = 5, the recommended reaction rates are about 20-30% 
lower than the CA88 ones, due to a different expression for the S-factor of the reverse 
reaction. For T9 > 5, our thermalization corrections are larger (rtt is up to 2.04 at 
T9 = 10) than the CA88 ones (rtt = 1 at all T9). 
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T9 low adopt high exp ratio 
0.6 0.81 1.61 3.22 -25  0.7 
0.7 1,50 3.00 6.00 -21 0,7 
0.8 2.70 5.39 10.8 - 1 8  0.7 
0.9 1.00 2.00 4.00 - 15 0.7 
I 1.22 2.43 4.86 - 1 3  0.7 
1.25 0.83 1.65 3.30 - 9  0,8 
1.5 3.49 6.97 13.9 - 7  0.8 
1.75 2.92 5,83 11.7 - 5  0.8 
2 0.87 1.73 3.46 - 3  0.8 
2.5 I, 13 2.26 4.52 - 1 0.8 

T9 low adopt high exp ratio 

3 3.22 6.43 12.9 0 0.9 
3.5 3.72 7.44 14.9 1 0.9 
4 2.42 4.83 9.66 2 0.9 
5 3.51 7.01 14.0 3 1.0 
6 2.16 4.31 8.62 4 1.1 
7 0.80 1.60 3.20 5 1.2 
8 2.15 4.30 8.60 5 1.3 
9 4.65 9.30 18.6 5 1.5 
10 0.86 1.72 3,44 6 1.7 

React ion:  14N(c~,'y)18F 

Below T9 = 2, the calculation of  the reaction rates is performed by adding the 
contribution of  15 resonances at energies Er ~< 2.232 MeV [PA68,CO72, RO73b,BE82]. 

Among these resonances, only the ones at Er = 0.237, 0.435, 0.883, 1.088, 1.189 and 

1.258 MeV make a significant contribution to the total reaction rates. Only an upper limit 

of  8 x 10 -15 eV for the strength of  the Er = 0.237 MeV resonance is known [CO72];  

the adopted value, the upper limit and the lower limit are taken as a factor 0.1, 1.0 and 

0 of  this upper limit, respectively. It should be pointed out that the Wigner limit strongly 

depends on the nuclear radius. We obtain 2.56 x 10 -19 MeV for a = 4.5 fm, while for 

a -- 6 fm, the Wigner limit is 4.60 x 10 - i s  MeV. For the resonance at Er = 0.535 MeV, 

the adopted value is a factor 0.1 of  the upper limit of  CO72 (see table), while the upper 

and lower limit are a factor 1 and 0, respectively. The coy values cited as PA68 are the 

numbers revised by RO73b taking into account stopping power corrections. Also the 

CO72 values are corrected here taken into account new values of  the stoppping power. 

Above Er = 1.373 MeV, the adopted resonance strength are from RO73b. A non-resonant 

contribution with So = 0.7 keV b [CO72],  arising from the direct capture process and 

the tails of  the low energy resonances, has a negligible effect on the total reaction rates. 

Above T9 = 2, HF estimates are used, following the procedure explained in Section 2.5. 

Below T9 -- 2, the differences between the adopted rates and the CA88 ones arise from 

different resonance parameters. Above T9 = 2, there are larger differences between the 
CA88 rates and the HF calculations. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.07 4.E-4 1.05 10,5 
0.08 0.03 1.19 11.7 
0.09 2.36 7.27 47.7 
0. I 5.47 7.37 1.57 
0.11 4.65 5.67 7.36 
0.12 1.87 2.24 2.67 
0,13 4.20 5.04 5.91 
0.14 6.00 7.21 8.42 
0.15 5.98 7.18 8.38 

- 2 6  0.2 0.7 
- 2 4  0.2 0.8 
-23  0.2 0.9 
-21 0.6 1 
- 19 0.8 1 . 2 5  

- 1 7  0.9 1,5 
- 1 6  0,9 1.75 
-15  0.9 2 
-14  0.9 2.5 

continued on next page 

2,41 2.83 3.32 - 3  1.0 
7.62 8.75 10.0 - 3  1,1 
2.41 2.71 3.04 - 2  1.2 
7.03 7.81 8.66 - 2  1.2 
5.98 6.57 7.18 - 1  1.2 
2.65 2.90 3.15 0 1.2 
7,65 8.36 9,09 0 1.2 
1,69 1.84 2.00 1 1.2 
3.82 5.14 5.97 1 1.1 
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continued from previous page 
0.9 3 0.67 
0.9 3.5 1.00 
0.9 4 1.36 
0.9 5 2.12 
0.9 6 2.90 
0.9 7 0.37 
0.8 8 0.45 
0.9 9 0.54 
0.9 10 0.64 

0.9 

0.16 4.44 5.33 6.22 - 1 3  
0.18 1.24 1.48 1.73 - 11 
0.2 1.74 2.09 2.44 - 10 
0.25 1.93 2.32 2.71 - 8  
0.3 4.25 5.10 5.96 - 7  
0.35 3.72 4.47 5.24 - 6  
0.4 1.85 2.22 2.61 - 5  
0.45 6.31 7.58 8.92 - 5  
0.5 1.67 2.00 2.36 - 4  
0.6 7.31 8.73 10.3 --4 

1.05 1.29 2 1.1 
1.81 2.31 2 1.2 
2.77 3.66 2 1.3 
5.30 7.31 2 1.6 
8.59 12.2 2 1.9 
1.27 1.84 3 2.3 
1.77 2.59 3 2.9 
2.36 3.51 3 3.5 
3.07 4.60 3 4.2 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

E,- (MeV) J~" wy  (eV) 

PA68(l) CO72 (2) RO73b adopt 

0.237 4 + < 8 x 10 -15 8+__72x10-16 1 

0.435 1 (0.6+0.1) x 10 -4 (0.6:]:0.1) x 10 -4 I 
0.535 2 + < 1 × 10 -5 1+_ 9 x 10 -6 M 

0.883 ± 0.002 4 + 0.024±0.001 0.0244-0.003 0.020+0.007 0.0244-0.001 M 
1.088 4- 0.003 3 ( - )  0.008:k0.001 0.006±0.001 0.007±0.001 M 
1.189 ± 0.002 1- 1.3±0.1 1.3±0.1 1.3±0.1 M 
1.258 ± 0.002 1-  0.38±0.04 0.45±0.02 [BE82] 0.5±0.1 0.44±0.02 M 

Res. 1.373-2.232 MeV see comments 

i ) Values revised by RO73b. 
(2) Including stopping power corrections. 

Reaction: 14N(~,n)17F 

For this endoergic reaction (Q = -4.735 MeV), the rates are determined by using the 

cross section data of GR72b, which cover the energy range from threshold to 15.5 MeV. 

At low temperatures, the difference between the adopted rates and the CA88 ones is 

most likely due to the use by CA88 of the 8 data points of RO83b, which correspond to 

thick-target yields. At high temperatures, thermalizations corrections increase the ratio 

of our adopted rates to the CA88 ones (our rtt goes up to 1.3 at T9 = 10, while CA88 

adopt rtt = 1 at all T9). 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.7 1.04 1.10 1.15 --26 
0.8 1.84 1.94 2.04 --22 
0.9 3.71 3.91 4.11 --19 
I 1.64 1.73 1.81 --16 
1.25 0.96 1,01 1.06 -- 11 
1.5 1.47 1.54 1.62 --8 

0.1 3 
0.1 3.5 
0.1 4 
0.1 5 
0.2 6 
0.2 7 

continued on next page 

1.43 1.50 1.58 0 0.7 
1.99 2.10 2.20 1 0.8 
1.44 1.52 1.60 2 0.8 
2.32 2.45 2.57 3 0.9 
1.49 1.57 1.65 4 0.9 
5.61 5.91 6.21 4 0.9 
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continued from previous page 
1.75 3.07 -6  0.3 8 1.52 1.60 
2 1.58 -4  0.4 9 3.28 3.46 
2.5 3.95 -2  0.6 10 6.07 6.39 
T9 low adopt high exp ratio T9 low adopt high exp ratio 

2.78 
1.43 
3.57 

2.93 
1.50 
3.76 

1.68 
3.63 
6.71 

0.9 
0.9 
1.0 

1E+5 

-9, 
> 1E+4 

~ 1E+a 
d~ 

1E+2 

10 50 T9 

2 16 

14N(~,n) 17F × GR72b 

i i i i i 

4 6 8 10 12 14 

E (MeV)  

Reaction: ]5N(p,~')160 

Cross section data from HE60b and RO74b are available. The data of HE60b are 

omitted in the calculation of the rates, because they are in disagreement with RO74b 

and with the resonance data of SC52 and RE82. For the extrapolation to low energies, 

the S-factor is interpolated linearly between So = 64 5:6 keV b [RO74b] and the lowest 

energy data point. This procedure is consistent with the RO74b extrapolation. Above 

E = 2.3 MeV, the S-factor is assumed to be a constant, and equal to its value at the 

last data point. No resonance parameters are needed for the calculation. The differences 

between the present rates and those from CA88 are most likely due to the use of HE60b 

data by CA88. 

10 T9 
1 E+3 . . . . . .  

lSN(p,7)16 0 o HE60b 
• RO74b 
--  extrapol. 

> 1E+2 

~ 1E+1 
d~ 

0.1 1 
i i i J , , , , , ,  

k , ,  

I I = + 0  ' * ' ' 

0 0.5 I 

, ++*,+ ÷ ÷ 
1.5 2 

E ( M o V )  

+,+ 
2.5 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.007 5.85 7.01 8,17 -25  1.1 
0.008 1.73 2.08 2,44 - 2 3  1.1 
0,009 3.02 3.67 4,32 - 2 2  1.1 
0.01 3.54 4.33 5,12 -21 1.1 
0.011 3.05 3.75 4,46 - 2 0  1.1 
0.012 2.05 2.54 3.03 --19 1.1 
0.013 1.13 1.40 1.68 - 1 8  1.1 
0.014 5.23 6.55 7.87 - 1 8  1.1 
0.015 2.11 2.66 3.20 - 1 7  1.1 
0.016 7.56 9.56 11.6 - 1 7  1.1 
0.018 7.21 9.22 11.2 --16 1.2 
0.02 5.03 6.50 7.96 - 15 1.2 
0.025 2.46 3.25 4.03 - 13 1.2 
0.03 4.76 6.41 8.06 - 12 1.2 
0.04 3.55 4.96 6.36 - 1 0  1.2 
0.05 0.76 1.09 1.43 - 8  1.3 
0.06 0.78 1.16 1.53 - 7  1.3 
0.07 5.04 7.64 10.2 - 7  1.3 
0.08 2.34 3.63 4.91 - 6  1.3 
0.09 0.86 1.36 1.85 --5 1.3 
0.1 2.64 4.23 5.81 - 5  1.3 
0.11 0.71 1.15 1.58 - 4  1.3 
0.12 1.71 2.78 3.84 - 4  1.3 
0.13 3.81 6.16 8.51 - 4  1.4 
0.14 0.79 1.27 1.75 - 3  1.4 
0.15 1.56 2.46 3.36 - 3  1.4 
0.16 2.92 4.53 6.13 --3 1.4 

0.18 0.91 1.35 1.79 - 2  1.3 
0.2 2.49 3.52 4.55 - 2  1.2 
0.25 1.90 2.44 2.97 - 1 0.9 
0.3 0.87 1.05 1.23 0 0.7 
0.35 2.71 3.17 3.63 0 0.6 
0.4 6.51 7.48 8.44 0 0.6 
0.45 1.32 1.49 1.67 1 0.5 
0.5 2.30 2.58 2.87 1 0.5 
0.6 5.28 5.90 6.51 1 0.5 
0.7 0.96 1.07 1.17 2 0.5 
0.8 1.52 1.68 1.85 2 0.5 
0.9 2.23 2.46 2.70 2 0.5 
1 3.17 3.50 3.83 2 0.6 
1.25 7.27 7.96 8.65 2 0.6 
1.5 1.54 1.67 1.81 3 0.7 
1.75 2.84 3.09 3.34 3 0.7 
2 4.64 5.05 5.45 3 0.7 
2.5 0.92 1.00 1.08 4 0.7 
3 1.42 1.55 1.68 4 0.7 
3.5 1.89 2.06 2.23 4 0.8 
4 2.09 2.27 2.46 4 0.7 
5 2.40 2.61 2.81 4 0.7 
6 2.64 2.86 3.08 4 0.7 
7 2.83 3.06 3.29 4 0.7 
8 2.99 3.23 3.47 4 0.8 
9 3.13 3.37 3.62 4 0.8 
10 3.26 3.51 3.76 4 0.9 

R e a c t i o n :  lSN(p , n ) lSO 

For this endoergic reaction (Q = -3 .536  MeV), the reaction rates are obtained from 
the data of WO61, CH78, MU81 and SA84, with a linear interpolation between the data 
points. Data from BA68b differ by a factor of about 2 from the other data sets, and are 

normalized using the average value of CH78 and SA84 at E = 9.5 MeV. The original 
BA68b data are used to obtain the upper limits of the rates. At low temperatures, the large 
differences with CA88 are probably due to their use of the BA68b data. Thermalization 
effects cannot account for the increase of the ratio of our adopted rates to the CA88 

ones at high temperatures (our rtt goes up to about 1.1 only at T9 = 10; CA88 adopt 

rtt = 1 for all T9). 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.3 3 
0.3 3.5 
0.3 4 
0.3 5 
0.3 6 
0.3 7 

continued on next page 

0.6 2.14 2.50 6.41 --22 
0.7 3.90 4.54 11.7 -18  
0.8 6.11 7.12 18.4 -15  
0.9 1.87 2.18 5.64 - 1 2  
1 1.82 2.12 5.49 - 1 0  
1.25 6.97 8.12 20.8 - 7  

1.62 1.89 4.62 2 0.4 
1.16 1.36 3.28 3 0.4 
5.13 5.97 14.4 3 0.4 
4.17 4.85 11.5 4 0.5 
1.73 2.01 4.74 5 0.6 
4.85 5.64 13.2 5 0.7 
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continued from previous page 

- 4  0.3 8 1.07 
- 2  0.4 9 1.95 

- 1 0.4 10 3.24 
l 0.4 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

1.5 1.71 1.99 5.06 

1.75 0.87 1.02 2.56 

2 1.67 1,94 4.85 
2.5 1.03 1,21 2.97 

1.24 2.87 6 0.8 

2.27 5.27 6 1.0 
3.76 8.62 6 1.4 
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R e a c t i o n :  l S N ( p , a ) 1 2 C  

Data from ZY79 and RE82 between E = 0.07 and 0.76 MeV are used. The data 

of  SC52 are used between E = 0.76 and 1.6 MeV. Below E = 0.8 MeV, the S-factor 

is dominated by the 1-  resonance at Er = 313.9 keV with coy = 0.67 + 0.07 keV 

[RE82] ,  showing an interference effect with the other 1 -  resonance at Er = 963 keV 

(co5' = 23 + 6 keV [HA57b]  ). For 7"9 ~< 2.5, the reaction rates are calculated using 

a linear interpolation between the experimental data [SC52,ZY79,RE82]  and adding 

the contribution of  the resonances at Er = 1537 keV (coy = 6.9 + 1.0 keV [ H A 5 7 b ] )  

and 2.798 keV (coy = 15 :[: 3 keV [SN83,DA84]  ). At low energies, the Breit-Wigner 

extrapolation from RE82 is adopted (So = 65 + 7 MeV b) .  For T9 > 2.5, HF rates 
are used as explained in Section 2.5. Around T9 = 0.2, the difference with the CA88 
rates is probably due to the different resonance parameters adopted by CA88. At high 

temperatures, the HF rates are larger than the CA88 rates. 

7"9 low adopt high exp ratio T9 low adopt high exp ratio 
0,005 6.38 7.12 7.87 - 2 6  
0.006 1.10 1.24 1.37 - 2 3  
0.007 6.73 7.59 8.45 - 2 2  
0.008 2.00 2.27 2.53 - 2 0  
0,009 3.52 4.01 4,49 - 19 

0.01 4.17 4.76 5.35 - 1 8  

1.0 0.16 
1.0 0.18 
1.0 0,2 
1.0 0.25 
1,0 0.3 

1.0 0.35 
continued on next page 

7.99 9.75 11.9 0 1.9 
2.60 3.28 4.13 I 2.1 
7.32 9.64 12.7 1 2.0 
6.20 8.80 12.5 2 1.5 
3.28 4.66 6.63 3 1.1 
1.13 1.66 2.43 4 0.9 
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continued from previous page 
0.011 3.61 4.14 4.67 - 1 7  1.0 
0.012 2.44 2.81 3.18 - 1 6  1.0 
0.013 1.35 1.56 1.77 - 1 5  1.0 
0.014 6.31 7.31 8.31 - 1 5  1.0 
0.015 2.56 2.98 3.39 - 1 4  1.0 
0.016 0.92 1.08 1.23 - 1 3  1.0 
0.018 0.89 1.04 1.20 - 1 2  1.0 
0.02 6.27 7.39 8.52 - 1 2  1.0 
0.025 3.14 3.74 4.35 - 1 0  1.0 
0.03 6.20 7.48 8.76 - 9  1.0 
0.04 4.78 5.87 6.95 - 7  1.1 
0.05 1.06 1.31 1.57 - 5  1.1 
0.06 1.15 1.45 1.74 - 4  1.1 
0.07 0.80 1.00 1.21 - 3  1.2 
0.08 4.05 5.04 6.04 - 3  1.2 
0.09 1.62 1.99 2.36 - 2  1.3 
0.1 5.43 6.53 7.62 - 2  1.3 
0.11 1.58 1.87 2.16 - 1  1.4 
0.12 4.07 4.77 5.48 - 1  1.5 
0.13 0.95 1.12 1.29 0 1.6 
0.14 2.04 2.44 2.83 0 1,7 
0.15 4.01 4.97 5.94 0 1,8 

0.4 3.15 4.48 6.38 4 0.8 
0.45 7.04 9.86 13.8 4 0.8 
0.5 1.35 1.88 2.63 5 0.8 
0.6 3.47 4.91 6.94 5 0.8 
0.7 7.52 9.85 12.9 5 0.9 
0.8 1.29 1.64 2.08 6 0.9 
0.9 1.56 2.35 3.54 6 1.0 
1 2.41 3.37 4.72 6 1.1 
1.25 4.43 6.20 8.6 8 6 1.2 
1.5 6.93 9.71 13.6 6 1.4 
1.75 0.84 1.34 2.14 7 1.5 
2 1.14 1.77 2.75 7 1.5 
2.5 1.66 2.59 4.05 7 1.5 
3 2.44 3.81 5.95 7 1.6 
3.5 3.29 5.13 7.99 7 1.7 
4 4.21 6.52 10.1 7 1.7 
5 6.09 9.43 14.6 7 1.9 
6 0.81 1.25 1.92 8 2.2 
7 1.01 1.55 2.39 8 2.4 
8 1.21 1.86 2.86 8 2.7 
9 1.42 2.17 3.32 8 3.0 
10 1.62 2.47 3.77 8 3.3 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
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E (MeV) 

Reaction: lSN(a, ~)19F 

The main contribution to the rates below T9 = 0.2 comes from the Er = 364 keV 

resonance, for which we use the experimental strength to T of OL96. Uncertainties on 

this strength is adopted from OL97, following the discussions of OL96 and WI97. 
Adopted resonance strengths come mainly from RO72a, RO73d, DI77, SY78 and WI97 

for a total of 48 resonances. For those at 1413, 1452, 1486 and 1524 keV, the to3' values 
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from AI70 are used, renormalized to the revised strength of  the resonance at 1326 keV 

from DI71a. For the resonances from E--- 1607 to 2149 keV the resonance strengths of  

RO72b and WI97 are used. From E : 2268 to 2912 keV, those of  DI77 are adopted. 

The data of  SY78 are used for the resonances from E -- 4358 to 5823 keV, and from 

E -- 5914 to 6398 keV. The contribution of  the direct capture to the first six levels of  

19F is calculated; it only affects the rates near T9 = 0.08 [OL96] .  Tails of  higher lying 

resonances make negligible contributions to the rates, when compared with the direct 

capture. For T9 ~< 0.2, our rates are about 50 times lower than the CA88 ones, as a 

result of  our adoption of  the OL96 strength of  the Er = 364 keV resonance, which is 60 

times smaller than the value selected by CA88. Around T9 = 0.5, the difference between 

the present rates and the CA88 ones is probably related to the Er = 669 keV resonance, 

which has been neglected in CA88. 

Er (MeV) J~- wy (eV) 

W197 others adopt 

0.364 4- 0.002 7/2 + 

0.536 ± 0.002 5/2 + (9.6 4- 1.2) × 10 .5 
0.542±0.002 3 / 2 -  (6.44-2.5) × 10 -6 
0.669 4- 0.002 5 / 2 -  (5.6 4- 0.6) × 10 -3 

1.093 ± 0.003 5/2 + (9.7 4- 1.6) x 10 -3 
1.326 4- 0.003 I /2 + 1.69 4- 0.14 

+6 (6+_ 6 ) 10 -9 I (6_3) × 10 -9 [OL96,OL971 × 
(9.6 4- 2.1) x 10 -5 [MA87] (9.6 4- 1.0) x 10 5 I 

< 1 × 10 -5 [MA87] (6.4 4- 2.5) x 10 -6 M 
(5.9 4- 1.5) × 10-3,  (5.7 4- 0.6) x 10 -3 I 

(6.34-2.1) × 10 -3 IRO72bl 
10-2,  (9.7 + 1.6) × 10 -3 M 

1.644-0.16 [Dl71bl 1.67 4- 0,11 M 

Res. 1.607-2.912 MeV see comments 

UN74 

3.1524-0.002 11/2- 0.954-0.14 1.54-0.2 IDI71b] 1.004-0.15 M 
1.15 4- 0.23 [RO73d] 

3.5254-0.003 (5/2 +) 17.94-2.1 17.0±2.7 [RO76] 17.64- 1.7 M 
3.6454-0.003 3/2 + 3.74-0.9 [ RO76] 3.74-0.9 M 

SY78 

3.9154-0.003 7/2 + 2.34-0.4 [ DI71bl 2.34-0.4 M 
3.9244-0.003 11/2 + 3.1 4-0.5 [DI71b] 3.1 -4-0.5 M 
4.2734-0.005 13/2- 0.58±0.1 0.534-0.08 [UN74] 0.534-0.08 M 

0.51 4-0.07 [RO76| 
4.2954-0.005 5/2 + 2.1 4-0.5 1.374-0.18 [RO76] 1.454-0.17 M 

Res. 4.358-5.823 MeV see comments 

5.860 4- 0.004 1 I / 2 -  3.6 4- 0.6 3.48 4- 0.47 |RO76] 3.5 4- 0.4 M 

Res. 5.914-6.398 MeV see comments 

*From AI70, and renormalized to the 1.326 MeV resonance in DI71a 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.08 1.85 2.68 4.53 - 2 5  0.06 
0.09 1.33 2.94 7.04 --23 0.02 
0.1 0.99 2.41 6.00 -21 0.02 
0.11 3.89 9.54 23.5 --20 0.02 
0.12 0.85 2.05 4.96 -- 18 0.02 
0.13 1.14 2.73 6.50 - 1 7  0.02 
0.14 1.07 2.50 5.87 - 16 0.02 
0.15 0.75 1.71 3.95 --15 0.02 
0.16 4.24 9.36 21.1 -15  0.02 
0.18 0.89 1.74 3.61 - 1 3  0.02 
0.2 1.32 2.22 4.01 --12 0.03 
0.25 3.39 4.47 6.06 - 10 0.13 
0.3 1.85 2.29 2.84 --8 0.5 
0.35 3.60 4.36 5.24 - 7  1.6 
0.4 3.56 4.25 5.03 - 6  4.2 
0.45 2.18 2.58 3.03 - 5  8.8 
0.5 0.94 1.11 1.29 - 4  13 
0.6 8.56 9.98 11.5 - 4  10 

0.7 4.11 4.77 5.46 - 3  4.8 
0.8 1.34 1.54 1.76 - 2  2.5 
0.9 3.45 3.97 4.51 - 2  1.5 
1 7.82 8.99 10.2 - 2  1.0 
1.25 4.82 5.59 6.40 - 1 0.7 
1.5 2.26 2.65 3.06 0 0.8 
1.75 7.62 9.00 10.4 0 0.9 
2 1.95 2.31 2.68 1 1.0 
2.5 7.29 8.67 10.1 1 1.1 
3 1.74 2.08 2.42 2 1.2 
3.5 3.23 3.85 4.48 2 1.2 
4 5.12 6.10 7.10 2 1.2 
5 0.97 1.16 1.35 3 1.1 
6 1.49 1.78 2.07 3 1.0 
7 2.01 2.40 2.80 3 0.9 
8 2.51 3.00 3.50 3 0.8 
9 2.97 3.55 4.15 3 0.8 
10 3.38 4.05 4.74 3 0.7 

Reaction: 160(p,~)17F 

The non-resonant data from WA54, HE58, TA59, RO73a and MO97 are adopted. At 

energies E ~< 160 keV, only one set of data [HE58] is available, with large experimental 

errors. The data from RO73a result from a normalization to one data point of TA59. For 

the extrapolation to zero energy, the potential model calculation of RO73a confirmed by 

MO97 is adopted. The recommended S-factor at zero energy is So = 9.3 +2.8 keV b. We 

adopt 30% overall uncertainty for the low energy extrapolation, which includes 10% of 

systematic error and 20% of error due to model assumptions. Beyond T9 = 4, a reliable 

calculation of the reaction rates requires experimental data at E > 3.5 MeV. Since these 

data are missing, the S-factor is considered as a constant, equal to the value measured 

at the highest energy, with 20% uncertainty. In this case, HF rates are not adequate as 

the level density of ]TF is not high enough for a statistical model. The resonances at 

Er = 2503 :t:7 keV [RO73a] and Er = 3556-t-4 keV [SE63] contribute for less than 1% 

to the total rates. Good agreement is found between the present rates and those from 

CA88. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.01 4.71 6.73 8.75 -25 1.0 
0.011 4.97 7.10 9.23 --24 1.0 
0.012 4.00 5.71 7.42 -23 1.0 
0.013 2.57 3.68 4.78 -22 1.0 
0.014 1.38 1.97 2.56 -21 1.0 
0.015 6.35 9.06 11.8 -21 1.0 
0.016 2.56 3.65 4.75 -20  1.0 
0.018 3.01 4.30 5.59 - 19 1.0 
0.02 2.51 3.59 4.66 - 18 1.0 
0.025 1.75 2.50 3.25 - 16 1.0 
0.03 4.42 6.32 8.21 -15 1.0 
0.04 4.82 6.89 8.96 -13 1.0 
0.05 1.34 1.91 2.49 -- 11 1.0 
0.06 1.68 2.39 3.11 -10 1.0 
0.07 1.25 1.79 2.33 --9 1.0 
0.08 6.56 9.37 12.2 - 9  1.0 
0.09 2.65 3.78 4.92 - 8  l.O 
0. I 0.88 1.26 1.63 --7 1.0 
0. I I 2.50 3.57 4.65 --7 1.0 
0.12 6.30 9.01 11.7 --7 1.0 
0.13 1.44 2.06 2.67 - 6  1.0 
0.14 3.02 4.32 5.62 --6 1.0 
0.15 5.93 8.48 11.0 - 6  1.0 
0.16 1.10 1.57 2.04 --5 1.0 
0.18 3.25 4.65 6.04 - 5  1.0 
0.2 0.83 1.18 1.53 --4 1.0 

0.25 5.29 7.57 9.84 - 4  1.0 
0.3 2.16 3.09 4.02 - 3  1.0 
0.35 6.63 9.44 12.3 - 3  1.0 
0.4 1.66 2.36 3.05 - 2  1.0 
0.45 3.61 5.09 6.57 - 2  1.0 
0.5 7.04 9.84 12.6 - 2  1.0 
0.6 2.11 2.90 3.96 - 1 1.0 
0.7 5.08 6.83 8.58 - 1 1.0 
0.8 1.04 1.38 1.72 0 1.0 
0.9 1.91 2.49 3.07 0 1.0 
I 3.21 4.13 5.05 0 1.0 
[.25 0.90 1.13 1.36 1 1.0 
1.5 1.94 2.42 2.89 1 1.0 
1.75 3.56 4.40 5.25 I 1.1 
2 5.84 7.19 8.54 I I.I 
2.5 1.26 1.54 1.82 2 1.0 
3 2.23 2.73 3.22 2 1.0 
3.5 3.50 4.30 5.05 2 1.0 
4 5.06 6.24 7.29 2 1.0 
5 0.90 1.12 1.29 3 1.0 
6 1.38 1.75 1.99 3 1.0 
7 1.94 2.49 2.79 3 1.0 
8 2.57 3.34 3.69 3 1.0 
9 3.24 4.27 4.67 3 1.0 
10 3.96 5.27 5.71 3 1.0 

Reaction: 160(c~,y)2°Ne 

The cont r ibut ion  o f  23 r e sonances  is cons idered ,  the parameters  of  which  are taken 

f rom PE64,  DI71c,  RO71,  AL72b ,  IN76b,  ST78, FI80, HA87,  KN94 and KU97.  

An upper  l imit  for  the non- resonan t  contr ibut ion is also available f rom exper imen t s  

[ K N 9 4 , K U 9 7 ] .  These  data are c o m p l e m e n t e d  with many  theoret ical  evaluat ions o f  the 

non - r e sonan t  cross  sect ion [DE83 ,LA83 ,  DE86,  B A 8 8 b , D U 9 4 ] .  The upper  l imits o f  the 

rates are der ived f rom the upper  l imits o f  the exper imenta l  r e sonance  parameters  and 

of  the non- re sonan t  contr ibut ion o f  KN94.  The lower  limits o f  the rates are ob ta ined  

f rom the use o f  the lower  l imits o f  the resonance  parameters  and o f  the non- resonan t  

contr ibut ion repor ted  by HA87.  All r esonance  tails are found  to have a negl igible  con-  

tribution to the rates. C o m p a r e d  to CA88,  the present  rates are enhanced  at T9 < 0.25 

because  our  adop ted  S-factor  is larger at 300 keV (here:  S ( 0 )  = 2 M e V  b; CA88:  

S ( 0 )  = 0.7 M e V  b) .  



E
r 

(k
eY

) 
J~

" 
m

y
 (

eV
) 

H
A

87
 

K
N

94
 

ot
he

rs
 

ad
op

t 

8
9

0
4

-3
 

3
- 

(1
.9

4
,0

.3
) 

x 
10

 -3
 

(1
.9

4
-0

.3
) 

x 
10

 -3
 

10
54

 4
- 

3 
1

- 
(2

.0
 4

- 
0,

4)
 

x 
10

 -2
 

(2
.3

 4
- 

0.
3)

 
x 

10
 -2

 
(2

.3
 4

- 
0

.3
) 

x 
10

 -2
 

19
91

 4
-3

 
0 

+
 

(7
.1

 4
- 

1.
2)

 x
 

10
 -2

 
(7

.4
4

-0
.9

) 
x 

10
 -2

 
(7

.4
4

-0
.9

) 
x 

10
 -2

 
24

24
 4

- 
3 

3
- 

(1
.0

8 
4-

 0
.1

5)
 

x 
10

 -2
 

(1
.0

8 
4-

 0
.1

5
) 

x 
10

 -2
 

24
57

 4
- 

3 
0 

+
 

(5
.9

 4
" 

0.
9)

 
x 

10
 -2

 
(5

.9
 4

- 
0

.9
) 

x 
10

 -2
 

2
6

8
8

4
-3

 
2 

+
 

(1
.6

4
-0

.2
) 

x 
10

 -l
 

(1
.6

4
-0

.2
) 

x 
10

 -
l 

30
94

 4
- 

3 
2 

+
 

(3
.4

 4
- 

0.
4)

 
x 

10
 -I

 
[A

L
7

2
b

] 
(3

.4
 4

" 
0

.4
) 

x 
10

 -
l 

P
E

64
 

F
I8

0 

39
75

 4
-3

 
1

- 
(2

.1
 4

-0
.5

) 
×

 
10

 -
l 

(2
.1

 4
-0

.5
) 

x 
10

 -
t 

40
40

 4
- 

10
 

6 
+

 
1.

8 
4-

 0
.4

 
[L

16
7]

 
1.

35
 4

- 
0.

15
 

1.
4 

4-
 0

.7
 

[D
I7

1c
] 

1.
3 

4
-0

.2
 

[R
O

71
] 

42
91

 4
- 

1 
4 

+
 

3.
05

 4
- 

0.
31

 
3.

05
 4

- 
0.

31
 

[A
L

7
2

b
] 

3.
05

 4
- 

0.
31

 
4

3
8

2
4

-4
 

3
- 

(1
.8

4
-0

.2
) 

x 
10

 -1
 

(1
.8

4
-0

.2
) 

x 
10

 -l
 

47
42

 4
- 

30
 

2 
+

 
1.

3 
4-

 0
.5

 
1.

3 
4-

 0
.5

 

52
88

 4
- 

30
 

4 
+

 
8 

4-
 3

 
8 

4-
 3

 
55

39
 4

- 
7 

2 
+

 
29

 4
- 

4 
19

.7
 4

- 
1.

6 
[I

N
76

b]
 

19
.5

 4
- 

1.
5 

19
.7

 4
- 

2.
0 

[F
I7

7]
 

19
.2

 4
- 

1.
9 

[S
T

78
] 

S
T

78
 

63
58

 4
- 

1 
4 

+ 
30

 4
- 

4 
30

 4
- 

4 
30

 4
- 

4 
65

44
 4

- 
5 

1 -
 

2.
06

 4
- 

0.
25

 
2.

06
 4

- 
0.

25
 

68
38

 4
- 

6 
0 

+
 

(4
.1

 4
- 

0
.5

) 
x 

10
 -1

 
(4

.1
 4

- 
0

.5
) 

x 
10

 -1
 

(4
.1

 4
- 

0
.5

) 
x 

10
 -

l 
7

1
9

3
4

-8
 

4 
+

 
(2

.3
5

:0
.5

) 
x 

10
 -l

 
(2

.3
4

-0
.5

) 
x 

10
 -l

 
7

2
1

0
4

-1
0

 
8 +

 
(1

.3
4

-0
.2

) 
×

 
10

 -I
 

[H
U

8
0

] 
(1

.3
.£

0
.2

) 
x 

10
 -1

 

74
80

 4
- 

5 
2 

+
 

1.
4 

4-
 0

.2
 

1.
4 

4-
 0

.2
 

75
20

 4
- 

4 
3

- 
6.

6 
4-

 0
.8

 
6.

6 
±

 
0.

8 
76

56
 4

- 
10

 
3

- 
1.

94
 4

- 
0.

15
 

1.
94

 4
- 

0.
15

 
7

7
6

8
4

-3
0

 
(1

.7
:t

:0
.5

) 
x 

10
 -1

 
(1

.7
4

-0
.5

) 
x 

10
 -I

 

I I M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

e~
 

.,.
...

, 

o,
, £ o

o
 



88 C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.1 1.59 7.96 13.4 - 27  2.9 
0.11 0.22 1.09 1.83 -25  2.9 
0.12 0.22 1.10 1.85 - 24  2.9 
0.13 1.74 8.68 14.6 - 24  2.9 
0.14 1.12 5.60 9.43 -23  2.9 
0.15 0.61 3.04 5.13 -22  2,9 
0.16 0.29 1.43 2.41 -21 2.9 
0.18 0.45 2.22 3.74 - 20  2.9 
0.2 0.62 2.55 4.22 -19  2.3 
0.25 3.49 4.96 6.69 - 16  0.8 
0.3 2.66 3.56 4.63 -13  0.7 
0.35 3.03 3.97 5.07 - 11 0.8 
0.4 1.06 1.36 1.72 - 9  0.8 
0.45 1.68 2.14 2.67 - 8  0.8 
0.5 1.55 1.96 2.42 - 7  0.8 
0.6 4.45 5.53 6.73 - 6  0.9 
0.7 4.99 6.12 7.36 --5 0.9 

0.8 3.07 3.74 4.46 - 4  0.9 
0.9 1.26 1.52 1.81 - 3  1.0 
1 3.89 4.67 5.51 - 3  1.0 
1.25 2.88 3.43 4.00 - 2  1.0 
1.5 1.06 1.25 1.45 - I 1.0 
1.75 2.61 3.07 3.55 -1  1.1 
2 5.04 5.91 6.81 1 1.1 
2.5 1.23 1.43 1.64 0 1.1 
3 2.19 2.54 2.91 0 1.1 
3.5 3.33 3.86 4.40 0 1.1 
4 4.66 5.40 6.14 0 1.1 
5 8.32 9.62 11.0 0 0.9 
6 1.46 1.70 1.94 I 0.8 
7 2.56 2.99 3.45 1 0.7 
8 4.34 5.12 5.92 1 0.7 
9 6.96 8.24 9.56 1 0.7 
10 1.05 1.24 1.44 2 0.7 

Reaction: 170(p,~')lSF 
Direc t  cap ture  con t r ibu t ion  c o m e s  f rom a low energy  ex t rapo la t ion  o f  expe r imen ta l  

c ross  sec t ions  [ R O 7 3 a , R O 7 5 a ]  with abou t  20% quo ted  uncer ta in ty .  The  con t r ibu t ion  o f  

the 1 + Er = - 3 . 1 2  keV s ub t h r e s ho l d  r e s o n a n c e  is neg l ig ib le  wi th  respec t  to the d i rec t  

cap ture  process .  B e t w e e n  T9 = 0 . l  and  0.2, the rates  are d o m i n a t e d  by  the  con t r ibu t ion  

o f  the Er = 66  keV resonance .  Its s t rength  is ca lcu la ted  us ing  the values  F = 131 -t-5 e V  

[ M A 8 0 ] ,  F:, = 1.4 4- 0.3 eV [ M A 8 0 ]  and  Fp = 22 +7 neV, as sugges ted  by  BL95 .  Th i s  

Fp va lue  lies b e t w e e n  the  one  ob ta ined  by L A 8 9  t h rough  a p ro ton  t ransfe r  e x p e r i m e n t  

and  the uppe r  l imi t  of  TR95 .  T he  s t rength  of  the Er = 179.5 keV r e s o n a n c e  is u n k n o w n .  

We use the upper  l imi t  for  its p ro ton  wid th  [ L A 8 9 ] ,  the total  width  F = 44 ± 30 m e V  

and  the ave rage  rad ia t ive  wid th  F:, = 22 m e V  f rom RO73c  to obta in  an  upper  l imi t  for  

the s t r eng th  ( in  good  a g r e e m e n t  wi th  R O 7 3 b ) .  Wi th  these  a s sumpt ions ,  it d o m i n a t e s  

the total rates  b e t w e e n  T9 = 0.1 and  0.5. In R O 7 3 b  and  KI79a,  the m e a s u r e m e n t s  are 

re la t ive  to the s t reng th  o f  the 633 keV r e sonance  in 27Al(p,y)28Si .  The  adop ted  va lues  

c o m e  f rom the we igh t ed  ave rage  of  the SE73 values  and  the r e n o r m a l i z e d  ones  f rom 

R O 7 3 b  and  KI79a  ( a c c o r d i n g  to the revised  j~r _ 3 - ,  633 keV r e sonance  s t reng th  in 

27Al(p ,y)28Si  [ E N 9 0 ]  ). R e s o n a n c e s  at energ ies  Er ~> 1270 keV are f rom SE78.  A b o v e  

T9 = 3, H F  es t ima tes  are used ( see  Sect ion  2 .5) .  The  e n h a n c e m e n t s  wi th  respec t  to the 

C A 8 8  rates  near  T9 = 0 .05 reflect  the con t r ibu t ion  o f  the Er = 66 keV resonance ,  wh ich  

is not  i nc luded  in CA88 .  Those  near  T9 = 0.25 are due  to the rev ised  upper  l imi t  o f  the 

El- = 179.5 keV r e s o n a n c e  s t rength .  
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T9 low adopt high exp ratio 
0.009 3.61 4.52 5.42 - 2 6  0.8 

0.01 5.39 6.73 8.08 - 2 5  0.8 

0.011 5.71 7.14 8.57 - 2 4  0.8 

0.012 4.61 5.77 6.92 - 2 3  0.8 
0.013 2.99 3.73 4.48 - 2 2  0.8 

0.014 1.61 2.01 2.41 -21  0.8 

0.015 7.43 9.29 11.1 -21  0.8 

0.016 3.01 3.76 4.51 - 2 0  0.8 

0.018 3.57 4.47 5.37 - 19 0.9 

0.02 3.05 3.82 4.62 - 18 0.9 

0.025 2.95 3.83 4.99 - 16 1.3 
0.03 1.62 2.17 3.05 - 1 4  2.8 

0.04 4.89 6.54 9.30 - 12 7.8 

0.05 1.62 2.13 2.98 - 1 0  9.0 

0.06 1.65 2.14 2.96 - 9  7.1 

0.07 0.87 1.12 1.56 - 8  4.8 

0.08 3.11 4.06 6.57 - 8  3.1 

0.09 0.88 1.25 3.29 - 7  1.9 
0.1 2.15 3.89 18.8 - 7  1.3 

O. 11 0.48 1.28 9.32 --6 1.1 

0.12 0.98 4.12 37.2 --6 I.l 

0.13 0.19 1.21 12.1 --5 1.1 
0.14 0.35 3.17 33.2 - 5  1.2 

0.15 0.62 7.41 79.4 - 5  1.3 

0.16 0.10 1.57 16.9 - 4  1.3 

0.18 0.25 5.43 58.9 - 4  1.4 

T9 low adopt high exp ratio 
0.2 0.05 1.46 15.7 - 3  1.5 

0.25 0.20 8.24 87.8 - 3  1.6 

0.3 0.06 2.52 26.4 - 2  1.5 

0.35 0.36 5.78 57.0 - 2  1.3 
0.4 0.24 1.28 10.5 - 1 0.9 

0.45 1.16 3.11 18.8 - I  0.7 

0.5 4.07 7.90 34.6 - 1 0.6 

0.6 2.65 4.12 I 1.9 0 0.5 

0.7 0.99 1.45 3.45 1 0.5 

0.8 2.63 3.74 8.06 1 0.5 

0.9 5.55 7.75 15.7 1 0.5 
I 1.00 1.38 2.67 2 0.5 

1.25 2.76 3.75 6.77 2 0.4 

1.5 5.26 7.06 12.2 2 0.4 
1.75 0.81 1.08 1.81 3 0.4 

2 1.10 1.45 2.38 3 0.4 

2.5 1.61 2.11 3.36 3 0.4 

3 2.00 2.61 4.07 3 0.4 
3.5 2.59 3.25 4.77 3 0.4 

4 3. I l 3.87 5.46 3 0.4 

5 4.01 5.14 7.15 3 0.4 

6 4.78 6.59 9.55 3 0.5 
7 5.48 8.29 12.9 3 0.6 

8 0.62 1.03 1.74 4 0.6 

9 0.68 1.25 2.31 4 0.7 
10 0.75 1.50 3.01 4 0.8 

Reaction: 1 7 0 ( p , a ) 1 4 N  

For 0.02 ~< T9 ~< 0.1, the rates are dominated by the contribution of  the Er = 66 keV 
resonance [MA80,  LA89, BL95, NI97] for which strength we adopt the value of  BL95. 
A lower value of  the upper limit is reported by BE92a, but a recent analysis of  BE92a 
data following a different hypothesis for the experimental background [NI97],  leads an 
upper limit which is not in contradiction with BL95 [see also 170(p,y)18F]. For T9 < 

0.02, the contributions from the tails of  high energy resonances and of  a 1 + subthreshold 
state (Er = - 3 . 1 2  keV, F,~ = 42.8 :k 1.6 eV [MA80] ,  y2 = 0.12yZw at 3.6 fro) must 
also be considered. The strength of  the Er = 179.5 keV resonance is calculated using 
/'p ~< 2.8 meV from LA89, and F = 44 + 30 meV and F,~ = 22 meV from RO73c. In 
the 489.9 ~< Er ~ 1202.5 keV range, the resonance strengths measured by BR62, KI79a 
and KI79b are in fair agreement. Above Er = 1594.5 keV, the only available data come 
from SE78. Above T9 = 6, HF estimates are used (see Section 2.5).  The ratio between 
the adopted rates and the CA88 ones shows enhancements by a factor of  up to about 
100 at T9 ~< 0.2, due to the strengths of  the two lowest resonances adopted here, and 
the contribution of  the subthreshold state. The differences at the highest temperatures 
are due to our use of  HF rates. 
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7",) low adopt high exp ratio T9 low adopt high exp ratio 
0.009 0.91 1.27 1.65 - 2 5  20 

0.01 1.22 1.71 2.21 - 2 4  18 
0.011 1.19 1.65 2.13 - 2 3  16 

0.012 0.89 1.23 1.59 - 2 2  14 

0.013 5.43 7.46 9.63 - 2 2  13 

0.014 2.78 3.80 4.91 -21  12 

0.015 1.23 1.68 2.17 - 2 0  I 1 

0.016 4.91 6.63 8.56 - 2 0  10 

0.018 6.60 8.71 11.3 - 1 9  10 

0.02 1.07 1.35 1.77 17 13 

0.025 0.92 1.13 1.49 14 28 

0.03 1.12 1.37 1.81 - 1 2  39 
0.04 4.28 5.23 6.90 - 10 57 

0.05 1.41 1.73 2.28 8 71 

0.06 1.38 1.69 2.23 - 7  81 
0.07 6.82 8.34 I 1.0 - 7  88 

0.08 2.20 2.69 3.58 - 6  86 

0.09 5.37 6.59 9.09 - 6  72 

0.1 1.08 1.35 2.10 - 5  47 

0.1 I 1.89 2.47 5.08 - 5  25 

0.12 2.99 4.33 13.3 - 5  13 

0.13 4.40 7.63 35.2 - 5  8.3 

0.14 0.61 1.38 8.76 4 5.9 
0.15 0.82 2.54 20.0 --4 4.8 

0.16 1.06 4.63 41.6 - 4  4.3 

0,18 0.17 1.40 14.2 - 3  3.7 

0.2 0.31 3.60 37.7 - 3  2.9 
0.25 0.87 2.85 21.9 - 2  0.8 

0.3 2.65 3.55 9.59 - 1 0.6 

0.35 3.15 3.66 5.27 0 0.7 

0.4 1.99 2.25 2.70 1 0.8 

0.45 8.25 9.23 10.5 I 0.9 

0.5 2.55 2.84 3.18 2 1.0 

0.6 1.36 1.51 1.67 3 1.0 

0.7 4.45 4.93 5.43 3 1.0 
0.8 1.08 1.19 1.31 4 1.0 

0.9 2.14 2.37 2.60 4 1.0 

1 3.72 4.11 4.50 4 1.0 

1.25 1.03 1.13 1.24 5 0.9 

1.5 2.12 2.34 2.57 5 0.9 

1.75 3.75 4.16 4.57 5 0.9 

2 5.99 6.69 7.40 5 1.0 
2.5 1.24 1.42 1.59 6 1. I 

3 2.13 2.49 2.84 6 1.2 
3.5 3.21 3.82 4.44 6 1.3 

4 4.41 5.35 6.31 6 1.4 

5 7.39 9.12 10.9 6 1.5 

6 1.05 1.37 1,74 7 1.7 

7 1.46 1.90 2.40 7 1.8 
8 1.89 2.46 3.12 7 1.9 

9 2.35 3.06 3.87 7 2.0 
10 2.83 3.67 4.64 7 2.1 

R e a c t i o n :  1 7 0 ( t ~ , n ) 2 ° N e  

Data from HA67, BA73a and DE94b covering the energy range 0.56 ~< E ~< 10.1 MeV 
are adopted. The results of  DE94b are partially documented in KU95. Below 0.56 MeV, 
the extrapolation of DE94b, based on a statistical model calculation, is adopted for the 
recommended rates. The lower limit of  the rates relies on a three-cluster microscopic 
calculation by DE93c. The upper limit of  the rates is obtained by including all possible 
resonances with strengths equal to the Wigner limit. The differences between the CA88 
and adopted rates at low temperatures are probably due to a different extrapolation, 
while the discrepancy at high temperatures likely results from the higher accuracy of 
our numerical treatment. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.5 0.7 
0.5 0.8 
0.5 0.9 
0.5 I 
0.5 1.25 

continued on next page 

0.07 0.09 2.27 38.9 - 2 4  
0.08 0.06 1.41 30.0 22 
0.09 0.21 4.60 105 -21  
0.1 0.46 9.25 210 --20 
0.11 0.07 1.27 27.5 - 1 8  

2.49 2.74 3.00 --2 1.1 

1.29 1.42 1.55 1 1.0 
5.33 5.87 6.41 - 1 0.9 
1.87 2.07 2.28 0 0.9 
2.43 2.79 3.14 I 0.9 
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continued from previous page 
0.12 0.08 1.30 25.7 - 1 7  0.5 
0.13 0.07 1.03 18.3 - 1 6  0.5 
0.14 0.55 6.67 105 - 1 6  0.5 
0.15 0.34 3.63 51.5 -15  0.5 
0.16 0.18 1.71 22.3 - 1 4  0.5 
0.18 0.36 2.64 31.2 -13  0.5 
0.2 0.48 2.79 31.1 - 1 2  0.5 
0.25 1.16 3.33 27.5 - 1 0  0.5 
0.3 1.01 1.64 6.95 - 8  0.7 
0.35 3.30 4.21 9.30 - 7  1.0 
0.4 4.92 5.77 8.74 - 6  1.4 
0.45 4.16 4.72 6.01 - 5  1.6 
0.5 2.34 2.62 3.09 - 4  1.6 
0.6 3.34 3.69 4.12 - 3  1.4 

1.5 1.68 1.98 2.29 2 
1.75 7.35 8.91 10.5 2 
2 
2.5 
3 
3.5 
4 
5 
6 
7 
8 
9 
10 

2.34 2.90 3.45 3 
1.30 1.65 2.00 4 
4.38 5.65 6.93 4 
1.11 1.44 1.78 5 
2.30 3.02 3.74 5 
6.90 9.12 11.3 5 
1.53 2.02 2.52 6 
2.80 3.73 4.65 6 
4.56 6.06 7.57 6 
6.80 9.05 11.3 6 
0.95 1.27 1.58 7 

1.0 
1.0 
1.0 
1.0 
0.9 
0.9 
0.9 
1.1 
1.3 
1.6 
2.0 
2.6 
3.4 

T9 low adopt high exp ratio T 9 low adopt high exp ratio 

1E+10  
1 1 0  T9 

1E+8 

~- 1E+6 d~ 

170((z,n)2°Ne • HA67 

A BA73a 

X DE94b 

- -  extrapol. [DE94b] 

1E+4 , , , , , , , i , , , , , , , i , , , , 

2 4 6 8 10 

E (MeV) 

0.1 1 
1 E+I  0 
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1 E+8 
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1 E+6 
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Reaction: 180(p,"y)19F 

The  con t r i bu t i on  o f  20  r e s o n a n c e s  be t w een  Er = 20  and  1893 keV is cons idered .  At  

h ighe r  energ ies ,  m o s t  da ta  c o m e  f rom W I 8 0 ,  whe re  the reac t ion  has  been  inves t iga ted  for  

76  ~< E ~< 2083  keV, whi le  B E 8 2  and  V O 9 0  have  s tudied  the low ene rgy  resonances .  The  

ma in  con t r i bu t ion  to the ra tes  c o m e s  f rom the three  low energy  r e s o n a n c e s  at Er -- 20, 

89 and  143.5 keV. In C A 8 8 ,  C H 8 6 a  is quo ted  as the source  o f  data  for  the Er = 20  keV 

resonance .  However ,  C H 8 6 a  on ly  gives  the p ro ton  wid th  Fp = 2 x 10 -19 eV f rom a 

D W B A  ana lys i s  o f  a 180(3He ,d )19F  m e a s u r e m e n t .  A n o t h e r  value,  Fp = 6.7 x 10 -19 eV, 

is r epor t ed  in W I 8 0  f rom the  ana lys i s  o f  a d i rec t  cap ture  t rans i t ion  to tha t  state. No  

p u b l i s h e d  va lues  o f  F~, or F exist ,  but  F z, -- 2.3 eV and  F,~ ~ 2.5 keV are e s t ima ted  

in WI80 .  T h e  first va lue  c o r r e s p o n d s  to 28 W e i s s k o p f  uni ts  and  the second  to 1% of  

the W i g n e r  limit.  In the  a b s e n c e  o f  o ther  data,  we use these  values  toge the r  wi th  the 

C H 8 6 a  da ta  to ob ta in  a rough  es t ima te  o f  w y  = 6 x 10 -22 eV wi th  an unce r t a in ty  o f  a 

fac tor  100. Consequen t ly ,  be low T9 -- 0 .02,  the p resen t  rates  are lower  than  the C A 8 8  

ones  by one  order  o f  m a g n i t u d e ,  but  the C A 8 8  rates  are wi th in  the p roposed  upper  and  

lower  l imits .  A n o n - r e s o n a n t  con t r i bu t ion  (d i r ec t  cap ture  [ W I S 0 ]  and  low ene rgy  tail o f  

the  Er = 143.5 keV  r e s o n a n c e )  is also added,  be ing  i m p o r t a n t  be tween  T9 = 0 .014  and  

0.03. A b o v e  7"9 -- 2, the  rates  are ca lcu la ted  us ing  H F  rates  ( see  Sect ion  2 .5) .  A r o u n d  

7"9 -- 0 .05,  the  adop ted  rates  are h ighe r  than the C A 8 8  ones  because  o f  the Er = 89 keV  

iso la ted  r e sonance ,  w h i c h  is m i s s i ng  in CA88 .  

T9 low adopt high exp ratio T9 low adopt high exp ratio 
2660 - 25  0.1 0.2 4.61 4.87 5.12 - 1 0.009 1.11 

0.01 0.17 
0.011 1.79 
0.012 1.45 
0.013 0.95 
0.014 5.15 
0.015 2.40 
0.016 0.98 
0.018 1.18 
0.02 1.01 
0.025 7.55 
0.03 2.05 
0.04 2.67 
0.05 1.50 
0.06 1.25 
0.07 4.60 
0.08 7.06 
0.09 5.84 
0.1 3.12 
0.11 1.21 
0.12 3.72 
0.13 0.95 
0.14 2.11 
0.15 4.17 
0.16 7.54 
0.18 1.99 

8.54 
1.01 263 -23  
7.84 1690 --23 
4.59 791 --22 
2.21 289 -21 
9.39 871 -21 
3.64 226 - 20  
1.31 51.8 -19  
1.39 21.0 --18 
1.13 6.90 --17 
8.24 12.6 --16 
2.30 2.98 - 14 
5.39 15.1 -12  
4.75 14.4 --10 
2.07 4.08 - 8  

0.1 0.25 1.59 
0.1 0.3 3.65 
0.1 0.35 6.39 
0.1 0.4 0.95 
0.2 0.45 1.27 
0.2 0.5 1.59 
0.3 0.6 2.22 
0.5 0.7 2.90 
0.7 0.8 3.84 
1.0 0.9 5.35 
1.0 I 7.74 
2.0 1.25 1.96 
3.6 1.5 4.17 
2.0 1.75 7.39 

1.68 1.77 
3.85 4.05 
6.74 7.10 
1.00 1.06 
1.34 1.42 
1.69 1.78 
2.36 2.50 
3.11 3.33 
4.20 4.57 
5.97 6.61 
8.81 9.91 
2.28 2.62 
4.89 5.63 
8.67 9.98 

5.55 7.40 - 7  1.4 
7.81 8.95 --6 1.2 
6.28 6.85 - 5  1.2 
3.32 3.55 - 4  1.1 
1.28 1.36 --3 1.1 
3.93 4.16 - 3  1.1 
1.00 1.06 --3 1.1 
2.23 2.35 - 2  1.1 
4.40 4.64 --2 I. I 
7.96 8.38 - 2  1.1 
2.10 2.21 --1 1.0 

2 1.13 1.32 1.51 
2.5 2.27 2.71 3.14 
3 3.79 4.62 5.46 3 
3.5 5.64 7.03 8.43 3 
4 7.71 9.86 12.0 3 
5 1.22 1.64 2.07 4 
6 1.65 2.36 3.07 4 
7 2.01 3.08 4.16 4 
8 2.27 3.77 5.27 4 
9 2.40 4.39 6.37 4 
10 2.41 L93 7.44 4 

1.1 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.9 
0.9 
0.8 
0.8 
0.8 
0.9 
0.9 
0.9 
1.0 
1.1 
1.3 
1.4 
1.6 
1.7 
1.8 
1.9 
1.9 
2.0 
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R e a c t i o n  1 8 0 ( p , a ) l S N  

A total of  50 resonances between Er = 20 and 6746 keV [CA61,YA62, MA78b, 
LO79, WI82, CH86a,BE95] are considered for the calculation of the reaction rates. 

The resonances at 20, 143.5 and 656 keV dominate the rates. The Er = 20 keV res- 
onance strength is based on proton spectroscopic factors (my ~ O)/p) extracted by 
DWBA analysis from (3He,d) tranfer reactions [SC70,CH86a] and from direct capture 

measurements [WI80].  A large part of  the error on the reaction rates comes from the 
energy determination of  that resonance. The resonance at Er = 143.5 keV is fairly well 

established. The broad resonance at E,. = 655.8 keV gives strong contributions both 
at low and high temperatures. The total width of  that high energy resonance is badly 

known. The two sets of  widths available from YA62 and LO79 are used for numerical 

integration, and the average of  the resulting rates is adopted. For the other broad reso- 
nance at Er = 799 keV, which gives a significant contribution at high temperatures, the 

partial widths from YA62 are adopted. The contribution of  this resonance is obtained 
by numerical integration. The table shows the adopted strengths for the first 24 reso- 
nances. In the energy range from 3.0 to 6.05 MeV, the adopted resonance strengths are 
weighted averages between the values of  OR73 and AL75a. Between 6.1 and 6.75 MeV, 

the values from MU79 are adopted. For the upper and lower bounds of  the rates at 

low temperatures, the limits given by MA78b for the S-factor are adopted. By transfer 
reaction, CH86a have derived an upper limit for the possible contribution of the sub- 

threshold level at Ex = 7.9 MeV (Er = - 9 4  keV) which turns out to be negligible. The 
updated contribution of  the 656 keV broad resonance accounts for the differences with 

the CA88 rates at high (7"9 > 0.45) temperatures. 

T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.007 1.53 8.32 18.3 --25 0.9 
0.008 0.65 4.13 73.9 --23 0.9 
0.009 1.49 8.85 135 - 2 2  1.0 
0.01 0.21 1.05 14.3 - 2 0  1.0 
0.011 2.02 8.34 101 20 1.0 
0.012 1.50 5.00 54.4 19 I.I 
0.013 0.90 2.48 23.7 --18 1.1 
0.014 0.47 1.08 8.83 - 17 1.2 
0.015 2.04 4.31 29.1 - 1 7  1.2 
0.016 0.80 1.58 8.73 16 1.3 
0.018 0.92 1.71 6.35 - 1 5  1.3 
0.02 0.76 1.40 3.83 -- 14 1.4 
0,025 5.45 9.94 20.1 -- 13 1.4 
0.03 1.43 2.61 5.07 -- I 1 1.3 
0.04 1.68 3.07 5.98 - 9  1.3 
0.05 0.56 1.01 1.93 - 7  1.3 
0.06 1.90 2.91 4.70 --6 1.2 
0.07 5.82 7.93 I 1.0 --5 I.I 
0.08 0.90 1.17 1.52 - 3  1.1 
0.09 7.60 9.63 12.2 - 3  1. I 
0.1 4.17 5.19 6.44 --2 1.1 
0. I I 1.66 2.04 2.49 -- 1 I. I 
0.12 5.19 6.30 7.62 - 1  1.1 
0.13 1.35 1.62 1.95 0 1.1 
0.14 3.04 3.62 4.31 0 1.1 
0.15 6.09 7.22 8.54 0 1.1 
0.16 1.11 1.31 1.54 1 1.1 

0.18 3.00 3.50 4.09 1 I. 1 
0.2 6.52 7.57 8.78 1 1.1 
0.25 2,52 2.90 3.35 2 1.1 
0.3 6,00 6.91 8.05 2 1.1 
0.35 1,10 1.29 1.54 3 1.1 
0.4 1,78 2.14 2.65 3 1. I 
0.45 2,77 3.45 4.46 3 1.0 
0.5 4,45 5.70 7.56 3 0.9 
0.6 1.36 1.72 2.21 4 0.6 
0.7 4.29 5.09 6.08 4 0.5 
0.8 1.17 1.31 1.47 5 0.4 
0.9 2.69 2.89 3.12 5 0.4 
1 5.31 5.58 5.86 5 0.3 
1.25 1.84 1.87 1.91 6 0.3 
1.5 4.15 4.20 4.25 6 0.3 
1.75 7.29 7.39 7.48 6 0.4 
2 1.09 1.11 1.13 7 0.4 
2.5 1.86 1.91 1.95 7 0.4 
3 2.56 2.65 2.74 7 0.4 
3.5 3.14 3.27 3.42 7 0.4 
4 3.60 3.79 3.99 7 0.4 
5 4.27 4.58 4.92 7 0.5 
6 4.73 5.20 5.72 7 0.5 
7 5.13 5.79 6.53 7 0.5 
8 5.51 6.42 7.43 7 0.6 
9 5.92 7.11 8.42 7 0.7 
10 6.37 7.85 9.48 7 0.8 
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Reaction: lSO(c~W)22Ne 

The exper imenta l  data  f rom AD69,  GR68,  CH70,  TR78, VO90,  and GI94 up to 

Er = 4025 keV are adopted.  Resonance  data for Er = 2 8 1 4 -  4025 keV c o m e  f rom 

CH70.  These  data c o m p l e m e n t  each o ther  and allow the calculat ion o f  the rates at 

T9 ~< 6. Up to T9 = 1, the react ion rates are de te rmined  by the resonant  contr ibut ions ,  the 

direct  capture  and resonan t  tail contr ibut ions  being predic ted  to be negl igible  [ T R 7 8 ] .  

A b o v e  7"9 --= 6, the rates are calcula ted using HF rates as expla ined  in Sect ion 2.5. The 

adopted  rates agree  with those  obta ined by GI94. The d i f fe rence  be tween  the adopted  

rates and the CA88  ones  are due  to the contr ibut ion of  the new low energy  resonances  

f rom GI94. In CA88,  a low energy  resonance  has been cons idered ,  but with a s t rength 

and energy  that d i f fer  f rom those of  GI94. Our thermal izat ion correc t ions  cannot  account  

for these d i f fe rences  (rtt = 0.94 - 0 . 8 8  for T9 -- 7 to 10; CA88 adopted  rtt = 1 at all T9). 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.07 0.92 1.53 2.14 -24  0.1 
0.08 3.04 5.08 7.17 -23 0.1 
0.09 5.36 9.20 15.3 -22 0. I 
0.1 1.45 2.73 6.73 -20 0.4 
0.11 0.55 1.09 2.98 - 18 3.0 
0.12 1.38 2.72 7.56 -17 19 
0.13 2.14 4.20 11.7 -16  86 
0.14 2.22 4.36 12.1 -15 225 
0.15 1.68 3.29 9.17 -14 219 
0.16 0.98 1.92 5.35 -13 125 
0.18 1.86 3.62 9.98 -12 38 
0.2 1.99 3.79 10.3 -11 15 
0.25 1.78 2.95 7.04 - 9  3.0 
0.3 5.30 7.33 13.7 - 8  1.5 
0.35 7.58 9.38 14.1 - 6  1.1 
0.4 6.10 7.16 9.38 - 6  1.1 
0.45 3.17 3.63 4.43 - 5  1.0 
0.5 1.19 1.35 1.59 - 4  1.1 
0.6 8.68 9.74 11. l - 4  1.1 

0.7 3.53 3.94 4.42 - 3  1.1 
0.8 1.00 I. 11 1.24 - 2  1.2 
0.9 2.21 2.46 2.74 - 2  1.2 
1 4.15 4.63 5.14 - 2  1.2 
1.25 1.34 1.51 1.69 - 1 1.3 
1.5 3.64 4.34 5.04 - I 1.3 
1.75 1.10 1.42 1.76 0 1.4 
2 3.43 4.71 6.01 0 1.6 
2.5 2.27 3.27 4.25 1 1.8 
3 0.87 1.27 1.65 2 1.9 
3.5 2.30 3.34 4.38 2 2.0 
4 4.74 6.88 9.02 2 1.9 
5 1.28 1.85 2.42 3 1.7 
6 2.39 3.47 4.54 3 1.5 
7 3.68 6,05 8.41 3 1.5 
8 4.75 9,22 13.7 3 1.4 
9 0.52 1,27 2.02 4 1.3 
10 0.47 1.64 2.79 4 1.3 
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Reaction: 180(te,n)21Ne 

The rates are calculated from the data of BA62, HA67, BA73a and DE94b using a 

spline interpolation, covering the energy range from threshold (Q = -0.697 MeV) to 

10.2 MeV. The results of DE94b are partially documented in KU95. At low energy, the 

data of DE94b are used only as the BA73 data may be affected by some background 

problems. The upper and lower limits of the rates are based on the uncertainties set by 

the experiments. The differences (up to a factor of 10) between the CA88 and adopted 

rates in the temperature range 0.14 ~< T9 ~< 0.70 are due to recent experimental data 

down to the threshold energy. 

1 lO T 
I E+9 

180(0~ ' n)21Ne x 8A62 
• HA67 

X + D E 9 4  

1E+5 ' ~' e~  . 
2 4 6 8 

1 E+9 

E ( M e V )  

1 3 

> 

1 E+7 

d~ 

1E+5 
0.5 

~ '  180(et,n)21Ne 

~, , ~ , J , + D E 9 4  

1 1.5 2 
E (MeV) 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.14 1.26 1.41 1.56 - 2 4  
0.15 6.11 6.80 7.49 - 2 3  
0.16 1.85 2.04 2.24 - 2 1  
0.18 5.61 6.14 6.66 - 1 9  
0.2 5.62 6.08 6.54 - 17 
0.25 2.50 2.66 2.81 - 1 3  
0.3 7.98 8.36 8.73 - I I 
0.35 5.86 6.07 6.29 - 9  
0.4 1.69 1.74 1.80 - 7  

0.1 ! 
0.1 1.25 
0.1 1.5 
0. I 1.75 
0.1 2 
0.2 2.5 
0.2 3 
0.2 3.5 
0.2 4 

continued on next page 

1.31 1.36 1.40 0 1.0 
1.64 1.75 1.85 I 1.0 
1.07 1.20 1.32 2 0.9 
4.82 5.69 6.55 2 1.0 
1.69 2.07 2.45 3 1.0 
1.17 1.50 1.83 4 1.1 
4.79 6.26 7.72 4 1.1 
1.39 1.83 2.27 5 1.1 
3.22 4.25 5.29 5 1. I 
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continued from previous page 
0.3 5 1.12 
0.4 6 2.71 
0.6 7 5.33 
0.8 8 0.91 
0.9 9 1.42 
1.0 10 2.04 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.45 2.54 2.61 2.68 - 6  
0.5 2.35 2.41 2.47 - 5  
0.6 7.36 7.53 7.70 - 4  
0.7 9.53 9.76 9.98 - 3  
0.8 7.00 7.18 7.35 - 2  
0.9 3.48 3.58 3.68 - 1 

1.47 1.83 6 1.1 
3.55 4.38 6 1.1 
6.89 8.45 6 1.2 
1.16 1.42 7 1.3 
1.78 2.15 7 1.4 
2.54 3.04 7 1.6 

Reaction: 19F(p,y) 2°Ne 

The  avai lable  exper imenta l  data  al low the calculat ion o f  the react ion rates in the 

t empera tu re  range  b e t w e e n  T9 = 0.2 and 1.5. The r e sonance  energ ies  are the same as 

in the J g F ( p , a T ) 1 6 0  case.  The relative (P ,7)  to ( p , a y )  resonance  s t rengths  f rom SI54, 

FA55,  KE62  and BE63 are used toge ther  wi th  the adopted  (p ,a~,)  s t rengths  in order  to 

ext rac t  the (p , ) , )  s t rengths .  The more  recent  data f rom unpubl i shed  works  o f  CL75 and 

KI90b are not  cons ide red  in the p resen t  compi la t ion .  The adopted  to~/s t rengths  are the 

we igh ted  averages  o f  these  values and the absolute  values f rom SU79.  For  T9 < 0.2, the 

react ion rates  are ca lcula ted  f rom the resonance  tails. The contr ibut ion f rom the tail o f  

the giant  d ipo le  r e sonance  is also included.  Its parameters  are ob ta ined  f rom TA64 and 

SE67b.  However ,  due  to the lack o f  exper imenta l  in format ion  on poss ib le  in te r fe rences  

be tween  r e sonances ,  a 50% error  is adopted  in this t empera ture  region.  A b o v e  T9 -- 115, 

the adop ted  rates  are ca lcula ted  using HF  rates as exp la ined  in Sect ion 2.5. The presen t  

rates are in good  a g r e e m e n t  with those  o f  CA88 at T9 < 1.5, excep t  in the range 

0.14 ~< T9 ~< 0.4, whe re  the p resen t  rates are sl ightly larger. This  is mainly  due to the 

h igher  adop ted  s t rength  for  the Er = 323 keV resonance .  For  T9 > 1.5, the HF  es t imate  

are larger  than the CA88  rates.  

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.013 2.07 4.13 6.20 -25 1.0 
0.014 1.29 2.59 3.88 -24 1.0 
0.015 0.68 1.37 2.05 -23 1.0 
0.016 3.14 6.27 9.41 -23 0.9 
0.018 4.64 9.28 13.9 -22 0.9 
0.02 4.72 9.45 14.2 -21 0.9 
0.025 4.93 9.86 14.8 -19 0.9 
0.03 1.70 3.41 5.11 -17 0.9 
0.04 2.97 5.95 8.92 - 15 0.9 
0.05 1.17 2.34 3.50 -13 0.9 
0.06 1.92 3.84 5.76 - 12 0.9 
0.07 1.80 3.60 5.39 - 11 0.9 
0.08 1.14 2.28 3.42 - 10 0.9 
0.09 0.55 1.10 1.64 - 9  0.9 
0.1 2.15 4.31 6.46 - 9  0.9 
0.11 0.73 1.47 2.20 - 8  0.9 
0.12 2.26 4.52 6.79 - 8  1.0 
0.13 0.65 1.30 1.94 - 7  1.0 
0.14 1.78 3.56 5.34 - 7  1.2 
0.15 4.77 9.55 14.3 - 7  1.3 
0.16 1.26 2.52 3.78 - 6  1.4 
0.18 0.81 1.62 2.43 - 5  1.4 
0.2 4.34 8.67 13.0 - 5  1.4 
0.25 0.80 2.16 3.38 - 3  1.3 

0.3 0.75 1.93 3.05 - 2  1.3 
0.35 3.61 9.13 14.4 - 2  1.2 
0.4 1.20 2.93 4.58 - 1 1.1 
0.45 3.25 7.42 11.4 - 1 0.9 
0.5 0.79 1.63 2.43 0 0.8 
0.6 3.78 6.19 8.60 0 0.7 
0.7 1.37 1.92 2.47 1 0.7 
0.8 3.79 4.88 5.98 1 0.7 
0.9 0.85 1.04 1.24 2 0.7 
1 1.61 1.93 2.25 2 0.8 
1.25 4.98 5.81 6.64 2 0.9 
1.5 1.03 1.19 1.35 3 1.0 
1.75 1.43 1.73 2.02 3 0.9 
2 1.85 2.32 2.78 3 0.9 
2.5 2.66 3.59 4.53 3 0.9 
3 3.41 4.94 6.48 3 0.9 
3.5 4.10 6.34 8.57 3 1.0 
4 4.71 7.75 10.8 3 1.1 
5 0.58 1.06 1.55 4 1.4 
6 0.67 1.36 2.05 4 1.7 
7 0.74 1.66 2.57 4 2.2 
8 0.81 1.97 3.13 4 2.8 
9 0.88 2.30 3.72 4 3.5 
10 0.94 2.64 4.34 4 4.3 
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Reaction: 19F(p,n)19Ne 

The relative data of GI59 and RI68 are consistent in their common energy interval 
E = 4.0-4.7 MeV. However, their absolute values differ by about 25%. RI68 quotes 
an error of 10%, while we estimate an error of 10% in GI59, mainly due to target 

uncertainties. For this energy region, the average of the two data sets is adopted. At 

4.7 ~< E ~< 5.8 MeV, the data of RI68 renormalized (×  1.20) to the average of GI59 

and RI68 at lower energies are adopted. The selected data above 5.8 MeV are those of 

JE63b multiplied by 1.78 in order to bring the data in agreement with both RI68 and 
KI90a. The differences with CA88 at low temperatures are partly due to their adoption 

of the GI59 data, which are larger than those adopted here. Our thermalization effects 
are also important at all temperatures (from a factor of 3 at T9 = 0.7 down to 1.5 at 

/'9 = 10). CA88 adopted the equal strength approximation (rtt---- 1 ), 

20 

---,- 16 
-9 
> 

12 

8 

4 

10 T9 100 

19F(p,n)19Ne AGI59 ++1 
. , , o K I 9 0  

5 7 9 11 

E (MeV) 

T9 low adopt high exp ratio T 9 low adopt high exp ratio 
0.7 7.07 8.13 9.19 - 2 2  1.8 
0.8 3.20 3.68 4.16 --18 1.9 
0.9 2.25 2.58 2.92 - 15 2.0 
I 4.27 4.91 5.56 - 1 3  2.0 
1.25 5.47 6.29 7.12 - 9  2.1 
1.5 3.02 3.48 3.93 --6 2.1 
1.75 2.76 3.18 3.60 - 4  2.1 
2 8.20 9.43 10.7 - 3  2.1 
2.5 0.95 1.09 1.24 0 2.1 

3 2.28 2.62 2.96 l 2.1 
3.5 2.22 2.54 2.87 2 2.1 
4 1.23 1.41 1.58 3 2.1 
5 1.36 1.55 1.74 4 2.1 
6 6.77 7.71 8.65 4 2.1 
7 2.14 2.43 2.72 5 2.1 
8 5.09 5.77 6.44 5 2.1 
9 1.00 1.13 1.26 6 2.1 
10 1.71 1.93 2.15 6 2.0 
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Reaction: 19F(p,a~) 160 

The S-factor for the (p,ot0) channel is obtained from BR59, WA63b, CA74 and 

CU80. The relative cross sections of  CL57 and IS58 are normalized to o- = 42 mb 

at the 1.3 MeV resonance, while the data of  MO66 are normalized to o" = 28 mb at 

2.5 MeV. Below E = 460 keV, where no data exist in the (p,cr0) channel, a non-resonant 

contribution is calculated for s-wave capture. The theoretical S-factors for the (p,o~0) 

non-resonant contribution of  HE91 and YA93 have been obtained using the unpublished 

data of LO78. The later work was focused mainly in the relative energy dependence of  

the cross section with no serious check on the absolute reported cross sections which 

may be underestimated by a factor of  2. Hence in the present compilation these data are 

not taken into account and the non-resonant contribution at the low energies is estimated 

with the procedure described in CH50 and adopted by CA88 as follows. The S-factor 

is adjusted to the lower experimental points in the 460 ~ E ~< 600 keV range. The 

S-factor for the (p,oq) channel is obtained from DE54, RA58, CA74 and CU80. A 

non-resonant extrapolation of  the S-factor to lower energies is computed for the ground 

state channel. In the (p,cey) channel, the resonance strength data of  BO48, CH50, AS65, 

BE82, GR84, CR91, ZA95a and SP97 are used. Usefull background information related 

to this reaction may be found in the unpublished work of  KI90b. Between 0.957 and 

3.438 MeV, the non-resonant data of SP97 are used, while above E = 3.44 MeV, the 

relative yields at 90 ° of  WI52 are adopted, normalized to o- = 300 mb at E = 2.2 MeV 

from SP97. For the cases where resonance strengths are not quoted by the authors, 

we calculate them as follows. The cross sections, resonance energies and total widths 

quoted by BO48 are used, assuming a 15% error. Data are normalized to the adopted 

resonance strength for the 828 keV resonance. Resonance strengths are calculated from 

the thick target yield of  CH50, assuming a 15% error and a 48.66% fluorine content for 

the CaF2 target. The strengths are estimated in BE75 from the cross section data. For the 

323 keV resonance, the quoted (p,ce2) strength in BE82 is divided by its branching ratio 
of  0.97 [CR91 ]. For the 828 keV resonance, a branching ratio of 0.73 is used [AJ87].  

The available experimental data allow a computation of  the rates at T9 > 0.3. Below 

this temperature, the rates are determined mainly from the non-resonant (p,o~0) channel. 

Hence, uncertainties progressively increase to about 50% at the lowest temperatures. 

The differences between our rates and the CA88 ones can be explained by the effect of  

thermalization, which is estimated by CA88 to be a factor 2.4 at T9 = 0.5 in comparison 
with the values obtained from our HF predictions. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.8 0.2 
0.7 0.25 
O.7 O.3 
0.7 0.35 

0.7 0.4 
continued on next page 

0.009 0.69 1.03 1.37 --25 

0.01 1.23 1.78 2.34 --24 
0.011 1.57 2.28 2.98 --23 
0.012 1.52 2.20 2.89 --22 
0.013 1.16 1.68 2.20 -21  

4.57 5.12 5.67 -- 1 1.4 
1.02 1.09 I. 16 1 1. I 
8.79 9.26 9.73 1 1.1 
4.06 4.26 4.46 2 1.0 
1.26 1.32 1.38 3 1.0 
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continued 
0.014 0.72 1.05 1.37 - 2 0  
0.015 3.81 5.52 7.23 - 2 0  
0.016 1.74 2.53 3.31 - 1 9  
0.018 2.56 3.72 4.87 - 1 8  
0.02 2.60 3.76 4.93 - 1 7  
0.025 2.67 3.88 5.09 -15  
0.03 0.91 1.33 1.74 -13  
0.04 1.56 2.27 2.98 - 11 
0.05 5.97 8.72 11.5 - 1 0  
0.06 0.96 1.41 1.85 - 8  
0.07 0.88 1.30 1.71 - 7  
0.08 5.53 8.13 10.7 - 7  
0.09 2.70 3.95 5.20 - 6  

0.1 1.15 1.65 2.16 - 5  
0.11 4.57 6.40 8.23 - 5  
0.12 1.72 2.33 2.94 - 4  
O. 13 5.96 7.83 9.70 - 4  
0.14 1.90 2.43 2.96 - 3  
0.15 5.55 6.92 8.30 - 3  
0.16 1.51 1.83 2.16 - 2  
0.18 0.93 1.08 1.23 - 1 

from previous page 
0.7 O.45 3.00 
0.7 0.5 5.94 
0.6 0.6 1.62 
0.6 0.7 3.30 
0.6 0.8 5.65 
0.6 0.9 8.73 
0.6 1 1.27 
0.6 1.25 2.72 
0.6 1.5 5.09 
0.5 1.75 8.61 
0.5 2 1.36 
0.5 2.5 2.87 
0.5 3 5.25 
0.6 3.5 8.63 
0.7 4 1.30 
0.8 5 2.42 
1.0 6 3.74 
1.3 7 5.13 
1.5 8 6.49 
1.7 9 7.75 
1.6 10 0.89 

3.14 3.28 3 
6.21 6.48 3 
1.70 1.78 4 
3.47 3.63 4 
5.96 6.27 4 
9.25 9.76 4 
1.35 1.43 5 
2.92 3.11 5 
5.48 5.87 5 
9.31 10.0 5 
1.47 1.58 6 
3.13 3.39 6 
5.77 6.28 6 
9.53 10.4 6 
1.44 1.58 7 
2.70 2.98 7 
4.19 4.64 7 
5.76 6.39 7 
7.30 8.11 7 
8.74 9.72 7 
1.00 1.12 8 

105 

1.0 
0.9 
0.7 
0.5 
0.4 
0.3 
0.3 
0.2 
0.2 
0.3 
0.3 
0.4 
0.5 
0.7 
0.9 
1.4 
1.9 
2.4 
2.9 
3.3 
3.7 

;qj low adopt high exp ratio T9 low adopt high exp ratio 
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Reaction: 2°Ne(p,'y) 21Na 

The non-resonant reaction rate is obtained from the experimental S-factor of RO75b. 

Below the low energy limit, the theoretical extrapolation of RO75b is used, which takes 

account of the 1/2 + subthreshold state at Er = - 7  keV in 21Na. The 3/ width of this 

state is given as 0.31 ± 0.07 eV by RO75b, and 0.17 ± 0.05 eV by AN77. The former 

experiment gives however a "formal" width which must be converted to an "observed" 

width (see LA58) to be compared with the AN77 result. After correction of the RO75b 

value (0.14 ± 0.03 eV), both data agree within the error bars. Since the non-resonant 

reaction rate involves a subthreshold state contribution and a direct capture term, the 

analytical fit contains a free parameter tr in T~. The optimal value is a = -1.84,  which 

is close to a = -2 ,  valid for a subthreshold state contribution only. The resonant reaction 
rate involves eight resonances up to Er = 2035 keV. The present reaction rate are larger 

than those of CA88 at low temperatures, probably because the reduced proton width of 

the subthreshold state in CA88 is lower than in RO75b. 

7"9 low adopt high exp ratio T9 low adopt high exp ratio 
0.011 0.61 1.08 1.55 --27 
0.012 0.65 1.15 1.64 - 2 6  
0.013 5.42 9.41 13.4 - 2 6  
0.014 3.64 6.28 8.92 - 2 5  
0.015 2.06 3.52 4.98 - 2 4  
0.016 1.00 1.70 2.40 - 2 3  
0.018 1.63 2.75 3.87 - 2 2  
0.02 1.79 3.01 4.23 -21 
0.025 2.13 3.61 5.08 - 1 9  
0.03 0.79 1.37 1.96 - 17 
0.04 1.47 2.72 3.97 -15  
0.05 0.60 1.15 1.71 - 1 3  
0.06 1.02 2.00 2.97 - 12 

1.6 0.25 
1.6 0.3 
1.6 0.35 
1.6 0.4 
1.6 0.45 
1.6 0.5 
1.5 0.6 
1.5 0.7 
1.5 0.8 
1.5 0.9 
1.4 1 
1.4 1.25 
1.3 1.5 

continued on next page 

2.98 5.50 8.03 - 5  1.1 
1.99 3.32 4.64 - 4  1.0 
0.93 1.42 1.92 - 3  1.0 
3.15 4.60 6.05 - 3  1.0 
0.84 1.19 1.54 - 2  1.0 
1.88 2.60 3.32 - 2  1.0 
6.53 8.73 10.9 - 2  1.0 
1.67 2.18 2.69 - 1  1.0 
3.68 4.66 5.64 - 1 1.0 
7.56 9.28 11.0 -1  1.0 
1.51 1.79 2.08 0 1.0 
7.28 8.17 9.07 0 1.0 
2.50 2.75 3.00 1 1.0 



108 C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 

continued 
0.07 0.99 1.94 2.89 - 11 1.3 
0.08 0.64 1.26 1.89 - 10 1.3 
0.09 3.11 6.15 9.19 - 1 0  1.2 
O. I 1.20 2.40 3.59 - 9  1.2 
0.11 3.91 7.87 11.8 - 9  1.2 
0.12 I.I 1 2.25 3.39 - 8  1.2 
0.13 2.82 5.74 8.67 - 8  1.2 
0.14 0.65 1.34 2.02 -7  1.2 
0.15 1.40 2.88 4.35 - 7  1.2 
0.16 2.83 5.80 8.77 - 7  1.2 
0.18 0.99 2.01 3.03 6 1.1 
0.2 2.94 5.91 8.88 - 6  1.1 

T9 low adopt high exp ratio 

from ~revious page 
1.75 6.30 6.91 7.51 1 1.0 
2 1.27 1.40 1.53 2 1.0 
2.5 3.40 3.81 4.22 2 1.0 
3 6.51 7.49 8.46 2 0.9 
3.5 1.03 1.22 1.41 3 0.9 
4 1.46 1.77 2.07 3 0.9 
5 2.38 2.98 3.59 3 0.9 
6 3.33 4.26 5.19 3 0.9 
7 4.27 5.52 6.76 3 0.8 
8 5.23 6.75 8.27 3 0.8 
9 6.20 7.95 9.71 3 0.8 
10 7.2l 9.14 11.1 3 0.8 

T9 low adopt high exp ratio 

E,. (keV) J~ adopted oJy (eV) 

366 4- 
398 4- 
11134- 
1248 4- 
1432 4- 
1742 4- 
1861 + 
2035 4- 

1 /2-  (1.1 4-0.2) x 10 -4 
9/2 + ( 6 +  1) x 10 -5 
5/2 + 1.13 4- 0.07 
3 / 2 -  0.035 + 0.010 
5 / 2 -  0.050 4- 0.015 
3 / 2 -  1.0 4- 0.3 
5/2 + 2.4 4- 0.7 
3/2 + 1.6 

RO75b 
RO75b 
BL69 
BL69 
BL69 

RO75b 
BL69 
EN78 

l 
1 

M 
M 
M 
M 
M 
M 

i 

o) 

v , , _  

05 

100 

10 
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. . . .  20Ne(p,,)2,N a 
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T9 
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- -  extrapol. [RO75b] 
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Reaction: 2°Ne(p,a)17F 

For this endoergic reaction (Q = - 4 . 1 3 0  MeV) ,  the experimental data are missing 
between the threshold and E = 5.33 MeV. The rates are calculated from the unique set of  
available cross section data [ GR77 ]. The existing data at the lowest energies do not allow 
a clear picture of  the behavior of  the S-factor curve. In order to extrapolate the cross 

section down to the threshold, the S-factor S,~,p for the reverse reaction tTF(cr,p)2°Ne 
is approximated by an exponential function S,~,p = 4.83 x 108 exp(-1 .5693E,~) ,  where 
E,~ is the center of  mass energy in the channel ff-LI7F, and extrapolated down to the 

threshold. For the calculation of the lower and upper limits of the rates, exponential 
fits Stuff = 5.0 x 109exp( -1 .7829E~)  and S~a' ~ = 8.0 x 107exp( -1 .3993E~) ,  that 

corresponds to the lower and upper bounds of S,,,p are obtained and extrapolated similar 

to S,,p. Our thermalization corrections are important, rtt = 5.0 to 4.8 for T9 = 0.9 to 10 

(CA88 adopted r t t  = 1 for all T9). 

• 20 
1 E+3 

~-- 1E+I 

~ 1E-1 

~ 1 E - 3  

1 E - 5  

5O 

2°Ne(p ,~ ) lTF  

• GR77 

- -  adopted 

i / i  i i ~ i i I i i i 

5 6 7 8 9 
E (MeV) 

T9 

10 

1E+10 

..Q 

1 E+8 

~ 1 E + 6  

1 E+4 

1 10 

_!i .......... -........ 17F(o~,p)2ONe x S~-data 

~ - . . ~ . ~  " ................... . ....... --------adopted 

! ........................ . . . ' ~ . . ~ i "  ~ ........... '" '" lu°p;rr ~i~t s 

i i i i i i i i i i i 

0 2 4 
Ea (MeV) 

T9 
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T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.9 0.23 1.22 10.6 -24  0.3 
1 0.22 1.14 9.72 -21 0.4 
1.25 0.64 3.22 26.6 - 16 0.4 
1.5 0.35 1.72 13.7 -12 0.5 
1.75 1.89 9.03 69.9 - 10 0.5 
2 0.23 1.08 8.11 - 7  0.6 
2.5 0.23 1.01 7.22 - 4  0.6 
3 0.25 1.08 7.37 - 2  0.7 

3.5 0.78 3.24 21.2 - 1 0.7 
4 1.07 4.30 27.0 0 0.7 
5 0.44 1.69 9.95 2 0.8 
6 0.55 2.01 11.3 3 0.8 
7 0.34 1.19 6.40 4 0.8 
8 1.33 4.53 23.6 4 0.8 
9 0.39 1.28 6.48 5 0.8 
10 0.90 2.93 14.5 5 0.9 

Reaction: 2°Ne(a,~/)Z4Mg 

Exper imen ta l  data  concern  r e sonances  only. Twelve o f  them are obse rved  by SC83 up 

to 1.4 MeV, but only  the 0 + states at Er = 0.799 M e V  and 1.367 M e V  play a s ignif icant  

role. Partial data  above  E = 3 M e V  are available [HI68 ,FI78 ,FI79] ,  but no data are 

repor ted  in the 1.4 < E < 3 M e V  range.  An  es t imate  o f  the non- resonan t  contr ibut ion 

is made  here  in the potent ia l  model ,  using a Gauss ian  potential .  The two parameters  o f  

this potent ia l  are se lec ted  in order  to reproduce  the energy  Er -- 1.367 M e V  o f  the 0 + 

resonance ,  which  is known  to have an a +2°Ne  structure,  and the quadrupole  m o m e n t  

o f  the 2 + first exci ted  state o f  24Mg. Only capture  to that state is cons idered .  The 

n o n - r e s o n a n t  S-factor  is pa ramet r ized  as S ( E )  = (7.43 ÷ 3 . 2 1 E ÷  14.85E 2) × 103 M e V  

b ( E  in M e V ) .  This  term contr ibutes  for about  10% to the react ion rates at the lowest  

t empera ture  (T9 --- 0 .15) ,  but is comple te ly  negl igible  above. The resonant  data  al low the 

calculat ion o f  the rates up to T9 = 1. HF es t imates  are used above,  using the prescr ip t ion  

given in Sect ion  2.5. 

T9 low adopt high . exp ratio T 9 low adopt high exp ratio 
0.15 1.74 2.26 3.24 -25 0.7 
0.16 6.38 8.19 I 1.2 -24 0.7 
0.18 3.24 4.13 5.36 -21 0.7 
0.2 4.77 6.05 7.68 - 19 0.8 
0.25 3.63 4.60 5.74 - 15 0.9 
0.3 1.34 1.69 2.12 - 12 0.9 
0.35 0.88 I. 11 1.40 - 10 1.0 
0.4 1.97 2.51 3.18 - 9  1.0 
0.45 2.18 2.77 3.54 - 8  1.0 
0.5 1.47 1.87 2.40 - 7  1.0 
0.6 2.52 3.21 4.15 - 6  1.0 
0.7 1.93 2.45 3.18 - 5  1.0 
0.8 0.93 1.17 1.51 - 4  0.9 
0.9 3.45 4.26 5.42 - 4  0.8 
1 1.08 1.31 1.62 - 3  0.7 

1.25 1.38 2.32 3.58 - 2  0.7 
1.5 0.84 1.81 3.10 - I  0.7 
1.75 3.27 8.52 15.6 - 1 0.8 
2 0.94 2.89 5.51 0 0.8 
2.5 0.44 1.77 3.56 1 1.0 
3 1.31 6.45 13.4 1 1.2 
3.5 0.29 1.71 3.63 2 1.4 
4 0.55 3.70 7.96 2 1.6 
5 0.13 1.16 2.54 3 2.0 
6 0.25 2.62 5.81 3 2.5 
7 0.39 4.84 10.8 3 3.0 
8 0.55 7.84 17.7 3 3.5 
9 0.07 1.16 2.63 4 4.0 
10 0.09 1.61 3.65 4 4.5 
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Er (MeV)  J~  adopted oJy (eV) 

0.203 4 + 1.6+146 × 10 -29 SC83 M 

0.216 6 + 3 0 +27 10 -26 
• -3.0 × SC83 M 

0.714 5 -  l.l+l~° l _  . × 10 -8  SC83 M 

0.747 2 + 4.0+_360 × 10 - 9  SC83 M 

0.799 0 + (2.9 ± 0.6) × 10 -4  SC83 M 

0.849 ( 0 - 3 ) -  0.8+_7i.28 × 10 -5  SC83 M 

1.022 3 -  (3.0 ± 0.6) × 10 -4  SC83 M 

1.05 2 + (4.8 ± 1,0) × 10 -4  SC83 M 
1.266 (3,4) + 0 2 +18 • -0.2 × 10-4 SC83 M 
1.348 (3,4) + f~ 9+1"8 ~ ' - -0 .2  × 10-4 SC83 M 

1.367 0 + 0.17 4- 0.02 SC83 M 

1.42 2+;I  (2.6 ± 0.5) × 10 -3  SC83 M 

R e a c t i o n :  21Ne(p , ,y )22Na 

The contributions of 46 resonances [AN70, BE77, KE77, GO82, GO83, BE92b] 
in the energy range from Er = 93.5 to 1936.2 keV are taken into account. For the 
resonances between 943.7 and 1225.6 keV, the resonance strengths are the weigthed 
averages of  those given by GC)82, GO83 and BE92b, while for those between 1237 and 
1936 keV, the strengths are the weigthed averages of  those given by BE77 and KE77. 
The non-resonant contribution is calculated using the S-factors from RO75b for direct 
capture and from GO82 for the tails of  the broad resonances. A major contribution at 
low temperatures comes from the resonance at Er = 93.5 keV, for which only an upper 
limit of  the strength is estimated [G(~82, GO83]. Above T9 = 2, HF estimates are used 
(see Section 2.5). The differences between the present rates and the CA88 ones in the 
temperature region around T9 = 0.03 are due to the 93.5 keV resonance, for which the 
adopted strength [GO83] is two orders of  magnitude smaller than the value used in 
CA88. Our thermalization effects reduce the ratio between 10 to 14% at T9 = 2.5 to 10 
(CA88 adopt rtt = 1 at all temperatures). 
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/'9 low adopt high exp ratio 
0.015 2.50 4.03 5.41 -25  0.9 
0.016 1.30 2.08 2.82 - 2 4  0.9 
0.018 2.37 3.81 5.30 - 2 3  0.9 
0.02 2.90 4.66 10.0 - 2 2  0.8 
0.025 0.44 1.00 66.5 - 19 0.03 
0.03 0.63 4.06 409 - 17 0.01 
0.04 3.39 6.70 124 - 1 3  0.04 
0.05 2.73 4.17 18.3 - 1 0  0.1 
0.06 2.24 3.21 7.04 - 8  0.3 
0.07 5.05 7.03 11.7 - 7  0.5 
0.08 5.09 6.96 10.2 - 6  0.6 
0.09 3.00 4.06 5.64 - 5  0.7 
0.10 1.22 1.64 2.20 - 4  0.8 
0.11 3.80 5.06 6.67 - 4  0.9 
0.12 0.97 1.28 1.67 - 3  0.9 
0.13 2.13 2.81 3.61 - 3  0.9 
0.14 4.19 5.49 7.01 - 3  0.9 
0.15 7.58 9.88 12.5 - 3  0.9 
0.16 1.30 1.68 2.11 - 2  1.0 
0.18 3.45 4.39 5.44 - 2  1.0 
0.20 0.87 1.09 1.32 -- I 1.0 
0.25 7.01 8.46 10.0 --1 1.1 
0.30 3.46 4.13 4.84 0 1.1 

T9 low adopt high exp ratio 
0.35 1.11 1.32 1.54 1 1.1 
0.40 2.65 3.14 3.66 I 1.1 
0.45 5.19 6.14 7.14 I 1.1 
0.50 0.87 1.05 1.22 2 1.1 
0.60 1.99 2.35 2.73 2 1.1 
0.70 3.66 4.32 5.01 2 1. I 
0.80 5.99 7.08 8.21 2 1.0 
0.90 0.91 1.08 1.25 3 1.0 
1.00 1.31 1.54 1.79 3 0.9 
1.25 2.68 3.18 3.69 3 0.9 
1.5 4.53 5.39 6.26 3 0.8 
1.75 6.67 7.95 9.25 3 0.8 
2 0.89 1.07 1.24 4 0.8 
2.5 1.27 1.56 1.83 4 0.7 
3 1.61 2.01 2.40 4 0.7 
3.5 1.90 2.43 2.93 4 0.7 
4 2.16 2.81 3.43 4 0.7 
5 2.58 3.50 4.36 4 0.7 
6 2.92 4.10 5.22 4 0.8 
7 3.21 4.67 6.04 4 0.8 
8 3.46 5.20 6.85 4 0.9 
9 3.68 5.72 7.64 4 1.0 
10 3.88 6.22 8.44 4 1.0 

R e a c t i o n :  2 1 N e ( a , n ) Z 4 M g  

Use is made of the experimental cross sections from HA73 and DE94b covering 

the energy range 0.714 ~< E ~ 4.3 MeV. The adopted rates result from a low energy 
extrapolation based on a HF calculation from DE94b. The results of DE94b are partially 

documented in KU95. For the lower limit of the rates, the S-factor curve without any 
resonance below E = 0.714 MeV is considered, and only the tails of observed resonances 
at energies E > 0.714 MeV are assumed to contribute. The upper limit is determined 
by assuming that all the known states in the compound nucleus [EN90] give rise to 
resonances in the S-factor. The strengths of these resonances are calculated by the 
Wigner limit. HF rates are used for T9 > 2.5, following the procedure explained in 
Section 2.5. The differences between the adopted rates and the CA88 ones are due to 

the differences in the average S-factor, which is higher in CA88. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.1 0.03 6.32 498 - 2 5  
0. I 1 0.01 1.38 100 - 2 3  
0.12 0.01 2.12 156 - 2 2  
0.13 0.01 2.44 183 --21 
0.14 0.01 2.20 159 --20 
0.15 0.01 1.62 105 --19 

0.3 0.8 
0.3 0.9 
0.3 1 
0.3 1.25 
0.3 1.5 
0.3 1.75 

continued on next page 

1.44 1.57 4.75 --3 0.5 
1.03 1.11 2.05 - 2  0.6 
5.57 5.99 8.35 --2 0.6 
1.59 1.71 1.91 0 0.8 
1.83 1.98 2.15 1 0.9 
1.17 1.28 1.40 2 0.9 
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continued 
0.16 0.01 1.01 55.5 -18  0.3 
0.18 0.02 2.55 88.0 -17 0.3 
0.2 0.06 4.11 81.0 -16  0.3 
0.25 0.07 1.I0 11.5 -13 0.3 
0.3 1.35 7.93 188 -12 0.3 
0.35 0.71 2.33 90.2 -10  0.3 
0.4 1.60 3.65 164 - 9  0.3 
0.45 2.14 3.74 155 - 8  0.3 
0.5 2.00 2.90 92.3 - 7  0.3 
0.6 7.87 9.38 134 - 6  0.3 
0.7 1.40 1.56 9.55 - 4  0.4 

from previous page 
2 5.04 
2.5 4.50 
3 2.29 
3.5 7.84 
4 2.05 
5 0.83 
6 2.13 
7 4.12 
8 0.65 
9 0.89 
10 1.05 

5.61 6.19 2 
5.18 5.86 3 
2.70 3.12 4 
9.54 11.2 4 
2.57 3.09 5 
I. I 1 1 .39  6 

3.09 4.05 6 
6.57 9.02 6 
1.17 1.69 7 
1.84 2.79 7 
2.64 4.22 7 

1.0 
1.0 
1.1 
1.1 
1.1 
1.0 
1.0 
0.9 
0.8 
0.7 
0.7 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

1E+11 

1E+10 

~ 1 E + 0 9  

03 1E+08 

1E+07 

0.1 1 T9 

21Ne(o~,n)24Mg 0 HA73 

~ ~ I X eDx~r9a4ol. 

r~ ^ ,~ .~ ~.~.0~c~.~.~ 

i ~ 1  i I i I i I 

1 2 3 4 

E (MeV) 

Reaction: 22Ne(p,'y)23Na 
The contr ibut ion o f  55 resonances  be tween Er = 36 and 1822 keV [PI71,  DU71,  

DU72,  ME73 ,  SM79,  G1382, GO83]  is calculated.  For  the resonances  be tween 1096.2 

and 1208.5 keV, weighted  averages  o f  the strengths given by PI71 and SM79  are selected,  

whi le  these averages  are based on the data o f  DU71 and SM79  for the resonances  

be tween 1223.9 and 1821.8 keV. The standard values f rom M O 6 0  and KE77 are used 

to normal ize  the relat ive resonance  strengths. The contributions o f  the direct  capture 

process  and of  the subthreshold resonance  at Er = - 1 2 9  keV are calculated using the 

S-factors given by RO75b  and G(383 and are found to be negligible.  A b o v e  T9 = 2, 

HF  es t imates  are used (see  Sect ion 2.5) .  Our rates are significantly different  f rom the 

CA88  ones  at T9 < 0.3. This  is mainly  due to the contribution o f  the resonance  at 

Er -- 36.3 keV. With respect  to CA88,  the energy of  this resonance is different  and 

its adopted strength [GI983] is two orders o f  magni tude  larger. The  tentative states at 

Er -- 69.8 and 102.3 keV are also taken into account  here with a weight ing factor o f  

0 . I .  The  resonance  at Er -- 153 keV has a measured strength [G1~83], while  only an 
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7",) low adopt high exp ratio 
0.01 0.19 5.39 150 - 2 5  0.1 

0.011 0.11 2.10 44.5 - 2 3  0.1 

0.012 0.29 4.62 74.0 - 2 2  0.2 

0.013 0.47 6.11 79.1 21 0.4 

0.014 0.52 5.55 59.8 - 2 0  0.6 

0.015 0.41 3.73 34.3 - 1 9  0.8 

0.016 0.25 1.96 15.7 - 1 8  1.1 

0.018 0.48 3.07 19.5 - 1 7  1.9 
0.02 0.52 2.73 14.4 - 1 6  2.8 

0.025 0.38 1.34 5.27 - 14 6.0 

0.03 0.55 1.92 7.55 - 13 I 1 

0.04 0.16 1.75 14.7 -11  85 
0.05 0.12 6.28 61.0 --10 680 

0.06 0.05 8.15 80.7 - 9  2000 

0.07 0.03 5.78 57.4 - 8  1800 

0.08 0.02 2.78 27.5 - 7  870 

0.09 0.01 1.00 9.87 - 6  410 

0. I 0.06 2.90 28.1 - 6  22(I 

0.11 0.27 7.04 67.2 - 6  130 

0.12 0.09 1.50 13.9 - 5  83 

0.13 0.25 2.86 25.8 - 5  57 
O. 14 0.59 5.03 43.8 - 5  42 

O. 15 1.27 8.30 69.2 - 5  33 

O. 16 0.25 1.30 10.3 - 4  26 

0.18 0.75 2.79 20.1 - 4  18 
0.2 1.87 5.36 34.4 - 4  13 

T9 low adopt high exp ratio 
0.25 1.47 2.60 10.2 - 3  3.3 

0.3 1,51 2.19 4.10 - 2  1.5 

0.35 1.21 1.68 2.37 - 1  1.3 

0.4 6.16 8.49 11.2 - 1 1.3 

0.45 2.23 3.05 3.94 0 1.3 

0.5 6.30 8.52 10.9 0 1.3 

0.6 3.05 4.04 5.08 1 1.3 

0.7 0.96 1.25 1.55 2 1.3 
0.8 2.31 2.97 3.65 2 1.3 

0.9 4.63 5.90 7.20 2 1.2 

1 0.82 1.04 1.26 3 1.2 
1.25 2.35 2.96 3.58 3 1.1 

1.5 4.87 6.15 7.43 3 1.0 

1.75 0.83 1.05 1.27 4 1.0 
2 1.25 1.59 1.93 4 1.0 

2.5 2.06 2.76 3.46 4 1.0 

3 2.94 4.14 5.34 4 1.0 

3.5 3.85 5.68 7.51 4 1.0 

4 4.75 7.33 9.91 4 1.1 

5 0.64 1.08 1.52 5 I.I 

6 0.79 1.43 2.08 5 1.2 
7 0.91 1.78 2.65 5 1.3 
8 1.02 2.12 3.22 5 1.3 

9 1.10 2.44 3.78 5 1.3 

10 1.17 2.75 4.33 5 1.3 

upper limit is selected by CA88. Our thermalization factor rtt is 0.89 to 0.73 between 

7"9 = 5 to 10, reducing the ratio between our adopted rates and those of CA88, who 

adopt rtt = 1 at all temperatures. 

Reaction: 22Ne(c~,'y)26Mg 

The contribution of 31 resonances in the energy region between Er -- 500.8 and 

1728.4 keV is calculated using the resonance strengths reported by WO89. For the 
low energy resonances at Er -- 82 and 338 keV, the values from GI93 are adopted. The 

angular distribution in GI93 suggests that J~" = 3 -  for the resonance at Er = 338 keV, but 

the values J~ = 2 + and 4 + cannot be excluded. The adopted value for coy corresponds to 
J~ ---- 3 , the other two j~r values being used for the upper and lower limits of  the rates, 

respectively. The contributions of  the direct capture process and of the tails of  the broad 
resonances at Er = 7 0 0 ,  1213 and 1280 keV are calculated using the S-factors of  WO89. 
Above 7"9 = 1.25, the rates are calculated using HF rates as explained in Section 2.5. 
The large differences between our rates and the CA88 ones at 0.3 ~< T9 ~< 1, are due to 

the differences between the WO89 data and the theoretical estimate used by CA88. For 
7"9 ~> 1.25, the HF rates are lower than the CA88 estimate. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.1 0.67 9.90 113 -25 0.7 
0. l I 0.21 3.05 34.3 -23 1.0 
0.12 0.37 5.24 58.1 -22 1.1 
0.13 0.41 5.77 63.2 -21 I.I 
0.14 0.32 4.52 49.1 -20 1.0 
0.15 0.19 2.73 29.5 -19 0.8 
0.16 0.09 1.38 15.0 -18 0.7 
0.18 0.13 2.96 32.8 -17 0.7 
0.2 0.22 6.04 66.5 - 16 1.0 
0.25 0.34 3.12 30.1 -13 2.9 
0.3 0.59 2.56 20.3 - 11 5.6 
0.35 2.30 6.58 42.3 - 10 9.2 
0.4 3.49 7.89 42.1 - 9  14 
0.45 2.84 5.56 25.4 - 8  23 
0.5 1.49 2.67 10.8 - 7  39 
0.6 1.74 2.80 9.49 - 6  110 
0.7 0.99 1.49 4.48 - 5  100 

0.8 3.69 5.30 14.4 - 5  46 
0.9 1.08 1.49 3.65 - 4  2 I 
1 2.73 3.63 7.95 - 4  11 
1.25 1.81 2.41 4.02 - 3  3.4 
1.5 1.17 1.57 2.64 - 2  2.1 
1.75 5.60 7.61 13.0 - 2  1.7 
2 2.11 2.90 5.01 -1  1.4 
2.5 1.66 2.33 4.12 0 1.2 
3 0.74 1.07 1.94 I 1.0 
3.5 2.34 3.44 6.42 I 0.9 
4 5.83 8.84 16.9 I 0.8 
5 2.29 3.69 7.46 2 0.7 
6 0.59 1.02 2.19 3 0.6 
7 1.14 2.17 4.95 3 0.6 
8 1.78 3.83 9.32 3 0.6 
9 2.36 5.92 15.5 3 0.5 
10 2.67 8.31 23.4 3 0.5 

Reaction: Z2Ne(ce,n)ZSMg 

The rates for this endoerg ic  react ion (Q = - 0 . 4 7 8  M e V )  are based on the cross  

sect ion data o f  HA73,  DR91 and DR93.  The data o f  HA91 are not inc luded s ince 

unexp la ined  d i sc repanc ies  exist  be tween  them and the other  data. Be tween  the threshold  

and 0.69 MeV, a cons tan t  S-factor  S ( E )  = 2 x 108 M e V b  is adopted.  The choise  o f  

this ra ther  low value is mot ivated  by the fact that only upper  l imits o f  the S-factor  

can be der ived f rom the low-energy  exper imenta l  data. The assumpt ion  of  cons tancy  o f  

the S-factor  takes into account  in an average way the probable  exis tence  o f  r e sonances  

in this energy  range [ G I 9 3 , K A 9 4 ] .  For  the lower  l imit  o f  the rates, only tails f rom 

measured  r e sonances  are used.  For  the upper  limit, the contr ibut ion f rom known states 

are cons ide red  with w3, values es t imated  in the Wigner  limit [WO89,  D R9 3 ] .  A b o v e  

T9 = 2, HF rates are used ( see  Sect ion 2.5) .  In the tempera ture  range be tween  T9 = 0.1 

and 0.2, the present  rates are up to a factor  10 smaller  than the CA88 ones.  This  results  

f rom our lower  extrapola t ion values. The e n h a n c e m e n t  of  a factor  3 around T9 = 0.35 is 

due to the r e sonance  at Er = 700 keV. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.12 0.10 2.33 1200 -25 
0.13 0.40 8.64 5370 -24 
0.14 0.11 1.96 1440 -22 
0.15 0.26 3.03 2550 -21 
0.16 0.48 3.51 3200 -20 
0.17 0.75 3.31 3010 -19 

0.2 0.8 
0.2 0.9 
0.2 I 
0.2 1.25 
0.1 1.5 
0.1 1.75 

continued on next page 

2.39 2.69 3.63 - 3  1.2 
1.50 1.68 2.00 - 2  1.2 
6.99 7.81 8.91 - 2  1.2 
1.33 1.50 1.68 0 1.0 
1.12 1.30 1.48 1 0.9 
5.87 7.04 8.21 1 0.8 
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continued from previous page 
0.18 0.91 2.68 2220 -18 0.1 
0.19 0.89 1.92 1330 -17  0.2 
0.2 0.70 1.23 670 - 16 0.2 
0.25 1.82 2.30 314 -13  1.0 
0.3 3.37 4.06 192 -11 2.2 
0.35 1.37 1.64 36.8 - 9  2.9 
0.4 2.18 2.60 34.3 - 8  2.9 
0.45 1.90 2.27 19.8 - 7  2.4 
0.5 1.12 1.33 8.26 - 6  1.9 
0.6 2.10 2.45 7.97 - 5  1.3 
0.7 2.67 3.04 5.60 - 4  1.1 

2 2.22 2.76 3.30 2 
2.5 2.03 2.55 3.07 3 
3 1.01 1.28 1.55 4 
3.5 3.46 4.44 5.42 4 
4 0.94 1.22 1.50 5 
5 4.30 5.70 7.11 5 
6 1.28 1.74 2.20 6 
7 2.88 4.02 5.16 6 
8 5.37 7.69 10.0 6 
9 0.88 1.29 1.70 7 
10 1.29 1.96 2.63 7 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 

1 E+12 

"9, 
1E+10 

"5 
1 E+8 

05 

1E+6 

0.1 1 T9 

[~ 22Ne(~,n)2SMg × HA73 

FI _ [] DR91, DR93 

I t I I i i i i 

1 2 3 4 
E ( M e V )  

Reaction: 22Na(p,'y)23Mg 

The  rate contr ibut ion o f  21 resonances  be tween  Er = 2,6 and 1213.6 keV is considered.  

The  adopted  resonance  strengths c o m e  f rom the reported values o f  GO89a ,  SE90,  SC95b  

and ST96b.  The  resonance  energies  are taken f rom SE90  and SC95b. For  the lowest  

3 resonances ,  only  lower  and upper  l imits o f  the strength are determined.  The  adopted 

values  are averages  o f  these limits. For  the resonances  at Er = 215.6 and 273.6 keV, the 

values o f  ST96b  are selected because  o f  their  measu remen t  o f  some new 3/-branching 

ratios. The  direct  capture  contr ibut ion is calculated using the S-factor  o f  SE90  and is 

found to be negl igible .  For  the resonances  analyzed by transfer react ion [ S C 9 5 b ] ,  the 

energy  dependence  o f  the penetra t ion factor is also taken into account .  A b o v e  T9 = 1, the 

rates are calcula ted using H F  rates (see  Sect ion  2.5) .  The  large dif ferences  be tween  the 

present  rates and the C A 8 8  ones  are due to the est imated resonance  strengths [WI86]  

used by CA88 .  



E
,. 

(k
eY

) 
jr

r 
~o

y 
(m

eV
) 

G
O

89
a 

SE
90

 
S

C
95

b 
S

T
96

b 
ad

op
t 

lo
w

 
hi

gh
 

2.
6 

±
 6

.0
 

5
/2

 +
 

0 
1.

3 
×

 
10

 -6
3 

1.4
+1

13
.4 

×
 

10
 -6

4 

4
1

.6
4

-8
.0

 
(7

/2
,9

/2
) 

+
 

1.
7 

×
 

10
 -1

4 
2.

7 
X

 1
0 

-1
2 

7.
2+

27
00

 ×
 

10
 -1

3 

61
.6

 4
- 

8.
0 

3
/2

 +
,5

/2
 +

 
5.

8 
x 

10
 -1

] 
1,

5 
x 

10
 -8

 
2 

9 +
12

 
" 

-2
.8

 
X

 
10

 -9
 

2
0

4
.1

4
-2

.3
 

1/
2+

 -
- 

1
1

/2
+

,5
/2

 - 
--

7
/2

- 
~

0
.3

6
 

0.
33

 
22

 
1.

8 
+

 0
.7

 
1

.8
4

-0
.7

 
21

5.
6 

±
 6

.0
 

5
/2

 +
 

~<
 1

.3
 

0.
05

 
29

 
~<

 2
.6

 
2.

6 
+2

3_
2.6

 X
 1

0
- 

1 

27
4.

0 
-4

- 6
.0

 
(7

/2
,9

/2
) 

+
 

14
 ±

 
3 

1 
58

 
15

.8
 4

" 
3.

4 
15

.8
 4

- 
3.

4 
43

6.
6 

5
:6

.0
 

3
/2

- 
~<

 1
8 

68
 4

- 
20

 
68

 4
" 

20
 

47
8.

6 
±

 
7.

0 
5

/2
- 

~<
 3

9 
37

 ±
 

12
 

37
 4

- 
12

 
49

6,
3 

4-
 8

.0
 

5
/2

 +
 

~ 
44

 
~ 

7.
5 

7.5
+_

67
.5 

x 
10

 -~
 

57
5.

6 
±

 6
.0

 
3/

2 
+

 
~<

 5
0 

~<
 8

.3
 

8 
3 +

75
 

• 
-8

.3
 

x 
10

 -1
 

58
5.

1 
4-

 1
.6

 
5

/2
 +

 
<~

 3
8 

23
5 

4-
 3

3 
23

5 
±

 3
3 

6
1

3
.6

4
-8

.0
 

7
/2

- 
~<

 3
6 

~<
 8

.9
 

8.
9+

~9
_.

 ×
 

10
 -I

 

70
5.

6 
4-

 8
.0

 
~<

 7
4 

36
4 

4-
 6

0 
36

4 
±

 6
0 

75
4.

6 
4-

 8
.0

 
~<

 8
3 

95
 ±

 3
0 

95
 4

- 
30

 
81

3.
6 

4-
 6

.0
 

~<
 9

0 
~<

 2
0 

2+
_~

 8 

84
0.

6 
4-

 6
.0

 
~<

 1
40

 
~ 

20
 

2+
- 1

8 

87
3.

6 
4-

 5
.0

 
(3

/2
 -

 
13

/2
) +

 
<~

 9
9 

<~
 2

1 
2 

1 +
19

 
• 

--
2

.1
 

1 
5 +

13
 

97
7.

6 
4-

 6
.0

 
~<

 9
7 

~<
 1

5 
4 

4 
~

° 
10

37
.6

 ±
 6

.0
 

~<
 7

9 
~<

 4
4 

" 
-4

.4
 

1
1

7
8

.6
±

6
.0

 
<~

 8
7 

~<
 5

1 
5.

1+
_4

61
 

12
13

.6
 4

, 
8.

0 
~ 

69
 

~<
 5

1 
5 

1 +
46

 
" 

5
.1

 

N
 

I l I M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

M
 

rh
 %
 



C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 121 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.012 0.01 2.90 52.1 - 2 5  12 

0.013 0.03 5.68 58.2 - 2 4  7,4 

0.014 0.06 7.21 50.7 - 2 3  4.9 
0.015 0.06 6.48 35.7 - 2 2  3.4 

0.016 0.05 4.40 21.0 --21 2.4 

0.018 0.01 1.06 4.71 - 1 9  1.4 

0.02 0.02 1.36 6.63 - 18 0.8 

0.025 0.01 1.61 12.0 - 1 6  0.4 

0.03 0.07 6.15 52.1 - 1 5  0.4 

0.04 0.01 1.06 9.35 - 12 0.6 

0.05 0.02 2.57 30.2 - 11 0.7 

0.06 0.02 2.09 32.6 - 10 0.8 

0.07 0.21 9.36 180 - 1 0  0.6 

0.08 0.86 4,40 68.6 - 9  0.2 

0.09 1,95 4.57 27.4 - 8  0.1 

0.1 2.37 4.86 15.9 - 7  0.1 

0. I 1 1.82 3.59 9.83 - 6  0.2 

0.12 0.98 1.91 4.96 - 5  0.1 
0.13 4.07 7.79 19.9 - 5  0.1 

0.14 1.37 2.59 6.55 - 4  0,1 

0.15 3.93 7.33 18.4 - 4  0.1 

0.16 0.99 1.82 4.52 - 3  0.1 

0.18 4.57 8.23 20.1 - 3  0.1 

0.2 1.57 2,76 6.61 - 2  0.1 
0.25 1.48 2.45 5.55 - 1 0.1 

0.3 0.67 1.07 2.28 0 0.1 

0.35 2.02 3.08 6.22 0 0.1 

0.4 4.64 6.86 13.2 0 0.1 

0.45 0.89 1.28 2.37 I 0,1 

0.5 1.50 2.13 3.79 I 0.1 

0.6 3.38 4.66 7.81 1 0.1 

0.7 6.22 8.42 13.5 1 0, I 

0.8 1.02 1.35 2.09 2 0.1 

0.9 1.53 2.01 3.01 2 0.1 

1 2.16 2.81 4.11 2 0.1 

1.25 4.67 6.32 9.62 2 0. I 

1.5 0.80 1.12 1.77 3 0.1 

1.75 1.19 1.73 2.81 3 0.1 

2 1.61 2.43 4.06 3 0. I 

2.5 2.48 4.00 7.04 3 0. I 

3 3.34 5.72 10.5 3 0.1 

3.5 4.13 7.51 14.3 3 0.1 

4 4.84 9.31 18.3 3 0.1 

5 0.61 1.29 2.66 4 0.1 

6 0.71 1.65 3.53 4 0.1 

7 0.79 2.00 4.42 4 0.1 

8 0.85 2.34 5.32 4 0.1 

9 0.91 2.68 6.23 4 0.1 

10 0.95 3.02 7.15 4 0.1 

R e a c t i o n :  2 3 N a ( p , ~ / ) Z 4 M g  

More than 80 resonances are identified up to E = 3.7 MeV. The reaction rates are 

computed using the toy values of  SW75 and G 0 8 9 b  and normalized to the Er = 491 keV 

resonance yield [PA78,PA79].  Two subthreshold states with J~ = 2 + (g = 0) are 

2 = 305 keV (10% of the Wigner limit included [SW75,SC83]  with a reduced width yp 

at a = 4.6 fm) .  These subthreshold states determine the rate up to T9 ~ 0.03. The 

lower and upper limits on yp2 are taken as 0 and 3.05 MeV (the Wigner l imit) .  Since 

interference effects cannot be evaluated, they are neglected, and a factor of  2 is included 

in the uncertainty on the contribution of  subthreshold and low-energy states. Between 

7"9 = 0.04 and T9 = 0.14, the rate is essentially determined by the properties of  the 

138 keV resonance, for which an upper limit on the w y  value is available [ G 0 8 9 b ] .  

Two other 2 + resonances (Er = 0.238 and 0.294 MeV)  also contribute substantially. 

Above 7"9 = 5, HF estimates are used (see  Section 2 .5) .  As the CA88 and FO75 rates are 

identical, it is likely that the data of  FI78, SC83, and probably also of  SW75 have not 

been taken into account in CA88. The large differences between our rates and the CA88 

rates between T9 = 0.04 and T9 = 0.14 are due to the 138 keV resonance, which was not 

included in CA88. Moreover, the direct-capture term in CA88 is obtained with S1 > 0, 
which implies that subthreshold states have been disregarded. Our thermalization effects 

reduce the ratio to CA88 by a factor rtt = 0 . 9 0  to 0.77 for T9 -- 3.5 to 10 (CA88 adopt 

rtt = 1 at all temperatures). 
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E, (keY) jrr /'tot (keV) I" r (eV) y~ (keY) 

-238  4- 1 2 + < 2 1SC83] 0.24 4- 0.04 1SC831 305 
-171 4- I 2 + < 3 [SC831 0.164-0.04 [SC831 305 

coy (eV) 

138 4- 3 .5+4~ 5 × 10 -7  IGO89bl 1 

238 ± 1  2 + < 0.02 (5.3 4- 1.8) × 10 -4  [SW751 I 
294 4- 1 2 + < 0.02 0.11 4-0.02 [SW751 1 

Res. 294-3700 keV see comments 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.018 0.02 4.39 86.8 - 2 6  0.2 
0.02 0.03 6.16 122 - 2 5  0.2 
0.025 0.01 1.21 23.9 - 2 2  0.2 
0.03 0.04 6.81 133 - 2 1  0.2 
0.04 1.6e-3 4.43 46.5 - 17 3.3 
0.05 1. le-4 9.04 90.5 - 14 97 
0.06 4.2e-6 1.43 14.3 - 11 600 
0.07 6.4e-5 5.13 51.3 - 1 0  150 
0.08 7.7e-4 7.34 73.3 - 9  1300 
0.09 3.5e-3 5.69 56.9 - 8  370 
0.1 0.01 2.90 28.8 - 7  94 
0.11 0.01 1.10 10.8 - 6  29 
0.12 0.10 3.42 32.2 --6 9.7 
0.13 0.67 9.59 82.6 --6 4.1 
0.14 0.36 2.61 19.1 - 5  2.2 
0.15 1.53 7.19 42.2 - 5  1.4 
0.16 0.55 1.99 9.19 --4 1.1 
0.18 0.48 1.35 4.36 --3 0.9 
0.2 2.67 6.97 19.0 - 3  0.8 
0.25 0.58 1.44 3.52 - 1 0.8 
0.3 0.44 1.07 2.57 0 0.8 
0.35 1.78 4.37 10.4 0 0.9 

0.4 0.50 1.23 2.90 1 0.9 
0.45 1.10 2.69 6.35 l 0.9 
0.5 2.06 4.97 l 1.7 1 0.9 
0.6 0.52 1.22 2.85 2 0.9 
0.7 1.02 2.29 5.25 2 0.9 
0.8 1.73 3.67 8.21 2 0.9 
0.9 2.69 5.32 11.6 2 0.9 
I 3.93 7.25 15.2 2 0.9 
1.25 0.85 1.33 2.53 3 0.9 
1.5 1.51 2.11 3.71 3 0.9 
1.75 2.38 3.09 5.10 3 0.9 
2 3.40 4.25 6.76 3 1.0 
2.5 5.79 7.00 10.8 3 1.0 
3 0.84 1.01 1.56 4 I. 1 
3.5 1.10 1.32 2.05 4 1.2 
4 1.34 1.61 2.51 4 1.3 
5 1.76 2.10 3.24 4 1.1 
6 2.13 2.79 5.00 4 1.3 
7 2.44 3.49 7.00 4 1.4 
8 2.73 4.22 9.21 4 1.5 
9 2.99 4.97 11.6 4 1.7 
10 3.22 5.74 14.2 4 1.8 

Reaction: 23Na(p,n)Z3Mg 

F o r  t h i s  e n d o e r g i c  r e a c t i o n  ( Q  = - 4 . 8 3 9  M e V ) ,  t he  r e a c t i o n  r a t e s  a re  c a l c u l a t e d  

u s i n g  a l i n e a r  i n t e r p o l a t i o n  b e t w e e n  t he  e x p e r i m e n t a l  d a t a  p o i n t s  [ K N 7 5 , M A 7 6 , F L 7 8 ] .  

B e l o w  T9 ,-~ 8, o u r  r a t e s  a r e  l a r g e r  t h a n  t he  C A 8 8  o n e s ,  w h i l e  at  t he  h i g h e s t  t e m p e r a t u r e s  

t h e y  c o m e  p r o g r e s s i v e l y  in a g r e e m e n t .  T h e r m a l i z a t i o n  e f f e c t s  ( r t t  = 2 .6  - 2 . 0  f o r  0 . 7  ~< 

7"9 ~< 10)  a c c o u n t s  fo r  t h e s e  d i f f e r e n c e s  at t h e  l o w e r  t e m p e r a t u r e s  ( C A 8 8  a d o p t  rtt -- 1 

at  all t e m p e r a t u r e s ) .  O u r  r e s u l t s  a r e  in a g r e e m e n t  w i t h  t h o s e  o f  F L 7 8 .  
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E (MeV) 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.7 3.18 3.46 3.74 --27 2.9 
0.8 7.23 7.86 8.49 --23 2.7 
0.9 1.77 1.93 2.08 -19  2.6 
1.0 9.08 9.88 10.7 -17  2.4 
1.25 6.90 7.50 8.11 -12  2.2 
1.5 1.22 1.33 1.44 - 8  1.9 
1.75 2.64 2.87 3.11 - 6  1.8 
2 1.47 1.60 1.73 - 4  1.7 
2.5 4.20 4.58 4.97 - 2  1.6 

3 1.83 2.00 2.17 0 1.5 
3.5 2.75 3.01 3.26 1 1.4 
4 2.09 2.29 2.49 2 1.3 
5 3.59 3.93 4.27 3 1.2 
6 2.44 2.67 2.91 4 1.1 
7 0.94 1.03 1.13 5 1.1 
8 2.62 2.89 3.15 5 1.0 
9 5.92 6.53 7.14 5 1.0 
10 1.10 1.22 1.33 6 0.9 

Reaction: 23Na(p,a)2°Ne 

Resonance  strengths o f  75 resonances  in the energy region be tween  Er = 36 and 

3813 keV are adopted f rom the data reported by FL54,  FI63,  KU63,  LU70 ,  ME72,  

ZY81,  VA87 and GO89b.  For  resonances  above 880.4 keV, adopted strengths are f rom 

VA87. The  non- resonant  contr ibut ion is calculated using the S-factor  f rom ZYS1 for the 

tails o f  the broad resonances .  A b o v e  T9 = 5, H F  est imates  are used (see  Sect ion 2 .5) .  

The  d i f ferences  be tween  the adopted  rates and the C A 8 8  ones arise f rom the contr ibut ion 

o f  the resonances  at 138 keV and 217 keV that are not  taken into account  in CA88.  

Moreove r ,  the contr ibut ion o f  resonances  with energies  above  2 M e V  is neglec ted  by 

CA88 ,  which  leads to their  underes t imate  o f  the rates at high temperatures.  
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0,012 0.001 1.46 14.6 - 2 5  9.4 

0.013 0.001 1.91 19.2 - 2 4  7.9 

0.014 0.001 1.72 17.3 --23 6.8 
0.015 0.001 1.15 11.5 - 2 2  6.0 
0.016 0.004 6.00 60.3 - 2 2  5.4 

0.018 0.008 9.31 73.5 -21  4.5 

0.02 0.01 8.21 82.4 - 2 0  3.8 

0.025 0.03 3.95 39.4 - 18 2.9 
0.03 0.18 5.09 49.6 - 1 7  2.3 

0.04 0.76 1.82 11.5 - 15 1.4 

0.05 5.83 7.67 26.2 - 14 1.3 

0.06 2,97 5.86 25.9 - 12 2.3 

0.07 1.47 3.06 10.3 - 10 2.6 

0.08 3.59 7.00 17.8 - 9  2.4 

0.09 4.47 8.20 17.3 - 8  2.1 

0.1 3.36 5.90 11.0 - 7  2.0 
0.11 1,75 2.97 5.13 - 6  1.8 

0.12 0,70 1.16 1.89 - 5  1.7 

0.13 2,35 3.76 5.88 - 5  1.6 

0.14 0.69 1.07 1.62 - 4  1.4 
0.15 1,85 2.78 4.08 - 4  1.3 

0,16 &64 6.77 9.80 - 4  1.2 
0.18 2,45 3.41 4.69 - 3  1.0 

0.20 1,04 1.40 1.81 - 2  0.9 

0.25 1,65 2.15 2.59 - 1 0.9 

0.30 1.10 1.42 1.66 0 0.9 

0.35 4.42 5.60 6.49 0 0.9 
0.4 1.32 1.65 1.89 1 0.9 

0.45 3.37 4.11 4.67 I 0.9 
0.5 7.83 9.32 10.5 1 0.9 

0.6 3.37 3.86 4.27 2 0.9 

0.7 1.09 1.21 1.33 3 1.0 

0.8 2.74 3.02 3.30 3 1.0 
0.9 5.77 6.31 6.90 3 1.0 

1 1.07 1.16 1.27 4 1.0 
1.25 3.51 3.77 4.16 4 1.0 

1.5 8.53 9.08 10.1 4 1.1 

1.75 1.70 1.81 2.03 5 1.2 

2 2,94 3.13 3.54 5 1.3 

2.5 6,53 7.14 8.13 5 1.4 

3 1,12 1.29 1.47 6 1.4 

3.5 1,67 2.01 2.30 6 1.5 

4 2,28 2.88 3.30 6 1.5 
5 3,60 4.95 5.69 6 1.6 

6 6.16 8.50 9.78 6 1.9 

7 0,94 1.30 1.49 7 2.1 

8 1.31 1.82 2.10 7 2.3 
9 1.73 2.41 2.79 7 2,4 

10 2,18 3.05 3.53 7 2.6 

R e a c t i o n :  2 3 N a ( ~ , n ) Z 6 A !  

Depending upon the astrophysical situation, it is necessary to evaluate either the 

production of  the 26A1 ground (g )  and isomeric ( m )  states separately, or the total 

production of  26A1, irrespective of  its state [WA80] .  The three corresponding reaction 

rates are noted NA(O'U) g, NA(O'/)) m and NA(O'U) t. They are calculated by numerical 

integration of  the cross section data of SK87 ( E  = 2.97 - 3.83 M e V ) ,  NO82 ( E  -- 

3.0 - 8.9 M e V ) ,  and DO87 ( E  = 3.3 - 5.0 MeV)  from threshold energies (Qg = 
- 2 . 9 6 8  MeV and Qm = - 3 . 1 9 6  MeV)  up to E = 8.9 MeV. The NO82 data are divided 

by a factor of  3 in order to normalize them to the DO87 data. The DO87 time of  
flight experiment is indeed considered to be more reliable than the NO82 thick target 

measurements.  Total S-factor data are shown in the figure. As experimental data are 

available down to threshold and up to more than 8.5 MeV, neither low energy nor high 

energy extrapolations are required. The upper and lower limits of  the rates are set by 

the experimental uncertainties. Our rates differ from the CA88 ones by up to a factor 
of  6.5. 
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1 E + 9  

1 E+8 
> 
(D 

,_ 1 E+7 
O 
"5 
"*7 
09 1E+6 

10 

[ ]  

23Na(o~,n)2SAi 

A A zx 

1 E + 5  ' ' 

2 3 4 

i I 

5 6 

E (MeV)  

ZX 
& 

T9 

,", NO82 

O SK87 

• DO87  

& & 
t, 

7 8 9 

NA (o"v)~ s 
T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.5 1.02 1,36 1.71 - 2 3  6,5 2.5 1.61 1.78 1.95 1 3.8 

0.6 1.03 1.34 1.65 - 18 6,3 3 1,76 1.93 2.10 2 3.4 

0.7 3,89 4,95 6.01 - 1 5  6,0 3,5 0.98 1.07 1.16 3 2.9 

0.8 1,89 2.36 2.83 - 1 2  5,8 4 3.59 3.92 4.25 3 2.6 

0,9 2.33 2.87 3.41 - 10 5,6 5 2.26 2.47 2.68 4 2.0 

1 I. 1 I 1.34 1.58 - 8  5.5 6 7.96 8.76 9.55 4 1.6 

1.25 1,18 1.39 1.60 5 5.1 7 2.02 2.24 2.45 5 1.4 

1,5 1.26 1.45 1.65 - 3  4.8 8 4,18 4.63 5,09 5 1.2 

1.75 3.61 4.11 4,61 - 2  4.5 9 7.49 8.32 9.15 5 1.2 

2 4.55 5.11 5.67 l 4.3 10 1,21 1,35 1.48 6 1.3 

NA {O'V)~s 
T9 low adopt high exp ratio T9 low adopt high exp ratio 

0,5 1.02 1.36 1.71 - 2 3  6.5 2.5 1.34 1.53 1.72 1 4.3 

0,6 1.03 1.33 1.65 - 1 8  6,3 3 1.42 1.61 1,81 2 3.8 

0,7 3.86 4.93 6.01 - 1 5  6,1 3.5 7.77 8.79 9,81 2 3.3 

0,8 1.87 2.34 2.83 - 1 2  6.0 4 2.81 3.17 3.54 3 2.8 

0.9 2.29 2.84 3.39 - 10 5.8 5 1.75 1.99 2.23 4 2. I 

1 1,08 1.32 1.57 - 8  5.7 6 6.19 7.10 8.02 4 1.7 

1.25 1.12 1.34 1,57 - 5  5.4 7 1.58 1.83 2.08 5 1.4 

1,5 I. 16 1.37 1.58 - 3  5.2 8 3.28 3.83 4.39 5 1.2 
1.75 3,24 3.78 4.33 - 2  5.0 9 5.88 6.94 8,01 5 1.2 

2 3.97 4.59 5.21 - 1  4.8 10 0,95 1.13 1.31 6 1.3 

T 9 low adopt high exp ratio T 9 low adopt high exp ratio 

0.5 4.21 5.39 7.14 - 2 7  0.8 2.5 5.61 6.40 7.23 - I  0.6 
0.6 1,12 1,40 1.79 -21  0.8 3 7,16 8.15 9.17 0 0.6 

0.7 0.83 1.03 1.29 - 1 7  0.8 3.5 4.48 5.10 5.73 1 0.5 
0.8 6.69 8.17 10.0 - 1 5  0.8 4 1.80 2.05 2.31 2 0.5 

0,9 1.22 1.48 1.79 - 12 0.8 5 1.32 1.52 1.71 3 0.5 
1 7.91 9.49 11.4 -11  0.8 6 5.31 6.11 6.92 3 0.5 
1,25 1.47 1,73 2.03 - 7  0.7 7 1.50 1.73 1.97 4 0.5 
1.5 2.25 2.63 3.04 - 5  0,7 8 3.38 3.92 4.46 4 0.6 
1.75 8,30 9.59 11.0 - 4  0,7 9 6.49 7.55 8,62 4 0.6 
2 1.25 1.43 1,63 - 2  0.6 10 1.11 1.29 1.48 5 0,6 
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R e a c t i o n :  24Mg(p,3/)25Al 

Resonance data are available for 13 resonances in the 214.0 <~ Er ~< 5698.7 keV range 
[LI56,VA69, TR75b, RO77,KE80]. The strengths of the Er = 790.4 and 1424.4 keV 

resonances in LI56 are disregarded because of the large discrepancies with the other 

data sets, probably due to uncertainties in the used stopping power. The level at Ex = 
452 keV in 25A1 is not observed in MO68 data, which are therefore omitted. The relative 

resonance strengths in VA69 are renormalized, taking as a standard the strength of the 

790.4 keV resonance given by TR75b. The non-resonant contribution from the direct 
capture process is calculated with the S-factor given by TR75a. Above T9 = 7, the 

rates are calculated using HF rates as explained in Section 2.5. The present rates are in 
agreement with those of CA88, except at the highest temperatures, where the HF rates 

are larger. 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.025 1.00 1.25 1.49 - 2 3  1.0 

0.03 7.47 9.34 11.2 -21  1.0 

0.04 4.01 5.01 6.01 - 1 9  1.0 
0.05 6.18 8.21 10.7 - 1 7  1.0 

0.06 0.84 1.17 1.62 - 1 3  1.1 
0.07 2.47 3.39 4.60 - 11 1.1 
0.08 1.72 2.33 3.12 - 9  I.I 

0.09 4.58 6.15 8.13 - 8  1.1 
0. I 6.22 8.29 10.8 - 6  1.1 

0.11 5.19 6.87 8.91 - 6  1.1 

0.12 3.00 3.96 5.10 - 5  1.1 
0.13 1.31 1.72 2.21 - 4  1.1 

0.14 4.62 6.03 7.69 - 4  I.I 
0.15 1.36 1.77 2.25 - 3  1.1 
0.16 3.49 4.53 5.73 - 3  1.1 

0.18 1.65 2.13 2.68 - 2  1.1 
0.2 5.62 7.23 9.03 - 2  1.1 
0.25 4.85 6.20 7.68 - 1  1.1 
0.3 1.94 2.47 3.04 0 1.1 
0.35 5.07 6.42 7.87 0 1.1 
0.4 1.02 1.29 1.57 1 1. I 

0.45 1.72 2.17 2.64 1 1.1 

0.5 2.60 3.27 3.96 1 1.1 

0.6 4.75 5.92 7.15 1 I.I 
0.7 7.22 8.95 10.7 1 1.1 
0.8 0.99 1.22 1.45 2 1.1 

0.9 1.27 1.55 1.84 2 1.0 
1 1.56 1.89 2.23 2 1.0 

1.25 2.36 2.81 3.27 2 1.0 
1.5 3.33 3.89 4.45 2 1.0 

1.75 4.45 5.12 5.79 2 1.0 

2 5.70 6.49 7.26 2 1.0 
2.5 8.34 9.37 10.4 2 1.0 

3 1.09 1.22 1.35 3 1.0 
3.5 1.33 1.49 1.64 3 1.0 
4 1.55 1.73 1.91 3 1.0 
5 1.90 2.14 2.37 3 1.0 
6 2.16 2.44 2.71 3 1.0 

7 2.32 2.63 2.93 3 1.5 
8 2.70 3.44 4.15 3 2.1 
9 3.09 4.35 5.57 3 2.9 
10 3.48 5.39 7.23 3 4.0 
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Reaction: 24Mg(p,a)21Na 
129 

For this endoergic reaction (Q = -6 .884  MeV), a unique set of cross section data 

[GR77] is available, with no information between the threshold and E = 8.83 MeV. 
In order to extrapolate the cross section down to the threshold, the S-factor S~,p for 
the reverse reaction el Na(ce,p)24Mg is approximated by an exponential function S,,p = 

7.92 x 109exp( - l . 4271E , ) ,  where E~ is the center of mass energy in the channel 
ce+21Na, and extrapolated down to the threshold. For the calculation of the lower and 

upper limits of the rates, exponential fits S~'~,~ x = 4.00 x 101°exp(-1.5786E~) and 
S~,p = 2.00 x 109exp(-1 .2758E, ) ,  that corresponds to the lower and upper bounds 

of S,,,p are obtained and extrapolated to the threshold in a way similar to S,,p. Our 

thermalization effects are rtt = 6 to 20 at T9 = 0.2 to 10 while CA88 adopted the equal 
strength approximation here (rtt = l for all temperatures). A more accurate extrapolation 
needs data at lower energies. 

q.) 
v 

-'-r 
or) 

100 

10 

1 

0.1 

0.01 

0.001 r 

6 

50 T9 100 

24Mg(p'cO21Na ~ 
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E (MeV) 

1E+I 1 
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~ 1E+7 

CO 

1E+5 

1 10 T9 
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• " .................. upper limits 

i I l I i I i I l I i I l 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
1.5 0.51 1.65 6.82 -23  0.2 
1.75 0.83 2.61 10.5 - 1 9  0.3 
2 1.33 4.09 16.1 - 1 6  0.3 
2.5 0.50 1.47 5.54 - 11 0.5 
3 0.66 1.85 6.71 - 8  0.6 
3.5 1.21 3.30 11.5 - 6  0.6 
4 0.64 1.69 5.70 - 4  0.7 

5 1.81 4.48 14.3 - 2  0.8 
6 0.82 1.94 5.90 0 0.9 
7 1.29 2.91 8.54 1 1.0 
8 1.02 2.24 6.36 2 1. I 
9 0.52 1.10 3.04 3 1.2 
10 1.89 3.91 10.6 3 1.4 

Reaction: 2SMg(p,),)26Al 

Three reaction rates, NA(O'U) g, NA(O'I)) rn and NA(O'U) t have to be evaluated. They 

correspond to the production of the 26A1 ground (g) state, 26A1 isomeric (m) state, and 

to the sum over all possible exit channels, respectively. The contribution of 89 resonances 

ranging from 37.5 to 1920.5 keV is considered. For the low energy resonances (Er ~< 

130.4 keV), the strengths of IL96, obtained by a new analysis of the CH89 and RO90 

data, are adopted. For resonances above 130.4 keV, the adopted resonance strengths 

are the weighted averages of the values reported in EN66, DE74, EL79b, AN80, KE80, 

AN82, CH83, KA84, CH86b, EN86, EN87, CH89, KA89, IL90, and RO90. The relative 

resonance strengths in DE74 are renormalized, taking as a standard the strength of the 

E,- = 658.4 keV resonance in KE80. The data of CH83 and KA84 differ substantially 

from the data of the other authors, and are neglected. The non-resonant contribution 
from the direct capture process into the bound states of 26A1 and the contribution of 

the subthreshold state at Er = -25.7 keV are calculated with the S-factors given by 
EN87. The branching ratios for forming the 26A1 ground state reported by EN87 and 

CH89 are used. Above T9 = 2, HF rates are used for NA(O'V) t (see Section 2.5). 

For the calculation of NA(O-V) g and NA(O'U) m, the total rate has been multiplied by 

the corresponding branching ratios at T9 = 2. The present rates at low temperatures 

are smaller than the CA88 ones. This is mainly due to the smaller strengths of the 

resonances at Er = 37.5 and 58 keV. Our thermalization effects reduce the ratio by a 
thctor rtt = 0.92 - 0.69 for T9 = 4 to 10. (CA88 adopt rtt = 1 at all temperatures). 
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NA (l'rC) t : 

C Angulo et al./Nuclear Physics A 656 (1999) 3-183 

T9 low adopt high exp ratio T9 low adopt high exp ratio 

0.015 3.90 8.87 25.9 - 2 5  0.02 0.35 1.22 1.33 1.43 0 0.9 
0.016 0.59 1.28 3.08 - 2 3  0.04 0.4 3.97 4.29 4.62 0 0.9 

0.018 0.55 1.12 2.36 -21  0.1 0.45 1.00 1.08 1.16 1 0.9 

0.02 2.02 4.01 8.01 - 2 0  0.2 0.5 2.12 2.28 2.46 I 0.9 
0.025 1.27 2.39 4.48 - 1 7  0.2 0.6 6.67 7.18 7.71 1 0.9 

0.03 0.89 1.61 2.91 - 1 5  0.2 0.7 1.54 1.66 1.78 2 0.9 

0.04 1.67 2.89 5.02 - 1 3  0.2 0.8 2.92 3.15 3.39 2 0.9 

0.05 3.96 6.66 11.6 - 12 0.2 0.9 4.85 5.24 5.63 2 0.9 

0.06 3.86 6.37 11.7 - 11 0.2 1 7.31 7.92 8.51 2 1.0 

0.07 2.38 3.88 7.56 - 10 0.2 1.25 1.55 1.70 1.82 3 1.0 

0.08 1.06 1.71 3.46 --9 0.2 1.5 2.61 2.87 3.08 3 1.0 

0.09 3.60 5.77 12.0 --9 O. 1 1.75 3.82 4.24 4.55 3 1.0 

0.1 1.03 1.62 3.40 - 8  0.1 2 5.16 5.75 6.17 3 1.0 
0.11 2.79 4.22 8.51 - 8  0.1 2.5 0.83 1.00 1.12 4 1.1 

0.12 0.85 1.18 2.12 --7 0.2 3 1.16 1.51 1.74 4 1.2 

0.13 3.21 4.03 6.03 7 0.3 3.5 1.49 2.06 2.45 4 1.3 
0.14 1.37 1.60 2.05 - 6  0.4 4 1.80 2.66 3.24 4 1.4 

0.15 5.61 6.37 7.50 - 6  0.6 5 2.39 3.95 5.01 4 1.5 

0.16 2.06 2.30 2.61 - 5  1).7 6 2.93 5.35 7.00 4 1.7 

0.18 1.91 2.11 2.33 - 4  0.8 7 3.41 6.84 9.17 4 1.9 

0.2 I. 16 1.27 1.39 - 3  0.8 8 3.86 8.40 I 1.5 4 2. I 

0.25 2.97 3.24 3.52 - 2  0.9 9 0.43 1.00 1.39 5 2.3 
0.3 2.59 2.81 3.04 - I  0.9 10 0.46 1.17 1.65 5 2.5 

7",) low adopt high exp ratio 7"9 low adopt high exp ratio 

0.015 3.16 7.18 20.9 - 2 5  0.02 0.35 1.03 1.12 1.21 0 0.9 

0.016 0.48 1.03 2.48 - 2 3  0.04 0.4 3.33 3.59 3.86 0 0.9 

0.018 4.42 9.09 19.1 - 2 2  0.1 0.45 8.32 8.97 9.64 0 0.9 
0.02 1.63 3.25 6.48 - 2 0  0.2 0.5 1.75 1.88 2.02 1 0.9 

0.025 1.03 1.93 3.63 - 17 0.2 0.6 5.39 5.79 6.21 1 0.9 

0.03 0.72 1.30 2.36 - 1 5  0.2 0.7 1.22 1.31 1.40 2 0.9 
0.04 1.36 2.34 4.07 - 13 0.2 0.8 2.27 2.44 2.61 2 0.9 

0.05 3.23 5.43 9.48 - 12 0.2 0.9 3.69 3.97 4.25 2 0.9 
0.06 3.18 5.24 9.65 - 11 0.2 1 5.46 5.89 6.30 2 0.9 

0.07 1.98 3.23 6.30 - 1 0  0.2 1.25 1.12 1.21 1.30 3 0.9 

0.08 0.89 1.43 2.90 - 9  0.2 1.5 1.84 2.00 2.14 3 0.9 
0.09 3.02 4.83 10. l 9 0.1 1.75 2.66 2.90 3. I 1 3 0.8 
0.1 0.86 1.35 2.83 - 8  0.1 2 3.51 3.91 4.20 3 0.9 
0. I I 2.30 3.48 7.02 - 8  0. I 2.5 5.64 6.80 7.62 3 0.9 
0.12 6.94 9.64 17.3 - 8  0.2 3 0.79 1.03 1.18 4 1.0 

0.13 2.65 3.32 4.94 - 7  0.3 3.5 1.01 1.40 1.67 4 1.1 
0.14 1.15 1.34 1.71 - 6  0.5 4 1.22 1.81 2.20 4 1.2 
0.15 4.77 5.40 6.34 - 6  0.6 5 1.63 2.69 3.41 4 1.3 
0.16 1.76 1.97 2.23 - 5  0.7 6 1.99 3.64 4.76 4 1.4 
0.18 1.64 1.81 2.00 - 4  0.8 7 2.32 4.65 6.24 4 1.6 
0.2 1.00 1.09 1.20 - 3  0.9 8 2.62 5.71 7.82 4 1.8 
0.25 2.54 2.78 3.02 - 2  0.9 9 2.92 6.80 9.45 4 2.0 
0.3 2.20 2.39 2.59 1 0.9 10 3.13 7.96 11.2 4 2.1 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.015 0.74 1.69 5.02 - 25  0.02 0.35 1.94 2.10 2.22 - 1 0.7 
0.016 I. 12 2.50 5.98 - 2 4  0.04 0.4 6.38 7.04 7.58 - I 0.7 
0.018 1.04 2.11 4.54 - 22  0.12 0.45 1.68 1.83 1.96 0 0.8 
0.02 3.93 7.62 15.3 -21 0.2 0.5 3.71 4.01 4.42 0 0.8 
0.025 2.43 4.56 8.50 - 18 0.2 0.6 1.28 1.39 1.50 1 0.9 
0.03 1.69 3.12 5.48 - 16 0.2 0.7 3.23 3.52 3.82 1 1.0 
0.04 3.11 5.52 9.53 - 14  0.2 0.8 6.52 7.10 7.78 I 1.0 
0.05 0.73 1.23 2.12 - 12  0.2 0.9 1.16 1.27 1.38 2 1.1 
0.06 0.68 1.13 2.05 -11 0.2 1 1.85 2.03 2.21 2 1.2 
0.07 3.95 6.54 12.6 - 11 0.2 1.25 4.30 4.88 5.22 2 1.4 
0.08 1.71 2.82 5.60 - 10 0.1 1.5 7.70 8.72 9.40 2 1.5 
0.09 0.58 9.43 1.92 - 1 0  0.1 1.75 1.16 1.34 1.44 3 1.5 
0. I 1.71 2.67 5.67 - 9  0.1 2 1.65 1.84 1.97 3 1.6 
0.11 4.90 7.38 14.9 - 9  0.1 2.5 2.66 3.20 3.58 3 1.8 
0.12 1.56 2.16 3.91 - 8  0.2 3 3.71 4.83 5.57 3 1.9 
0.13 5.60 7.11 10.9 - 8  0.3 3.5 4.77 6.59 7.84 3 2.1 
0.14 2.21 2.60 3.43 - 7  0.4 4 5.76 8.51 10.4 3 2.2 
0.15 8.37 9.72 11.6 - 7  0.4 5 0.76 1.26 1.60 4 2.4 
0.16 2.98 3.30 3.80 - 6  0.5 6 0.94 1.71 2.24 4 2.7 
0.18 2.70 3.03 3.33 - 5  0.6 7 1.09 2.19 2.93 4 3.0 
0.2 1.65 1.80 1.91 --4 0.6 8 1.24 2.69 3.68 4 3.4 
0.25 4.31 4.56 5.02 - 3  0.6 9 1.38 3.20 4.45 4 3.7 
0.3 3.89 4.18 4.53 - 2  0.7 10 1.47 3.74 5.28 4 4.0 

Reaction: 2SMg(a,n)28Si 
T h e  e x p e r i m e n t a l  da ta  o f  VA81,  A N 8 3  and  W I 9 5 b  are adopted .  They  cove r  the  ene rgy  

r a n g e s  b e t w e e n  1.8 and  4.1 MeV,  1.6 and  5.4 MeV,  and  0 .86  and  3 MeV,  respect ively .  

The  A N 8 3  and  VA81 da ta  are d i s r ega rded  in the  W I 9 5 b  da ta  range:  ( 1 ) B e l o w  2.2 MeV,  

the  b a c k g r o u n d  c o n t r i b u t i o n  f r o m  the  ta rge t  b a c k i n g  [ m a i n l y  f rom 13C(ot,n) 160] indeed  

d o m i n a t e s  the  n e u t r o n  y ie ld  in the  A N 8 3  and  VA81 expe r imen t s .  ( 2 )  In cont ras t ,  W I 9 5 b  

m i n i m i z e  the  b a c k g r o u n d  by  us ing  go ld  p la ted  back ings .  In addi t ion ,  th is  b a c k g r o u n d  is 

m e a s u r e d  and  subs t rac ted .  B e l o w  1.5 MeV,  we adop t  a c o n s t a n t  S- fac tor  o f  3.3 x 109 M e V  

b, w h i c h  is an  ave r age  o f  the  m e a s u r e d  S-fac tors  b e t w e e n  1.5 and  3 MeV.  The  lower  

l imi t  o f  the  ra tes  is o b t a i n e d  by  a s s u m i n g  tha t  the  S-fac tor  is the  sum of  the  tails o f  

the  m e a s u r e d  r e sonances .  T h e  u p p e r  l imi t  o f  the rates  resul t s  f r o m  the  se lec t ion  o f  the 

va lue  S = 1011 M e V  b, w h i c h  is the  W I 9 5 b  h i ghes t  m e a s u r e d  S-fac tor  at  E < 1.29 MeV.  

A b o v e  T9 = 2, H F  ra tes  are used  as exp l a ined  in Sec t ion  2.5. The  d i f fe rences  wi th  the  

C A 8 8  ra tes  are m o s t  l ikely due  to the  new W I 9 5 b  data.  
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0.1 1 
, , , , , , , , , ,  

2SMg(c~,n)eSSi 

1 E + 0 8  , ~ I ~ , ~ , ~ , ~ , 

0 1 2 3 4 5 

E (MeV) 

o V A 8 1  

• A N 8 3  

O W 1 9 5 b  

- -  e x t r a p o l .  

T9 

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.14 0.005 3.37 120 - 2 5  0.2 

0.15 0.005 3.34 119 - 2 4  0.2 

0.16 0.004 2.72 97.0 - 2 3  0.2 

0.18 0.002 1.12 39.6 -21  0.2 

0.2 0.005 2.74 96.6 - 2 0  0.2 

0.25 0.003 1.67 58.0 - 17 0.2 
0.3 0.006 2.22 76.2 - 15 0.2 

0.35 0.004 1.09 37.4 - 13 0.2 
0.4 0.01 2.71 92.5 - 1 2  0.2 

0.45 0.03 4.10 138 -11  0.3 
0.5 0.07 4.26 139 - 1 0  0.3 

0.6 0.12 2.05 58.1 - 8  0.3 

0.7 0.66 4.63 100 - 7  0.3 

0.8 1.49 6.14 93.0 - 6  0.4 

0.9 1.83 5.42 55.8 - 5  0.4 

I 1.48 3.48 24.5 - 4  0.5 

1.25 0.83 1.37 4.31 - 2  0.6 

1.5 1.59 2.15 4.01 - I  0.7 

1.75 1.56 1.90 2.66 0 0.7 

2 0.98 1.12 1.37 1 0.8 
2.5 1.34 1.52 1.85 2 0.8 

3 0.91 1.03 1.25 3 0.8 
3.5 3.97 4.49 5.42 3 0.8 
4 1.28 1.44 1.73 4 0.8 

5 7.35 8.23 9.80 4 0.7 

6 2.56 2.84 3.36 5 0.7 

7 6.53 7.21 8.43 5 0.7 
8 1.36 1.49 1.72 6 0.7 

9 2.45 2.67 3.06 6 0.7 
10 3.98 4.31 4.89 6 0.7 

R e a c t i o n :  Z6Mg(po, )Z7Al  

A total of  132 resonances in the energy region 15.4 ~< Er ~< 2865.8 keV are considered 
in the calculation of the rates. The adopted resonance strengths are the weighted averages 
of  the strengths reported by VA56, VA63, VA66, EN66, LY69, TR75b, MA78c, PA79, 
BU80, KE80, SM82, CH90 and IL90. For the resonance at Er = 148.7 keV, the value 
from the only direct measurement [ IL90] is adopted. The relative strengths from MA78c, 
originally normalized to the EN66 strength of the resonance at Er = 436.9 keV, are 
presently renormalized to the KE80 strength of the same resonance. The direct capture 
contribution is calculated using the S-factor given by IL90, and is found to be negligible. 
Above T9 = 3.5, HF estimates are used (see Section 2.5). In the low temperature region, 
our rates are lower than the CA88 ones, due to the smaller resonance strengths of the 
low energy resonances used here. 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0,016 0.72 1.64 3.34 - 2 5  0.1 

0.018 4.21 9.13 17.8 - 2 4  0.1 

0.02 1.08 2.24 4.20 - 2 2  0. I 

0.025 3.49 6.82 12.7 20 0. I 

0.03 1.56 3.19 11.1 - 1 8  0.1 

0.04 0.17 1.42 20.6 - 1 5  0.1 
0.05 0.06 1.59 24. I - 13 0. I 

0,06 0.28 4.25 57.0 - 12 0.1 

0.07 0.87 5.28 57.3 - I 1 0. I 

0.08 1.38 4.54 36.0 - 10 0.1 
0.09 1.28 3.05 17.3 - 9  0.1 

0.1 0.84 1.67 6.91 - 8  0.1 
O.l 1 4.55 8.08 24.7 - 8  0.2 

0.12 2.37 3.75 8.51 - 7  0.3 

0.13 1.24 1.74 3,02 - 6  0.4 

0.14 6.17 7.88 11.2 - 6  0.6 

0.15 2.76 3.30 4.15 - 5  0.7 

0.16 1.08 1.23 1.45 - 4  0.8 

0.18 1.11 1.21 1.33 - 3  0.9 
0.2 7.33 7.83 8.37 - 3  0.9 

0.25 2.19 2.29 2.39 - 1  1.0 

0.3 2.05 2.13 2.21 0 1.0 
0.35 l.O0 1.03 1.07 [ 1. l 

0.4 3.21 3.32 3.43 1 1.1 
0.45 7.88 8.15 8.43 1 1.1 

0.5 1.61 1.66 1.72 2 1,1 

0.6 4.59 4.77 4,94 2 1. I 
0.7 9.57 9.97 10.4 2 1.2 

0.8 1.64 1.71 1.79 3 1.2 

0,9 2.48 2.60 2.72 3 1.2 

1 3.42 3.60 3.78 3 1.2 

1,25 6.04 6.41 6.78 3 1.2 

1,5 8.77 9.41 10.0 3 1.1 
1,75 1.15 1.25 1.34 4 1.1 

2 1.42 1.55 1.69 4 I. 1 
2.5 1,94 2.18 2.43 4 1.1 

3 2.48 2.86 3.28 4 1.1 

3,5 3.06 3.63 4.29 4 1.1 

4 4.00 4.96 6,07 4 1.3 

5 5.98 8.07 10.5 4 1.7 

6 0.80 1.16 1.59 5 2.1 

7 0.99 1.55 2.20 5 2.5 
8 1.17 1.96 2.87 5 2.8 

9 1.33 2.37 3.58 5 3.0 

10 1.47 2.78 4.31 5 3.1 

R e a c t i o n :  Z6Mg(te,n)ZgSi 

The experimental data of AN83 and WI95b are adopted. They cover the energy 
ranges from 1.51 to 5.2 MeV and from 0.87 to 3 MeV, respectively. The AN83 data are 
disregarded in the WI95b data range: ( 1 ) Below 2.2 MeV, the background contribution 
from the target backing [mainly from 13C(a,n) J60] indeed dominates the neutron yield 
in the AN83 and VA81 experiments. (2) In contrast, WI95b minimize the background 
by using gold plated backings. In addition, this background is measured and subtracted. 
Below 1.5 MeV, we adopt a constant S-factor of 5.15 × 109 MeV b, which is an average 
of the measured S-factors between 1.5 and 3 MeV. The lower limit of  the rates is obtained 
by assuming that the S-factor is the sum of the tails of  the measured resonances. The 
upper limit of  the rates results from the selection of the value S = 1011 MeV b, which is 
the WI95b highest measured S-factor at E < 1.19 MeV. Above T9 = 2, HF estimates are 
used (see Section 2.5). The differences with CA88 are probably due to the new data of 
WI95b. 

T 9 low adopt high exp ratio T 9 low adopt high exp ratio 
0.1 1 
0.1 1.25 
0.1 1.5 
0.1 1.75 
0.1 2 

continued on next page 

0.14 0.003 5.19 102 --25 

0.15 0.004 5.15 102 --24 
O. 16 0.003 4.20 83.0 - 2 3  
0.18 0.001 1.72 34.1 - 2 1  
0.2 0.003 4.22 83.6 - 2 0  

3.63 6.28 18.9 - 4  1.1 

1.77 2.41 4.13 --2 1.5 
2.68 3.31 4.45 - 1  1.7 
2.17 2.53 3.04 0 1.9 
1.20 1.36 1.54 1 2.0 
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continued from previous page 
0.25 0.003 2.56 50.8 - 17 0.1 

0.3 0.004 3.38 67.3 - 1 5  0.2 

0.35 0.003 1.67 33.2 - 1 3  0.2 
0.4 0.01 4.16 82.3 - 1 2  0.2 

0.45 0.02 6.30 122 - 11 0.3 
0.5 0.06 6.54 120 - 10 0.3 

0.6 0.16 3.13 46.7 - 8  0.4 

0.7 1.18 7.19 75.2 - 7  0.5 

0.8 3.23 10.0 67.3 - 6  0.7 

0.9 4.39 9.38 40.7 - 5  0.9 

2.5 1.68 1.90 2.15 2 

3 1.19 1.34 1.51 3 

3.5 5.37 6.03 6.79 3 

4 1.78 2.00 2.24 4 
5 1.08 1.20 1.34 5 

6 3.90 4.33 4.82 5 

7 1.03 1.14 1.26 6 

8 2.21 2.43 2.67 6 

9 4.08 4.46 4.89 6 

10 6.77 7.37 8.04 6 

2.5 

2.8 

3.1 

3.4 
3.9 

4.3 

4.8 

5.4 

5.9 

6.5 

T 9 low adopt high exp ratio T9 low adopt high exp ratio 
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, I ,  - -  ex t rapo l .  

i i i i i i i i i i 

0 1 2 3 4 5 6 

E (MeV) 

Reaction: Z6Al(p,'y)27Si 

Of astrophysical relevance are the proton capture rates on to the ground and isomeric 

states of 26A1, noted NA(~V)gs and NA(O'V)ms, respectively [see WA89]. For the cal- 
culation of  NA(O'V)gs, the resonance strengths are adopted from BU84, VO96 and the 
theoretical calculations of CH93. The calculations of WA89, based on the Wigner limit, 
are not taken into account, neither the hypothetical 226 keV resonance, found only in 
WA89. For the Er = 68 and 93 keV resonances, the theoretical estimates of CH93 are 

used for the lower and upper limits of the rates. The adopted values are taken as 1/10 
of the upper limits. For the 128 keV resonance, the value of VO96 is taken for the 
upper limit. The adopted strength is taken as 1/10 of this limit. The lower limit is taken 
as zero. However, the results of CO95, based on a single-particle estimate taking a real 
Woods-Saxon potential, give o~y ~< 5.4 x 10 -9 ,  ~< 6.1 x 10 -6 ,  ~< 1.2 x 10 -5 meV for 

the resonances at 68, 93 and 128 keV, respectively. The discrepancy between the results 
of the different theoretical approaches indicates that the parameters of the low energy 
resonances in this reaction are model dependent and not well-known experimentally. For 
the 188 keV resonance, the adopted w y and upper limit are taken from VO96 for the 
g = 1 and 0 pure transfers, respectively, while the lower limit is taken as 1/10 of the 
value for g = 3. For the 238 and 328 keV resonances, the lower and upper limits of 
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the strengths are taken from CH93, using the average value for the adopted wy. For the 

275.6, 363 to 894 keV resonances, the values are adopted from BU84. The resonance 

data allow the calculation of the rates at T9 ~< 0.9. Above T9 = 0.9, HF estimates are 
used (see Section 2.5). The Na(o 'v )m s rates are calculated by multiplying the Na(o-v)gs 
values by the HF ratio (o-v)m.~/(o'v)gs. The thermalized reaction rate applies when 26Alg 

and 26A1 m may be considered to be in thermal equilibrium (see [WA89] for details) 

and is calculated by multiplying NA(O'V)g s by the ratio rtt, as usual. Differences in the 

adopted strengths account for the differences between our rates and those of CA88 up 

to T9 ,-~ 1. At high temperatures, the HF estimates are larger than the CA88 rates while 
thermalization effects account for 10 to 65% of the differences at T9 = 1.5 to 10. 

NA (erV>gs: 

T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.018 0.002 1.34 92.6 - 2 5  0.1 0.4 1.34 2.16 4.06 0 1.0 

0.02 0.01 9.17 523 - 24 0.2 0.45 3.24 5.04 8.62 0 1.0 

0.025 0.004 1.76 70,7 - 2 0  1.2 0.5 6.54 9.96 16.0 0 1.0 

0.03 0.01 2.61 83.3 - 1 8  1.9 0.6 1.85 2.75 4,12 1 0.9 

0.04 0.01 1.40 35.6 - 1 5  1.4 0.7 3.83 5.61 8.07 1 0.9 

0.05 0.09 7.78 367 - 14 0,8 0.8 6.47 9.40 13.2 1 0.8 
0.06 0.02 1,59 230 - 12 0.5 0.9 0.96 1.39 1.93 2 0.7 

0.07 0.03 3.11 545 -11  0.6 1 1.55 2.24 3.12 2 0.9 

0.08 0.02 7.52 616 - 10 1.4 1.25 3.83 5.54 7.68 2 1.1 
0.09 0.01 1.19 43.2 - 8  3.1 1.5 0.72 1.05 1.45 3 1.4 

0.1 0.002 1.12 22.3 - 7  5.6 1.75 1.16 1.68 2.32 3 1.8 
0.11 0.03 7.09 93.5 - 7  8.0 2 1.68 2.41 3.34 3 2.1 

0.12 0.03 3,28 33.1 - 6  9.7 2.5 2.84 4.08 5.64 3 2.8 
0.13 0.02 1.20 10.1 5 10 3 4.07 5,84 8,06 3 3.6 

0,14 0. I I 3.65 27.2 - 5  9.3 3.5 5.30 7.57 10.4 3 4.3 
0.15 0.43 9.61 65.5 - 5  7.9 4 6.47 9.23 12.7 3 5.0 

0.16 0,15 2.26 14.3 - 4  6.5 5 0.86 1.22 1,68 4 6.2 

0.18 1.19 9.63 53.9 - 4  4.3 6 1.05 1.49 2.04 4 7.1 
0.2 0.62 3.21 15.9 - 3  3.0 7 1.23 1.73 2.36 4 7.8 

0.25 1,26 3.34 12.1 - 2  1.7 8 1.39 1.95 2.65 4 8.3 

0.3 0.97 1.93 5.19 - 1  1.3 9 1.55 2.15 2.92 4 8.9 

0.35 4.32 7.47 16.2 - 1  1.1 10 1.69 2.35 3.18 4 9.9 

NA (t'rv) ms : 

T9 low adopt high exp ratio T 9 low adopt high exp ratio 
0.018 0.002 1.34 92,6 --25 0.03 0.12 0.03 3.30 33.3 --6 5.5 
0.02 0.01 9.17 523 --24 0,1 0.13 0.02 1.21 10.2 --5 6.5 

0.025 0.004 1.76 70.7 --20 0.6 0.14 0.11 3.71 27.7 - 5  7.3 
0.03 0.01 2.61 83.3 --18 0.9 0.15 0.45 9.86 67.3 --5 7.7 

0.04 0.01 1.40 35.6 - 1 5  0.7 0.16 0.16 2.34 14.9 - 4  8.0 
0.05 0.09 7.78 367 --14 0.4 0.18 0.13 1.03 5.76 - 3  8.1 
0.06 0.02 1.59 230 --12 0,2 0.2 0.69 3.55 17.7 --3 8.1 
0.07 0.03 3.11 545 -11  0.3 0.25 1.58 4.19 15.1 --2 8.2 
0.08 0.02 7.52 616 --10 0.7 0.3 1.41 2.79 7.53 --I 8.7 
0.09 0.01 1.19 43.2 --8 1.5 0.35 0.72 1.25 2.72 0 9.4 
0.1 0.002 1.12 22.3 --7 2.8 0.4 2.56 4.14 7.78 0 9.9 
0.11 0.03 7.09 93.5 - 7  4.2 
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Reaction: 27Al(p,'y)28Si 

The cont r ibut ion  o f  122 re sonances  be tween  195 and 3817.4 keV is taken into account .  

For  r e sonances  above  956 keV, the adopted  s t rengths  are the averages  o f  those  given 

by SM58,  AN63,  NO63,  AN64,  NO64,  SI65, EN66,  GI68, KU69,  ME70,  TV72,  DA73,  

ME75,  and BR95.  Several  o f  the repor ted  values are renormal ized .  For  the resonances  

at E < 195 keV, the data o f  CH86c ,  CH88,  TI88 and CH97 ( <  2.4 x 10 -14 eW 

for the 72 keV re sonance  and < 1.0 x 10 - t 4  eV for the 84 keV resonance  f rom 

CH97,  respec t ive ly )  are used to set  upper  l imits on the r e sonance  strengths.  The direct  

capture cont r ibut ion  is adopted  f rom the calculat ions o f  TI88, which  are in ag reemen t  

with available exper imenta l  data [ L Y 6 9 , H A 8 8 ] .  The contr ibut ions  of  r e sonance  tails 

are found  to be negl ig ible  with respect  to the direct  capture one. The available data 

al low the react ion rate calculat ion for T9 ~< 6. Above  T9 = 6, H F  es t imates  are used as 

exp la ined  in Sect ion  2.5. Be low T9 -- 0.05, the d i f fe rences  with the CA88 rates are due 

to the availabil i ty of  more  recent  upper  limits on resonance  s t rengths ,  as well as the 

inclusion o f  a direct  capture  contr ibut ion neglec ted  by CA88.  

T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.025 0.03 1.67 16.4 -23 0.7 
0.03 0.03 3.39 33.5 -21 0.6 
0.04 0.03 2.44 24.1 - 18 0.5 
0.05 0.05 1.25 I 1.9 --16 0.5 
0.06 3.72 8.37 25.1 -15 0.9 
0.07 0.73 1.31 1.96 -12 1.1 
0.08 3.89 6.73 9.59 - 11 1.1 
0.09 0.87 1.45 2.04 - 9  1. I 
0.1 1.04 1.69 2.35 - 8  1.1 
0.11 0.79 1.26 1.73 - 7  1.1 
0.12 4.29 6.71 9.13 - 7  1.1 
0.13 1.79 2.75 3.72 --6 1.1 
0.14 6.07 9.21 12.3 --6 1.1 
0.15 1.75 2.62 3.49 - 5  1.1 
0.16 4.40 6.52 8.65 - 5  1.1 
0.18 2.06 2.99 3.92 - 4  1.2 
0.2 0.71 1.01 1.32 - 3  1.2 
0.25 6.93 9.55 12.2 --2 1.4 
0.3 3.49 4.64 5.79 - 2  1.5 
0.35 1.23 1.58 1.94 - I 1.5 
0.4 3.49 4.38 5.27 - I 1.3 

0.45 0.86 1.05 1.25 0 1.1 
0.5 1.88 2.27 2.66 0 1.0 
0.6 6.97 8.20 9.43 0 0.8 
0.7 1.97 2.28 2.59 1 0.8 
0.8 4.56 5.21 5.87 I 0.7 
0.9 0.90 1.03 1.15 2 0.7 
I 1.60 1.80 2.00 2 0.7 
1.25 4.66 5.20 5.75 2 0.7 
1.5 0.99 1.10 1.21 3 0.8 
1.75 1.71 1.91 2.10 3 0.8 
2 2.63 2.93 3.23 3 0.8 
2.5 4.86 5.45 6.04 3 0.8 
3 7.39 8.35 9.31 3 0.7 
3.5 1.00 1.14 1.28 4 0.7 
4 1.25 1.44 1.62 4 0.7 
5 1.71 1.99 2.27 4 0.6 
6 2.08 2.45 2.82 4 0.6 
7 2.47 4.03 5.59 4 0.7 
8 2.82 5.88 8.94 4 0.8 
9 3.13 7.96 12.8 4 0.9 
10 0.34 1.02 1.71 5 1.0 
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E.. (keV) j~r adopted wy (eV) Ref. 

71.94-0.5 2 + (0.15+_~]~1"~) × IO -15 
( +135 10-15 84.8 :t: 0.4 1- 0.15_i~,/5) x 

195.5 4- 0.9 2 + ( 1.40 3: 0.7) x 10 -5 
214.74-0.4 (9,003:0.2) x 10 -5 
282.1 3:0.4 4 + (3,803:0.7) x 10 -4 
314.8 3:0.4 0.0015 3:0.0003 

390.9 3:0.3 0.009 -t- 0.001 
430.6 4- 0.5 0.0014 3:0.0002 

486.72 3:0.07 2 + 0.061 3:0.007 

488.15 3:0.07 2 0.042 -t- 0,009 
589.40 3:0.04 0,004 3:0.001 
609.4? 3:0.04 3-  0.266 ± 0.014 

631.08 4- 0.04 2 -  0.120 3:0.009 
654.85 4- 0.04 3 + 0.045 3:0.005 
705.06 3:0.04 2 -  0.12 3:0.01 
709.97 i 0.04 0,160 4- 0,016 
716.21 3:0.04 0.021 3:0.003 

733.02 4- 0.04 2 -  0.135 -4- 0.016 
739.56 4- 0.04 4 + 0.16 q- 0.02 
745.79 :i: 0.04 0.41 4- 0.03 

855.82 4- 0.05 2 + 0.015 4- 0.002 
889.73 4- 0.05 2 + 0.140 3:0.018 
903.50 :k 0.05 3-  0.176 4- 0.021 

956.20 4- 0.03 3 + 1.90 ± 0.10 

CH86c, CH88, CH97 
CH86c, CH88, CH97 
SM62 
BR47, EN60, OK60a 
BR47, EN60, OK60a 
BR47, EN60, OK60a, 
SM62, LY69, ME75 
SM62 
BR47, LY69, ME75 
BR47, EN60, OK60a, SM62 
LY69, ME75, SW75 
EN60, OK60a, ME75 
BR47, EN60, OK60a, LY69, ME75 
BR47, SM58, EN60, OK60a, SM62, 
NO63, NO64, EN66, LY69, LE71, 
DA73, AL74, ME75, 
SW75, PA79, BR95 
BR47, EN60, OK60a, LY69, SW75 
BR47, EN60, OK60a, LY69, ME75 
BR47, EN60, OK60a, LY69, ME75 
BR47, EN60, OK60a, LY69, ME75 
BR47, SM62, EN60, 
OK60a, LY69, ME75 
BR47, EN60, OK60a, LY69, ME75 
BR47, EN60, OK60a, LY69, ME7.5 
BR47, SM58, EN60, OK60a, NO63, 
NO64, EN66, LY69, LE71, 
DA73, AL74, ME75, BR95 
BR47, LY69, ME75 
LY69, ME75 
SM58, NO63, NO64, EN66, 
LY69, LE71, DA73, ME75 
SM58, NO63, NO64, EN66, 
LE71, PA70, DA73 

1 

M 
M 
M 
M 
M 

M 
M 
M 

M 
M 
M 

M 
M 
M 
M 
M 

M 
M 
M 

M 
M 
M 

M 

Res. 1130-3817 keV see comments 

Reaction: 27Al(p,a)Z4Mg 

A total  o f  78  r e s o n a n c e s  at ene rg i e s  be low 3064 .6  keV are i nc luded  in the  ca lcu la t ion  

o f  the  rates .  T h e  adop t ed  s t r eng ths  for  the  first 20  r e s o n a n c e s  be low 900  keV  are s h o w n  

in the  table .  T h e  adop t ed  r e s o n a n c e  p a r a m e t e r s  for  E > 900  keV  are the  w e i g h t e d  

ave rages  o f  the  da ta  r epo r t ed  by  A N 6 1 ,  A B 6 3 ,  AW65 ,  N E 8 4  and  C O 9 2  for  the  (p,c~o) 

channe l ,  and  by  T V 7 2 ,  D A 7 3 ,  M E 7 5  and  N E 8 4  for  the ( p , a l )  channe l .  Tail con t r i bu t i ons  

are a lso inc luded .  T h e  ava i l ab le  da ta  a l low the ra tes  to be  ca lcu la ted  for  T9 ~< 6. A b o v e  

T9 = 6, H F  es t ima tes  are used  ( s ee  Sec t ion  2 .5 ) .  The  large  d i f fe rences  b e t w e e n  the  

p re sen t  ra tes  and  the C A 8 8  ones  be low T9 = 0 .6  are m a i n l y  due  to the  adop t ion  by  

C A 8 8  o f  a s t r eng th  for  the  Er = 215 keV  r e s o n a n c e  w h i c h  exceeds  the u p p e r  l imi t  

o f  TI88 .  B e l o w  T9 = 0 .05,  the  d i f f e rence  is due  to upda ted  uppe r  l imi ts  o f  r e s o n a n c e  
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strengths that were not available to CA88. Above T9 = 4, thermalization effects account 

for about 30% of the differences. 

E,. (keY)  J~  adopted wy (eV) Ref. 

7 1 . 9 ± 0 . 5  2 + ( D~+5"4'~V.v_11.6, x 10 -15 

84.8 4- 0.4 1 - (0.1+1;.91_ . ) x 10-15 

195.5 ± 0.9 2 + ( I ~n +L2° ...V_l.29J X l0 -8  
--1.72 214.7 i 0.4 (0 .18_(U8) × 10 -7  

282.1 ± 0.4 4 + +099 (0.11 ~A {) × 10 -6  
I I l l  +0 .7°  314.8 -L 0.4 ( . . . .  -o.78, x 10 -6  

390.9 ± 0.3 (1.25 ± 0.75) x 10 . 5  

486.72 i 0.07 2 + 0.10 5 :0 .02  

488.15 4- 0.07 2 (n 9 +1.8 ~ ' - -o .2 ,  X 10 -2  

609.47 d: 0.04 3 0.28 4- 0.05 

(o 9n +L8 631.08 ± 0.04 2 -  v._~_o.2, x 10 3 

654.85 -4- 0.04 3 + ( 1.80 ± 1.6) × 10 -3  

705.06 ± 0.04 2 -  0.53 ± 0.1 

709.97 ± 0.04 (0.20+Ilia) x 10 -3  

716.21 ± 0.04 (0 10 +1)9 • - o . i )  x I0 -2  

(DID +0-9 733.02 ± 0.04 2- v.-~-o.i, × 1°-2 

739.56 ± 0.04 4 + ( o m  +°.9 . . . .  0.1' × 10-2  

(D If~ +0-9 ' 7 4 5 . 7 9 ± 0 . 0 4  . . . .  --0.1J X 10 -2  

855.82 ± 0.05 2 + 0.83 ~ 0.20 
889.73 ± 0.05 0.33 4- 0.09 

CH88, CH97 

CH88, CH97 

SM62, MA78d, CH88 

CH88, TI88 

CH88, T188 

CH88, T188 

MA78d, CH88, EN90 

AN61, KU63, MA78d, 

CH88, TI88, EN90 

AN61, KU63, MA78d, 

CH88, T188, EN90 
AN61, KU63, MA78d, 

CH88, T188, EN90 

AN61, KU63, MA78d, 

CH88 T188, EN90 
CH88 EN90 

AN61 KU63, MA78d, 

CH88 TI88, EN90 

AN61 KU63, MA78d, 

CH88 TI88, EN90 

AN61 KU63, MA78d, 

CH88 TI88, EN90 

AN61 KU63, MA78d, 

CH88 TI88, EN90 

AN61 KU63, MA78d, 

CH88 TI88, EN90 

AN61 KU63, MA78d, 

CH88 T188, EN90 
AN61 

AN61 

1 

M 

I 

M 

I 

M 

M 
M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

Res. 903.5-3065 keV see comments 

7"9 low adopt high exp ratio T9 low adopt high exp ratio 
0.025 2E-5 7.80 78.0 
0.03 2E-6 1.55 15.5 

0.04 2E-6 1.05 10.5 
0.05 2E-5 4.92 49.2 

0.06 5E-4 6.07 60.7 
0.07 7E-3 3.63 35.6 
0.08 0.03 1.78 14.1 

0.09 0.06 1.32 6.17 
0.1 0.07 1.14 3.93 

- 2 3  0.05 0.45 
- 2 0  0.05 0.5 

- 17 0.04 0.6 
- 1 6  0.04 0.7 

- 1 5  0.03 0.8 
- 1 4  0.01 0.9 
- 1 3  1E-3 1 
- 12 4E-4 1.25 
- 11 2E-4 1.5 

continued on next page 

1.73 2.19 2.96 - 1  0.1 
5.45 6.91 9.26 - I 0.2 

3.10 3.91 5.18 0 0.5 

1.10 1.39 1.81 1 0.8 
2.99 3.73 4.82 1 0.9 
6.88 8.52 10.8 1 0.9 
1 . 4 3  1.75 2 . 1 8  2 0.9 
6.92 8.17 9.69 2 1.0 
2.49 2.87 3.30 3 1.2 
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from previous page 
2E-4 1.75 6.98 
2E-4 2 1.60 
1E-4 2.5 5.56 
IE-4 3 1.34 
IE-4 3.5 2.57 
1E-4 4 4.23 
IE-4 5 8.59 
IE-4 6 1.37 
6E-4 7 2.52 
4E-3 8 4.10 
0.02 9 6.14 
0.05 10 0.86 

continued 
0. I 1 0.49 7.64 25.2 - 11 
0.12 0.24 3.80 13.0 - 1 0  
0.13 0.09 1.48 5.29 - 9  
0.14 0.29 4.74 17.7 - 9  
0.15 0.08 1.30 5.05 - 8  
0.16 0.19 3.14 12.6 - 8  
0.18 0.12 1.41 5.89 - 7  
0.2 1.08 5.45 21,3 - 7  
0.25 1.65 2.46 4.66 - 5  
0.3 5.39 7.03 10,2 - 4  
0,35 6.44 8.24 11,4 - 3  
0.4 4.10 5.22 7.10 - 2  

7.93 8.96 3 1.4 
1,81 2.03 4 1.6 
6.25 6.95 4 1.8 
1.50 1.67 5 1.9 
2.89 3.21 5 1.9 
4.76 5.30 5 1.9 
9.69 10.8 5 1.6 
1.55 1.73 6 1.3 
2.90 3.28 6 1.4 
4.82 5.53 6 1.5 
7.33 8.52 6 1.5 
1.04 1.23 7 1.4 
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7"9 low adopt high exp ratio T9 low adopt high exp ratio 

Reaction: Z7Al(~e,n)3°P 

The experimental cross sections of ST64, FL78, SA78 and HO86 from threshold 

(Q = -2 .643 MeV) to E = 24 MeV are used in the calculation of the rates. Thick 

target experiments [HO74] with larger uncertainties are disregarded. The reaction rate 

uncertainties relate to the experimental uncertainties. In the 0.4 ~< T9 ~< 1 range, our 

1E+10 

1E+8 

_s 
O 

1E+6 

1E+4 

1 10 T9 

o •  
27Al(o~,n)30 P xST64 

+ FL78 

6. SA78 

o H 0 8 6  

z~z~ 

/X A A A 

i I i I i I i I 

5 10 15 20 

E (MeV) 

T 9 low adopt high exp ratio T9 low adopt high exp ratio 
0.45 0,79 1,34 1.89 --25 0.5 
0.5 0,74 1,20 1.66 - 2 2  0.5 
0.6 2,25 3.37 4.50 - 18 0.6 
0.7 3,88 5,41 6.94 -15  0.6 
0.8 1,11 1,46 1.81 - 1 2  0.7 
0.9 0.97 1,21 1.45 - 1 0  0.7 
1 3.59 4,33 5.07 --9 0.8 
1.25 2.75 3A4 3,52 --6 0.9 
1.5 2.60 2.88 3,16 - 4  0.9 
1.75 7.26 7.90 8,54 - 3  0.9 
2 0.93 1.00 1,07 -- 1 1.0 

2.5 3.68 3.92 4.16 0 1.0 
3 4.68 4.98 5.27 I 1.0 
3.5 3.07 3.27 3.47 2 1.1 
4 1.31 1.40 1.50 3 1.1 
5 1.09 1.18 1.27 4 1.2 
6 4.81 5.29 5.76 4 1.3 
7 1.46 1.62 1.78 5 1.4 
8 3.47 3.89 4.32 5 1.5 
9 6.96 7.88 8.80 5 1.6 
10 1.24 1.41 1.58 6 1.6 
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rates are 20 to 60% smaller than the CA88 ones. Our thermalization effects are a factor 
rtt = 1.10 - 1.19 for T9 = 4 to 10 (CA88 adopt rtt - -  l at all temperatures). 

R e a c t i o n :  zsSi(p,'y)29P 

Parameters for the resonances at 357 ~< Er ~< 2778 keV are obtained from NE60, 

OK60b, VA61, EJ64, EN66, BE70, ZU71, BA73b, BY74, AL75b, RI79, TE79 and 

GR90. Tail contributions are also taken into account. The non-resonant contribution 
is calculated by using the S-factor reported by GR90. Above T9 = 3, HF estimates 
are used following the procedure explained in Section 2.5. The difference between the 
adopted rates and the CA88 ones are probably due to the different resonance parameters 

used here. At low temperatures, where the direct capture contribution is significant, the 

differences are larger. 

Er (keV) j r  coy (meV) 

BY74 R179 GR90 others adopt 

357 4- 4 5/2 + 1.3 4- 0,3 2.7 4- 0.2 1.7 ± 0.4 2.3 4- 0.3 |OK60b] 2.0 4- 0,2 I 
2 .34-0 .4  [VA61 ] 
1.6 4- 0.2 [EN66] 

698.94-0,7 7 / 2 -  0.21 4-0.08 0.154-0.03 ~<2 [VA61] 0.174-0.04 M 
0.34 4- 0.06 [ZU71 ] 

0.23 [BA731 
0,12 4-0.04 [AL75b] 

1332 .6±0 .5  7/2 + 304 -6  4 3 4 - 4  2 9 i 5  7.74-4* [EJ64] 36.34-2.8 M 
13.5 4- 3* [ZU71] 

1595 + 0.7 3 / 2 -  2500 ± 400 4200 4- 340 2500 4- 400 3400 4- 700 [NE60J 3300 4- 270 M 
3600 4- 800 [VA61] 
4000 4- 1000 [EJ64] 
3100 4-500 [TE79[ 
3600 4- 800 [ K185 [ 

1894± I 0.454-0.13 [NE60J 0 . 4 5 ± 0 . 1 3  M 
2012 .4±  1.3 1/2 + 4104-60  4404-70  4404-70  4304-200 [NE60] 4304-30  M 

420 4- 80 [VA61] 
320 -4- 100 [EJ641 
530 4- 100 [TE791 
540 4- 200 [K185] 

2206.94- 1,5 5/2 + 2204-50  130-4-50 [KA75] 1804-50 M 
2545 ± 2 7/2 + 50 4- 10 320 4- 100 [KA75] 50 4- 10 M 

2779 4- 10 1 / 2 -  2500 4- 400 ~< 2000 [EJ64] 2800 4- 300 M 
2700 4- 1700 [TE79] 
3100 4- 400 [KI85] 

2994 ± 2 7 / 2 -  460 4- 70 [EJ64] 460 4- 70 M 

* disregarded 
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T9 low adopt high exp ratio T9 low adopt high exp ratio 
0.03 3.02 5.97 11.9 -25  8.1 
0.04 3.34 6.61 13.1 - 2 2  9.0 
0.05 4.86 9.63 19.1 - 2 0  10 
0.06 2.16 4.29 8.52 - 18 11 
0.07 4.48 8.87 17.6 - 1 7  12 
0.08 0.55 1.08 2.14 -15  13 
0.09 4.59 9.01 17.8 -15  12 
0.1 3.56 6.44 12.0 - 1 4  4.6 
0.11 4.40 6.33 9.66 - 1 3  1.6 
0.12 6.82 8.55 11.0 - 1 2  1.1 
0.13 8.21 9.88 11.9 --11 1.0 
0.14 7.13 8.45 9.96 - 10 1.0 
0.15 4.64 5.46 6.38 --9 0.9 
0.16 2.39 2.79 3.24 - 8  0.9 
0.18 3.60 4.18 4.82 - 7  0.9 
0.2 3.10 3.59 4.11 - 6  0.9 
0.25 1.43 1.64 1.86 - 4  0.9 
0.3 1.74 1.98 2.24 - 3  0.9 
0.35 1.00 1.14 1.28 - 2  0.9 
0.4 3.64 4.11 4.60 - 2  1.0 
0.45 0.97 1.09 1.22 - 1 0.9 

0.5 2.09 2.35 2.62 - l 1.0 
0.6 6.36 7.14 7.94 - I 1.0 
0.7 1.36 1.52 1.69 0 1.0 
0.8 2.34 2.62 2.91 0 1.0 
0.9 3.51 3.92 4.35 0 1.0 
1 4.77 5.33 5.92 0 1.0 
1.25 7.99 8.97 10.0 0 1.0 
1.5 1.14 1.29 1.48 1 0.9 
1.75 1.61 1.87 2.21 1 0.8 
2 2.47 2.93 3.58 1 0.7 
2.5 6.43 7.86 10.1 1 0.6 
3 1.48 1.85 2.46 2 0.6 
3.5 1.98 2.75 4.01 2 0.5 
4 2.51 3.82 5.98 2 0.4 
5 3.64 6.51 11.2 2 0.4 
6 4.82 9.92 18.3 2 0.4 
7 0.60 1.41 2.73 3 0.5 
8 0.73 1.90 3.83 3 0.6 
9 0.86 2.48 5.14 3 0.7 
10 1.01 3.16 6.70 3 0.8 
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Table 3. Analytical approximations of the reaction rates 

IH(p,ve+)2H, Q : 1.442 MeV, (3%) 

NA(CrV)g s = 4.08 × 10-15T9 2/3 exp(-3.381T9 -V3) 

x(1 + 3.82T9 + 1.51T92 + 0.144T93 - 1 . 1 4  × 10-2T~) 

NA (O'U)tt = NA (OW>gs 

2H(po,)3He, Q : 5.493 MeV, (3%) 

For 7"9 ~< 0.11 : NA(~rV)gs = 1.81 × 103T92/3exp(-3.721T9 U3) 
× (1 + 14.3T9 - 90.5T92 + 395T93) 

For T9 > 0.11 : NA(o'V)gs =2.58 x 103T92/3exp(-3.721T91/3) 
x ( l  +3.96Tg+0.116T92) 

NA (o-v>tt : NA (oW)gs 

Rev. ratio = 1.630 × 101°T 3/2 exp(-63.749/T9) 

2H(d,~,)4He, Q = 23.847 MeV, (3%) 

NA (o-v)g,~ = 42.1T9 2/3 exp(-4.259T9--i/3) 

×(1 +0.514T9+0.339T92- 1.18 x 10-2T 3) 

NA <OvU>tt : NA <o'V>gs 

Rev. ratio : 4.488 × 101°T 3/2 exp(-276.73/T9) 

2H(d,n)3He, Q = 3.269 MeV, (4%) 

NA (O'V)gs = 4.67 x 108T9 2/3 exp( -4.259T 9- t/3) 

×(1 + 1.079T9- 0.1124T2 + 5.68 × 10-3T93) 

NA (o'v)tt = NA (o'V)gs 

Rev. ratio : 1.730 exp(-37.935/T9) 

2H(d,p)3H, Q = 4.033 MeV, (5%) 

NA (o'V)gs = 4.66 × 108T9 -2/3 exp(-4.259T9 -V3) 

×(1 + 0.7597"9 - 0.0612T~ + 2.78 × 10-3T 3) 

NA (O'U)tt = NA (O'U)gs 

Rev. ratio = 1.732 exp(-46.797/7"9) 
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2H(oe,'y)6Li, Q = 1.474 MeV, (4%) 

NA(O-V)gs = 14.82T9 2/3 e x p ( - 7 . 4 3 5 T 9 ' / 3 )  (1 + 6.572T9 + 0.076T~ + 0.0248T93) 

+82.8T9 --3/2 exp( -7 .904 /T9)  

NA <O'U)tt ---- NA (O'V) gs 

Rev. ratio = 1.531 × 101°T~/2 exp( -17 .108 /T9)  

3H(d,n)4He, Q = 17.589 MeV, (8%) 

NA<O'V)gs = 8.29 × lO'OT9 2/3 exp(-4 .524T9 --'/3 - (T9/0.08) 2) 

× (1 + 17.2T9 + 175T~) + 8.12 × lOgT9°712exp(-O.506/T9) 

NA (O'U)tt = NA (O'V)gs 

Rev. ratio = 5.506 exp( -204 .12 /T9)  

3H(oe,'y)VLi, Q = 2.467 MeV, (5%) 

NA<O-V>gs = 8.20 x 105T9 -2/3 exp(-8 .081T9 --1/3) 

x (1 - 0.389T9 + 0.134T92 - 1.81 x 10-2793 + 9.23 × 10-4T~9 ) 

g a  (O'U)tt = NA (O'U)gs 

Rev. ratio = 1.113 x 101°T 3/2 exp( -28 .629 /T9)  

3He(3He,2p)4He, Q = 12.859 MeV, (2%) 

NA (O'V>gs = 5.59 × 1010T9 2/3 exp( -- 12.277T 9-1/3) 

×(1  - 0 . 1 3 5 T 9 + 2 . 5 4  × 10-2T 2 - 1.29 × 10-3T93) 

NA <o'v>tt -- NA <o'V>gs 
Rev. ratio = 3.392 × lO-l°T9 3/2 exp(--  149.23/T9) 

3He(a ,7)TBe,  Q = 1.587 MeV, (6%) 

NA <o'V)gs = 5.46 x 1067"9 2/3 exp( --12.827T91/3) 

x (1  -0 .307T9  + 8.81 x 10-2T92 - 1.06 x 10-2T93 + 4.46 × 10-4T~) 

NA <OrV>tt = NA<0rV>gs 

Rev. ratio = 1.113 x 10'°T93/2 e x p ( -  18.412/T9) 
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4He(cen,y)9Be 11, Q = 1.573 MeV, (19%) 

O/OL NA(O-V)g s = 2.43 × 109T9 2/3 e x p ( -  13.490 T9 I/3 

+ 6 . 0 9  × 105T9 -3 /2  e x p ( -  1.054/T9) 

- -  ( T 9 / 0 . 1 5 )  2 )  × ( 1  +74.5 T 9 )  

For T9 ~< 0.03 • 2 . .n  N A ( O ' U ) g  s 

For T9 > 0.03 • 2 ~.n NA(O-V)gs 

( )aa 10-12 = NA O'U gs × 6.69 × 

× (1 -- 192T9 + 2.48 × 104T 2 - 1.50 × 106T93 

+4 .13  x 107T~ 4 - 3.90 x 108T95) 

otor = NA(O-V)g s × 2.42 x 10 -12 × (1 -- 1.521og10T9 

+0.448(1og10 T9) 2 + 0.435 (lOgl0 T9) 3) 

NA <oru>tt ---- NA <OrU>gs 

Rev. ratio = 5.844 × 10'9793 exp( - 18.258/T9) 

4 H e ( a a , T ) 1 2 C ,  Q = 7.274 MeV, (23%) 

NA (OW)g~ Be = 2.76 z I OVT9 2/3 exp( - 2 3 . 5 7 0 T  91/3 

- ( T 9 / 0 . 4 )  2) × (1 + 5.47T9 + 326T 2) 

+ 130.7T9 -3/2 e x p ( - 3 . 3 3 8 / T 9 )  + 2.51 × 104T9 3/2 e x p ( - 2 0 . 3 0 7 / T 9 )  

For T9 <~ 0.03 : 

For T9 > 0.03 : 

2 actc~ a a  NA(O-U)g s = NA(O'U)g s X UA(O'U)gas 8Be 

×3.07  x 10 -~6 × (1 - 29.1T9 + 1308T92) 

2 Ot Ot Ot O/O NA<O'U>g s = NA<o'U>g s × NA(O'U)gs 8Be 

×3.44 × 10 -16 × ( l  + 0 .0158T9 065) 

NA <o-v>tt = NA 

Rev. ratio = 2.003 × 102°T93 e x p ( - 8 4 . 4 1 5 / T g )  

6Li(p,T)7Be, Q = 5.606 MeV, (7%)  

NA(O'U)g s = 1.25 × 106T92/3exp(-8.415T91/3) 

x ( 1  - 0.252T9 + 5.19 × 10-2T~ - 2 . 9 2  × 10-3T93) 

NA (o-u)tt ---- NA <o'U)gs 

Rev. ratio = t. 187 × 101°T 3/2 exp ( - 6 5 . 0 5 2 / T 9 )  

l J T h e  ra te  NA(O-t~)~ s has  no  p h y s i c a l  m e a n i n g  bu t  is conven i en t  fo r  the  def in i t ions  o f  NA(~rv) ~'~n a n d  

NA (~rt,)aaa. 
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6Li(p,a)3He, Q = 4.019 MeV, (2%) 

NA(O'U)gs = 3.54 x 101°T9 2/3 e x p ( - 8 . 4 1 5 T 9  U3) 

x ( I -  0.137T9 + 2.41 x 10-2T 2 - 1 . 2 8  x 10-3T 3) 

NA <O'V>tt = NA <O-U>gs 

Rev. ratio = 1.067 exp ( -46 .641 IT9) 

7Li(p,'y)SBe, Q = 17.255 MeV, (11%) 

NA(O'U>gs = 1.75 x 107T9 2/3 exp(-8 .473T9 - I / 3 -  (7"9/0.8) 2) 

× ( 1 - 1.47T9 -4- 4.43T 2) -4- 1.60 x 106T9 -3/2 exp( -4 .441 /T9)  

+4.32 x 104T~9 '309 exp( -2 .811 /Tg)  

NA (O'U>tt = NA (O'U>gs 

Rev. ratio = 6.531 × 101°T93/z exp( -200 .23 /T9)  

7Li(p,tr)aHe, Q = 17.347 MeV, (6%) 

NA(O'U)gs = 7.20 × 108T9 2/3 exp( -8.473T91/3 - (T9/6.5) 2) 

×(1 -4- 1.05T9 - 0.653T9 z + 0.185T 3 

- 2 . 1 2  × 10-2T~9 + 9.30 x 10-4T95) 

-4-9.85 × 106T~9 "576 exp( -10 .415 /T9)  

UA (ou)tt -- NA (o'U)gs 

Rev. ratio - 4.676 exp( -201.30/T9)  

7Li(tr,7)'lB, Q = 8.664 MeV, (17%) 

NA(OU>gs =9.72  × 107T9 -2/3 exp(-19.163T9 - ' /3  - (T9/0.4) 2) 

x ( 1 -4- 2.84T9 - 7.89T92) -4- 3.35 × 102T9 -3/2 exp( -2 .959 /T9)  

+ 1.04 × 104T9 °'°23 exp(-4.922/7"9) 

NA <O'U)tt ---- NA <o-V>gs 
10 3/2 Rev. ra t io=4.015 × 10 T 9 exp( -100 .55 /Tg)  
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7Li(ee,n)J°B, Q = - 2 . 7 9 0  MeV, (5%) 

NA(o-U)gs = 1.66 x 107exp( 32.371/T9) x (1 + 1.064T9) 

NA (O'U>tt = NA (crU)gs 

Rev. ratio = 1.325 exp(32.371/Tg) 

7Be(p,'y)SB, Q = 0.137 MeV, (3%) 

NA (o-u)gs = 2.61 x 105T9 2/3 exp( -10 .264T  9-1/3) 

x ( l - 5 . 1 1  x 10-2T9 + 4 . 6 8  x 10-2T92 - 6.60 x 10-3T 3 

+ 3 . 1 2  x 10-4T94) + 2.05 x 103Tg-3 /2exp( -7 .345 /T9)  

NA (O'Uitt ---- NA <o'U>gs 

Rev. ratio = 1.306 × 1010T:/2 exp(--  1.594/T9) 

7Be(ee,'y) l~c, Q = 7.544 MeV, (17%) 

For T9 ~< 2 : NA(O-V)gs = 1.29 x 101°T92/3exp(-23.214T91/3 - (T9/0.8) 2) 

x (1 - 6.477"9 + 19.5 T92 - 19.3T93) 

+ 1.25 x 104T9 3/2 exp( -6 .498/T9)  

+1.44 x 105T9 3/2 e x p ( - 1 0 . 1 7 7 / % )  

+1.63 x 104T~9 178 exp( -15 .281/T9)  

For To > 2 :  NA(O'U)gs = 1.41 X 103T~9'636 exp( -3 .015/T9)  

NA (O'U)tt = NA (o'u)gs 

Rev. r a t i o :4 .016  × lOl°Tg~/Zexp(-87.541/To) 

9Be(p,'/) l°B, Q = 6.586 MeV, (7%) 

NA (o-u)g.~ = 1.36 x 107T9 2/3 exp(-10.361T9 -1/3 - (T9/1.5) 2) 

x (1 + 2.71T9 - 1.95T92 + 0.594T93) 

+ 4 . 8 0  X 103T9 3/2 e x p ( - 3 . 1 0 2 / T 9 )  

+2.75 x 106T9 3/2 exp(--  10.615/7"9) 

NA <cru)tt : NA (o'V)gs 

Rev. ratio = 9.734 × 109T93/2 exp( -76 .424 /T9)  
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9Be(p,n)9B, Q = - 1 . 8 5 1  MeV, (4%) 

NA(O'V)gs =5 .06  x 107 exp( -21 .474 /T9)  x (1 + 1 .26T9-  0.0302T92) 

NA (O'V)tt = NA (o'v) gs 

Rev. ra t io=9.989 × 10 -1 exp(21.474/Tg) 
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9Be(p,d)2a,  Q = 0.651 MeV, (8%) 

NA(O-V)gs =2.18 x lOllT92/3exp(-lO.361T9 U3- (T9/0.42) 2) 

x ( 1 - 0.427T9 + 34.055T 2) + 6.24 x 108T9 3/2 exp( -3 .446 /Tg)  

+3.53 x 108T9 °2°5 exp( -3 .889 /T9)  

NA (O'V)tt = NA (O'U)gs 

Rev. rat io= 8.071 x lO-llT93/2exp(-7.556/Tg) 

9Be(p,a)6Li ,  Q = 2.125 MeV, (9%) 

NA(O'V)gs = 2.11 x lOl~T9 2/3 exp(-10.361T91/3  - (T9/0.4) 2) 

x ( 1 - 0.189T9 + 35.2T92) + 5.24 × 108T93/2exp(-3.446/T9) 
+4.65 x 108T9 0"293 exp(-4.396/7"9) 

NA (O'U>tt = NA (OrU>gs 

Rev. ra t io=6.177 × 10 -1 exp( -24 .663 /T9)  

9Be(oe,n)12C, Q = 5.701 MeV, (10%) 

NA(O-V)gs =5.00  x 10BT9 2/3 exp(-23.872T91/3  - (T9/0.154) 2) 

× ( 1 + 27.3T9 + 1632T92) 

+0 .70T9 3/2 exp( - 1.832/T9) 

+ 1.77 x 105T9 3/2 exp( -4 .385 /T9)  

+4.12 x 107T~9 "65 exp( - 10.060/T9) 

NA (OrU>tt = NA <OrU>gs 

Rev. ratio = 10.28 exp( -66 .158 /T9)  

I°B(p,'y)llC, Q = 8.689 MeV, (13%) 

NA (oU)gs = 1.68 x 106T9 2/3 exp( -- 12.064T 91/3) 
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× ( (T~/3 - 0.0273)  2 + 4.69 x 10 -4)  -1 

× (1 + 0.977T9 + 1.87T92 - 0 .272T 3 + 1.30 × 10-2T~9) 

NA <O'b')tt ---- NA (O'V)gs 

Rev. ratio = 3.026 × lOl°T~/2 e x p ( -  100.83/T9) 

l°B(p,~e)7Be, Q = 1.145 MeV, (8%)  

For 7"9 ~< 0.8 : NA(O-U)gs = 2 . 5 6  × 101°T92/3exp(-12.064T91/3) 

x((T92/3 - 0.026) 2 + 4.70 × 10-4)  -1 

× (1 + 5.95T9 + 29.2T92 - 316T93 + 914T~9 

- 1085T95 + 465T 6) 

For 7"9 > 0.8 : NA(O-U)gs = 1.01 × lO'°T,~2/3exp(-lZ.O64T9 '/3) 

x (--1 + 15.8T9 - 2.60T92 + 0.125T?) 

NA <o'u>tt = NA <O'U>gs 

Rev. ratio=7.537 × 10 -l exp(-13.291/T9) 

llB(p,"y)12C, Q = 15.957 MeV, (5%)  

NA (oV)gs = 4.58 × 107T£ 2/3 exp( - -  12.097T 9 1/3 _ (T9/0.6)2)  

× ( 1 + 0.3537"9 + 0.842T92) + 6.82 × 103T9 -3/2 exp( - 1.738/T9) 

+ 2 . 8 0  x 104T~9 "104 e x p ( - 3 . 8 9 2 / T g )  

NA <ou>tt = NA <o"V>gs 

Rev. ratio = 7.004 × 101°T 3/2 exp( - 185.17/T9) 

laB(p,n)l lc ,  Q = - 2 . 7 6 5  MeV, (4%)  

NA(OU>gs = 1.36 × 108 e x p ( - 3 2 . 0 8 5 / T 9 )  

x (1 + 0.963T9 - 0 .285T 2 + 3.36 x 10-2T 3 - 1.37 x 10-3T~) 

NA (ov)tt -- NA <o'V)gs 

Rev. r a t i o = 9 . 9 8 8  × 10 -1 exp(32.085/T9)  

llB(p,a)2ce, Q = 8.682 MeV, (3%) 

For T9 ~< 2 :  NA(OV)gs =2 .68  × iO12T92/3exp(-12.097T91/3) 
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x ( l  + 1 .62T9-  1.31T92 + 0.260T93) 

+2.12 × ]06T9 -3/2 exp( -1 .724 /T9)  

NA (o'U)gs = 5.84 × 1011T92/3 exp( - 12.097T9 -1/3) 

× ( ( T ~ / 3  - 1.47) 2 + 0.187) -1 

× ( - 1  + 0.883T9 + 0.012T92) 
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NA(O'U)tt = NA(O'U)gs 

Rev. ratio = 3.501 × 10-1°T93/2 exp( -- 100.76/T9) 

12C(p,,y)13N, Q = 1.943 MeV, (6%) 

gA(O'U)g s = 2.00 × 107T9 2/3 exp( -13.692T91/3 - (T9/0.46) 2) 

× (1 + 9.89T9 - 59.8T 2 + 266T93) 

+ 1.00 × 105T9 3/2 exp( -4 .913/T9)  

+4.24 × 105T9 3/2 exp( -21 .62 /T9)  

NA <OvU>tt ---- NA <O'U>gs 

Rev. ratio = 8.847 × 109T 3/2 exp( -22 .553 /T9)  

12C(10f,y)160, Q = 7.162 MeV, (17%) 

Na(o'V)gs = NA(O'V)EI + NA(O'V)E2 + NA(O'V)res 

NA (O-V)E1 = 6.66 × 107T9 2 exp(-32.123T91/3  - (T9/4.6) 2) 

× ( 1 + 2.54T9 + 1.04T 2 - 0.226T93) 

+1.39 x 103T9 -3/2 exp( -28 .930 /T9)  

NA (O'U)E2 = 6.56 × 107T9 -2 exp(-32.123T9 - ' /3  - (T9/1.3) 2) 

×(1 + 9.23T9 - 13.7T 2 + 7.4T93) 

NA (o'U)res = 19.2T 2 exp ( -26 .9 /T9)  

NA (O'O)tt = NA (O'V)gs 

Rev. ratio = 5.132 x 10'°T93/2 exp( -83 .109 /T9)  

13C(p,"y) 14N, Q = 7.551 MeV, (20%) 

NA(O'V)gs = 9.57 × 107T9 2/3 (1 + 3.56T9) e x p ( -  13.720T91/3 - T~) 

+ 1.50 × 106T9 -3/2 exp( -5 .930 /T9)  
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+6.83 x 105T9 -°864 exp( -12 .057 /T9)  

NA(O'U)tt = NA/O'U)gs X (1 -- 2 . 070exp ( -37 .938 /T9) )  

Rev. ratio = 1.190 × 101°T~/2 exp ( -87 .619 /Tg)  

13C(p,n)13N, Q = - 3 . 0 0 3  MeV, (14%) 

NA(OU)gs = 1.18 × 108 exp( -34 .846 /T9)  

x ( 1 + 0.336T9 - 3.79 × 10-2T92 + 2.02 × 10-3T93) 

NA (o'u)tt = NA (ot})gs X ( 1 + 1.131 exp(- -  12.892/T9 + 0.019T9) ) 

Rev. ra t io=9.988 × 10 - l  exp(34.846/T9) 

13C(a,n)160, Q = 2.216 MeV, (9%) 

For T9 ~< 4.0 : NA(O-V)gs =3.78 x 1014T92exp(-32.333T9 I/3 - 

× (1 + 46.8T9 - 292T92 + 738T93) 

+2.30 x 107T~9 "45 exp( - 13.03/T9) 

For T9 > 4 .0 :  NA(O-V)gs =7.59 x 106Tl°78exp(-12.056/T9) 

NA (O'U)tt = NA (O'U)gs X ( 1 + 73.318 exp( --58.176/T9 - 0.198T9) ) 

Rev. ratio = 5.793 exp( -25 .710 /T9)  

13N(p,'y) 140, Q = 4.628 MeV, (7%) 

NA (o'U>gs = 4.02 x 107T9 -2/3 exp( - 15.205T9 -1/3 - (T9/0.54) 2) 

×(1 + 3.81T9 + 18.6T92 + 32.3T93) 

+3.25 × 105T9135 exp(-5.926/7"9) 

NA (o'u)tt = NA <ou)gs 

Rev. ra t io= 3.571 × lOl°T3/2exp(-53.705/T9)  

14N(p,'y)lSO, Q = 7.297 MeV, (10%) 

NA(O-V)gs = 4.83 x 107T9 2/3 e x p ( -  15.231T9 V3 

× (1 - 2.00T9 + 3.41T92 - 2.43T93) 

+2.36 x 103T93/2exp(-3.010/T9)  

+6.72 x 103T~9 "380 exp ( -9 .530 /T9)  

NA (a'u>tt = NA <O"U>gs 

Rev. ratio = 2.699 x 101°T93/2 exp( -84 .677 /T9)  

- ( v 9 / 0 . 8 )  2) 

(T9/0.71) 2 ) 
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J4N(p,n)140,  Q = -5.925 MeV, (2%) 

NA(o-V)gs = 6.40 × 105 exp(-68.761/T9) × ( - 1  + 8.74T9 -0.431T~) 

NA (O'O)tt = NA (O'tJ)gs × ( 1 + 1.206 exp(0.007/T9 + 0.046T9) ) 

Rev. ratio = 2.996 exp(68.761 IT9) 

14N(p,a)llC, Q = -2.923 MeV, (19%) 

NA(o-c')gs =3.01 × 10t6exp(-31.884T91/3- 33.920/T9) 

× exp(-1.379T9 + 0.215T92 - 2.13 × 10-2T93 + 8.00 × 10-4T 4) 

NA (o'v)tt = NA (o'O)gs × ( 1 + 0 .140  exp( -0.275/T9 - 0 .210T9)  ) 

Rev. ratio = 2.719 × 10 -J exp(33.920/Tg) 

14N(ff, 'y)ISF, Q = 4.415 MeV, (5%) 

For T9 ~< 2: NA(O'V)g~ =7.93 x l O ~ l T 9 2 / 3 e x p ( - 3 6 . 0 3 5 T 9 1 / 3  - (T9/0.07) 2) 

+1.85 x 10-1°T9 -3/2 exp(-2.750/T9) 

+2.62T9 -3/2 exp( -5.045/T9) 

+2.93 × 103T~9 344exp(-10.561/T9) 

For T9 > 2 : NA(Or/J)gs = 1.52 × 102T/567 exp(-6.315/Tg) 

NA (o'v)tt = NA(oT)gs × ( l - 0.340exp( -26.885/T9 - 0.012T9) ) 

Rev. ratio = 5.420 × 101°T 3/2 exp ( -51.231/T9) 

14N(~e,n)17F, Q = -4.735 MeV, (8%) 

NA(O'V)gs = 1.38 x 108T~9 "°53 exp(-55.0/T9) 

NA(OU)tt = NA(O'V}gs × ( 1 + 0.039exp(-0.012/T9 + 0.217T9)) 

Rev. ratio = 1.478 exp(54.943/T9) 

15N(p,'y)160, Q = 12.127 MeV, (15%) 

For  T 9 ~. 3.5 : NA(O-U)g s = 1.08 × 109T9 2/3 e x p ( - 1 5 . 2 5 4 T 9 1 / 3  

-(T9/0.34) 2) x (1 + 6.15T9 + 16.4T92) 

+9.23 x 103T9 3/2 exp(-3.597/T9) 

+3.27 x 106T9 3/2 exp(--11.024/T9) 

For T9 > 3.5 : NA<O'V}g s = 3.54 x 104T~9 "095 exp(--2.306/T9) 
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NA (ov)tt = NA (o-U)gs 

Rev. ratio = 3.622 × 101°T 3/2 e x p ( -  140.73/T9) 

tSN(p,n)lSO, Q = - 3 . 5 3 6  MeV, (4%) 

NA(O-U)gs = 1.16 x 108exp(--41.037/T9) 

x ( 1 + 0.2197"9 - 0.0297"o2 + 1.73 x 10-3T 3) 

NA (o-t;)tt = NA (o-t,)g~ x ( 1 + 0.387 exp( --26.171/T9 + 0.118T9) ) 

Rev. ratio = 9.988 x 10 - j  exp(41.037/T9) 

15N(p,ot)lec, Q = 4.966 MeV, (13%) 

For 7"9 <~ 2.5 : NA(OU)gs = 1.12 x lO12T~)-2/3exp(-15.253T9 j/3 

-(7"o/0.28) 2) × (1 + 4.95T9 + 143T92) 

+1.01 × 108T93/2exp( -3 .643 /T9)  

+1.19 x 109T,~3/eexp(-7.406/T9)  

For T0 > 2.5 : NA(o'V)gs =4.17 × 1077ffg9J7 exp ( -3 .292 /T9)  

NA (O'U)t t = N A (o"u)g s 

Rev. rat io= 7.060 × 10 - I  exp( -57 .622 /T9)  

15N(~,'y)19F, Q =4 .014  MeV, (13%) 

Na(o@gs = 1.10 X l O J I T 9 U 3 e x p ( - 3 6 . 2 1 4 T 9  I/3 - (T9/0.6) 2) 

+1.65 x 10-4T9 -3/2 exp ( -4 .224 /Tg)  

+2.66T9 -3/2 exp(-6.220/7"9) + 1.56 x 102T9 3/2 exp(-7.764/7"9) 

+3.92 x 104T9 0"333 e x p ( -  14.522/T9) 

NA (O't;)tt ---- NA (OrU)gs 
Rev. ratio = 5.542 × 101°T,~/e exp ( -46 .577 /T9)  

160(p,"y)17F, Q = 0.600 MeV, (10%) 

NA(O-V)gs = 7.37 x 107 exp( - -  16.696T9 V3) x T9 -°82 

NA(O'V)tt = NA(O-V)g~ X (1 + 202 exp( -70 .348 /T9  - 0.161T9)) 

Rev. ratio = 3.037 x 109T93/2 exp ( -6 .966 /Tg)  
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160(a~,y)2°Ne, Q = 4.730 MeV, (3%) 

NA(o'u)g~ = 2.68 × 101°T9 2/3 exp(-39 .760T9 -1/3 - (T9/1.6) 2) 

+51.1 T 9  3/2 exp( - 10,32/7"9) + 616.1 T9 -3/2 exp( - 12,200/7"9) 

+0.41T92966 exp( - 11.900/T9) 

NA (o-u)tt = NA (OW)gs 

Rev. ratio = 5.653 × 101°T 3/2 exp( -54 .886 /T9)  
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J70(p,'y)18F, Q = 5.606 MeV, (10%) 

For T9 ~< 3 : NA(O'V)s.~ = 1.50 × 1 0 8 T 9 2 / 3 e x p ( - 1 6 . 7 1 0 T 9  I/3 - 

+9.79 × 10-6T9 3/2 exp(-0.7659/7"9) 

+4 .15T9  3/2 exp ( -2 .083 /T9)  

+7.74 × 104T 1"16 exp ( -6 .342 /Tg)  

For T9 > 3 : NA(O'V)gs = 1.74 × 103T~9V°°exp(-l.072/Tg) 

NA(O'V)tt = NA(O'V)gs X ( 1 -- 0.287 exp(--10.011/T9 -- 0.062T9) ) 

Rev. ratio = 3.663 x 10J°T93/2 exp(-65.060/7"9) 

(T9/0.2) 2) 

170(p,~e)14N, Q = 1.192 MeV, (11%) 

For T9 ~< 6 : NA(OU)gs =9 .20  ) 1 0 8 T 9 2 / 3 e x p ( - 1 6 . 7 1 5 T 9  V3 - 

× ( 1 - 80.31 T9 + 2211T92) 

+9.13 × 10-aT9 -3/2 e x p ( - 0 . 7 6 6 7  IT9) 

+9.68T9 -3/2 e x p ( - 2 . 0 8 3 / T g )  

+8.13 × 106T9 -3/2 e x p ( - 5 . 6 8 5 / T g )  

+1.85 × 106T 1"591 e x p ( - 4 . 8 4 8  IT9) 

For T9 ) 6 : NA(O'V)gs = 8.73 x 106T~995° exp ( -7 .508 /T9)  

(7"9/0.06) 2 ) 

NA (o'u)tt = NA (o'V)gs x ( 1 + 1.033 exp( -- 10.034/T9 - 0.165T9) ) 

Rev. ratio = 6.759 × 10 -1 exp ( -13 .829 /Tg)  
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170(¢e,n)Z°Ne, Q = 0.586 MeV, (6%) 

NA (o-O)gs =4.38 × 1017T9 -2/3 exp(-39 .918T9 -V3 - (Tg/1.1)2) 

+ 1.73 × 103T9 3/2 e x p ( - 8 . 5 5 / T 9 )  + 7.50 × 105T~ 83 exp( - 13.8/T9) 

NA (O-U)tt = NA (O'V)gs 

Rev. ratio = 18.59 exp ( -6 .806 /Tg)  

180(p,,y)~gF, Q = 7.994 MeV, (15%) 

For T9 ~< 2 • NA(O'V)g s = 

For T9 > 2 :  NA(OU)gs = 

4.59 × 108T9 -2/3 e x p ( -  16.732T9 -V3 - (T9/0.15) 2) 

× (1 - 9.02T9 + 506T 2 - 2400T93) 

+9.91 × lO-17T93/2exp(-O.232/T9)  

+3.30  × I0-3T9 -3/2 e x p ( -  1.033/Tg) 

+1.61 × 102Tg-3/2exp(-1.665/T9) 

+ 1.25 × 104T~9 "458 e x p ( - 5 . 2 9 7 / T g )  

1.38 × 104T~9S29exp(-5.919/Tg) 

NA (o'u)tt = NA(O'ta)g s × ( I -- 0.475 exp( --15.513/T9 - 0.102T9)) 

Rev. ratio = 9.201 × 109T 3/2 exp( -92 .769 /T9)  

zSO(p,a~)lSN, Q = 3.981 MeV, (10%) 

NA(OU)gs =5.58 × lOlXT92/3exp(-16 .732T9 I / 3 -  (7"9/0.51) 2) 

× ( 1 + 3.2T9 + 21 .ST 2) + 9.91 × 10-14T9 -3/2 exp( - 0 . 2 3 2 / T 9 )  

+2.58 × 104T9 -3/2 e x p ( -  1.665/Tg) 

+3.24 × 108T9 -0"378 exp ( -6 .395 /Tg)  

NA(O'U)tt = NA(O'U)gs × (1 -- 1.968 exp(--Z5.673/T9 -- 0.083T9)) 

Rev. ratio = 1.660 × 10 - l  exp( -46 .192 /T9)  

180(~, 'y)22Ne, Q = 9.667 MeV, (19%) 

For T9 <~ 6 :  NA(O'O)gs = 1.95 × 10-13T9 -3/2 exp ( -2 .069 /T9)  

+ 1.56 x 10-ZT9 -3/z exp ( -4 .462 /Tg)  

+ l O. I T(- 3/e exp( -6 .391/T9 ) 
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+44.1T9 3/2 exp( -7 .389 /T9)  

+3.44 x 105T9 --°5 exp( -22 .103 /T9)  

NA(O'V)gs = 3.31 X 105T9 °221 exp( -24 .990 /T9)  

NA (ov)tt = NA(O'V)gs X ( 1 -- 1.411 exp( -20 .533/T9 - 0.038T9) ) 

Rev. ratio = 5.847 × 101°T 3/2 exp( -112 .18 /T9)  

180(te,n)21Ne, Q = -0 .697  MeV, (12%) 

XA(O'V)g~ =49.1 exp( -8 .085 /Tg)  x ( - 1  + 18.7T9 - 85.6T~ + 146.8T 3) 

+6.94 x t05T 2"24 e x p ( -  15.444/T9) 

NA (o-u)t t = NA(O'U)gs × ( 1 + 0.427 exp( -22.836/T9 - 0.009T9) ) 

Rev. ra t io=7.845 x 10 -I  exp(8.085/T9) 

JgF(p,'y)2°Ne, Q = 12.843 MeV, ( l l % )  

For T9 ~< 1.5 : NA(O'V)gs =6.37 x lOVT92 /3exp ( -18 .116T91 /3 )  

x (1 + 0.775T9 + 36.1T 2) 

+8.27 x 102T9 -3/2 exp( -3 .752 /Tg)  

+1.28 x 106T9 -3"667 exp( -9 .120 /T9)  

For T9 > 1.5: Ua(oW)gs =3.66 X 103T~9947exp(-Z.Z45/T9) 

NA (OV)tt = NA (oy)gs X ( 1 -- 0.990 exp( -- 1.207/T9 - 0.0886T9) ) 

Rev. ratio = 3.696 x 101°T93/2 e x p ( -  149.04/T9) 

19F(p,n)19Ne, Q = -4 .021  MeV, (7%) 

NA(O'Y)gs = 4.42 x 107 exp(--46.659/T9) 

x ( 1  + 1 .19T9-  0.150T2 + 6.68 x 10-3T¢) 

NA (o'v)tt = NA (o'V)gs x ( 1.536 + 2.848 x exp( --0.0331/T9 - 0.943T9) ) 

Rev. ra t io=9.988 x 10 -1 exp(46.659/T9) 

19F(p,~)160, Q = 8.114 MeV, (18%) 

NA(O-U)gs = 2.62 x 1011T9 2/3 exp( -18.116T91/3 - (T9/0.185) 2) 

x (1 + 6.26 x 10-2T9 + 0.285T~ + 4.94 × 10-3T93 + l l.5T~ 

+7.40 × 104T95) + 3.80 × 106T9 -3/2 exp( -3 .752 /T9)  
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+3 .27  × 107T9 -0"193 e x p ( - 6 . 5 8 7 / T g )  

+ 7 . 3 0  x 108T9 -°2°1 e x p ( - 1 6 . 2 4 9 / T g )  

NA (O 'U) t t  ----- NA (O'U)gs × ( 1 + 0.755 exp( -- 1.755/T9 -- 0.1747"9) ) 

Rev. r a t i o = 6 . 5 3 8  x 10 -1 e x p ( - 9 4 . 1 5 4 / T g )  

2°Ne(p,'y)2JNa, Q = 2.431 MeV, (12%) 

NA{O-t,)gs = 2.35 x 107Tg-184exp( - 19.4517"9 I/3) 

× (1  + 10.80T9) + 1 8 . 0 T f 3 / Z e x p ( - 4 . 2 4 7 / T g )  

+ 9 . 8 3 T 9 3 / 2 e x p ( - 4 . 6 1 9 / T 9 )  + 6.76 x 104T9 -0"641 e x p ( - 1 1 . 9 2 2 / T 9 )  

NA (O-L~)tt = NA(OU)gs × (] -- 7 . 9 2 9 e x p ( - 2 0 . 1 0 8 / T 9  - 0.327T9)) 

Rev. ratio = 4.637 x 109T 3/2 e x p ( - 2 8 . 2 1 4 / T 9 )  

2°Ne(p,a01VF, Q = - 4 . 1 3 0  MeV, (6%)  

NA (o-c,)gs = 3.75 × 1018T9 -2/3 exp( -43 .1807"9  I/3 - 47.920/T9) 

× e x p ( - l . 4 0  x 10-3T 4 + 3.44 × 10-2T93 - 0 .278T ff + 0.354T9) 

NA(o-v)tt = Na(oV)gs X (5.341 -- 0.5497"9 + 0 .363T 2 

-0 .0603T~  + 2.90 × 10-3T 4) 

Rev. r a t i o = 5 . 3 7 2  x 10 2exp(47 .920/Tg)  

2°Ne(ol, ~/)24Mg, Q = 9.316 MeV, (12%)  

For 7"9 ~< 1 : NA(O'V}gs = 8.72T9 -°532 e x p ( - 8 . 9 9 5 / T 9 )  

For 7"9 > 1 : NA(O'V)gs = 3 . 7 4  × 102T2229exp( -12 .681 /Tg)  

NA (o'-u)tt = NA (o-V)gs × ( I -- 7.787 exp( -- 19.821/7"9 -- 0.114T9) ) 

Rev. ratio = 6,010 × 10mT~/2 exp( - 108. l I /Tg) 

21Ne(p,'y)22Na, Q = 6.739 MeV, (5%)  

For T9 ~< 2 : NA(O'@gs = 4 . 6 8  × 1 0 8 T 9 2 / 3 e x p ( - 1 9 . 4 6 5 T 9  I/3 - 

+8 .18  × l O - 4 T 9 3 / 2 e x p ( - 1 . O 8 5 / T 9 )  

+6.11T9 -3/2 exp( - 1.399/7"9) 

+ 1.34 × 104T9 -3/2 exp(-3 .009/7"9)  

+ 1 . 2 6  × 105T9 -0"128 e x p ( - 4 . 9 6 2 / T 9 )  

For 7"9 > 2 : NA(O"@gs = 3.04 × 104T~942°exp(-2.650/Tg) 

(T9/0.2)  2) 
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NA(O't))t t = NA(O'U)gs X (1 -- 0.708 e x p ( - 3 . 8 5 1 / T 9  - 0.156T9)) 

Rev. ratio = 1.064 x 101°T93/2 e x p ( - 7 8 . 2 0 5 / T g )  

21Ne(ee,n)24Mg, Q = 2.555 MeV, (7%) 

For T9 ~< 2.5 : NA(O'U)gs = 1.00 x lO~9T92/3exp(-46.880T91/3 - (T9/1.5)  2) 

x ( 1 - 0.15T9) + 7.00 x 105T9 -3/2 exp( - 16.9/T9) 

+3 .7  x 106T T M  e x p ( - 2 0 . 2 0 / T g )  

For T9 > 2.5 : NA(OU)gs = 7 . 5 0  X 106T 1"511 e x p ( - 2 1 . 7 6 4 / T g )  

NA (OU)tt = NA (O'V)gs 

Rev. ratio = 12.94 exp( - 2 9 . 6 5 1  IT9) 
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22Ne(p,'y)23Na, Q = 8.794 MeV, (12%)  

For T9 ~< 2 : NA(O-V)gs = 1.11 × lO-gT93/eexp(-O.422/Tg) 

+6 .83  × 10-5T9  3/2 e x p ( - 0 . 8 1 0 / T 9 )  

+ 9 . 7 6  x lO-3T(3/Zexp(- l .187/T9) 

+ 1 . 0 6  × lO-IT93/2exp(- l .775/T9)  

+8.51 x 104T~9 "725 e x p ( - 4 . 3 1 5 / T g )  

For T9 > 2 : NA(OV)gs = 6 . 3 0  x 1047ff9S16exp(-3.910/T9) 

NA(O'V)tt = NA(O'V)gs X ( 1 -- 1 . 4 1 0 e x p ( - - 1 4 . 6 5 1 / %  -- 0.020T9)) 

Rev. ratio = 4.668 x 109T 3/2 exp( - 102.05/T9) 

22Ne(a,T)Z6Mg, Q = 10.615 MeV, (22%) 

For T9 ~< 1.25 : NA(O'V)gs = 3 . 5 5  x lO-gT93/Zexp(-3.927/T9) 

+7 .07  × 10-JT9 -1°64 e x p ( - 7 . 7 5 9 / T 9 )  

+1 .27  x 10 -3T9  2"556 e x p ( - 6 . 5 5 5 / T 9 )  

For T9 > 1.25 : NA(O-V)gs = 1.76T~322exp(-12.412/Tg) 

NA (o-v)tt = NA(o-V)gs X ( 1 -- 0.005 e x p ( - 5 . 1 0 9 / T 9  + 0.373T9) ) 

Rev. ratio = 6.150 x 101°T93/2 e x p ( - 1 2 3 . 1 8 / T 9 )  
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22Ne(a,n)25Mg, Q = - 0 . 4 7 8  MeV, (4%)  

For 7"9 ~< 2 :  NA(O't')g~ = 7 . 4 0 e x p ( - 7 . 7 9 / T g )  + 1.30 x 10-4T~9 "83 e x p ( - 5 . 5 2 / T g )  

+9.41 x 103Tg78exp( 11.7/T9) 

+8 .59  × 106T~9 892 e x p ( - 2 4 . 4 / T g )  

For 7"9 > 2 : NA(oW)gs = 1.51 x 105T29"S79exp(-16.717/T9) 

NA(O'U)tt = NA(6rO)gs X (1 + 2 .674exp(  15.025/T9 - 0.321T9)) 

Rev. ratio = 5 . 4 4 0  x 10 - I  exp(5 .547/T9)  

22Na(p,'y)23Mg, Q = 7.579 MeV, (11%)  

For T9 ~< I : NA(O'U)gs = 1.12 X lO-J°T93/2exp(-O.483/T9) 

+4.51 x lO-7T93/2exp(-O.715/Tg) 

+ 2 . 8 0  x 102T93/2 e x p ( - 2 . 3 6 9 / T 9 )  

+4 .15  x 1037ff9 152 e x p ( - 2 . 7 7 5 / T 9 )  

For 7"9 > 1 : NA(O'U)gs =7 .55  x 103T~9Ta4exp(-3.299/T9) 

NA (O"U>tt = NA (O'U)gs × ( 1 -- 0.769 exp( --7.854/T9 + 0.016T9) ) 

Rev. ratio = 3.268 x 101°T~/2 exp( -87 .955/7"9)  

23Na(p,,y)24Mg, Q = 11.693 MeV, (7%)  

For T9 ~< 5 : NA(O'U)g~ = 9.55 x 107T92/3exp(-20.770T9 I/3 - (T9/0.3) 2) 

x (1 - 10.80T9 + 61.08T 2) 

+ 8 . 2 0  x 10-2T9 3/2 exp( - 1.601/T9) 

+ 85.2T9 3/2 exp(-2 .808/7"9)  

+ 1 . 7 0  x lOaT~3/2exp(-3.458/Tg) 

+5 .94  x 1 0 4 e x p ( - 5 . 7 3 4 / T 9 )  

For T9 > 5 : NA(CrV)gs = 5 . 6 0  x 103T~'l12exp(-2.337/Tg) 

NA(OrU)tt = NA(O'U)gs × ( 1 -- 0 .560exp(  --5.119/T9 - 0.050T9) ) 

Rev. ratio = 7.490 × 10l°T 3/2 exp( - 135.69/T9) 
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23Na(p,n)23Mg, Q = - 4 . 8 3 9  MeV, (3%) 

NA (o'v)gs = 2.26 x 108 exp(--56.156/T9) z ( 1 + 0.071T9 - 2.26 x 10-3T92) 

NA(OU)tt = NA(OV)gs × ( 1 + 1.651 exp( -0 .014/T9  - 0.054T9)) 

Rev. ratio = 9.988 x 10 -z exp(56.156/Tg) 
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23Na(p,~e)2°Ne, Q = 2.377 MeV, (12%) 

For 7"9 ~< 5 : NA(~rv)g~ = 8.39 x 109T9 2/3 exp( -20 .770T91/3  - (T9/0.1) 2) 

x ( 1 + 45.2T9) + 3.09 x 10-13T9 -3/2 exp ( -0 .420 /Tg )  

+8.12 x 10-3T9 3/2 exp( - 1.601/T9) 

+4.37T9 -3/2 exp( - 1.934/T9) 

-}-7.50 × 103T9 -1"48 exp ( -3 .150 /T9)  

-}-1.05 x 106T d'456 exp ( -4 .482 /T9)  

For T9 > 5 : NA(O'V}gs =3 .96  x 106T 1"291 exp ( -9 .277 /T9)  

Rev. ratio = 1.246 exp( -27 .578 /T9)  

23Na(ot,n)26AIg, Q = - 2 . 9 6 6  MeV (6%) 

NA (o't;)ggs = 2.74 x 106T9 -2/3 exp( -34 .440 /T9)  

x (1  + 2.867"9 + 0.38T92 - 3.00 x 10-2T93) 

+ 1.45 x 10107"9 1"36 exp ( -74 .00 /T9)  

NA (o'v)~ = NA (o'v)g s x ( 1 + 1.14 exp( -0 .0097/T9 - 0.246T9)) 

Rev. ratio = 1.196 exp( 34.414/T9) 

23Na(ot,n)26Alm, Q = - 3 . 1 9 4  MeV (5%) 

NA(O-U}g m = 5.55 x 102T9 -2/3 exp( -37 .090 /T9)  

x ( l  q-1.80 x 103T9+5.40 x 102T~-  1.50 x 102T 3) 

-4-1.38 x 106T915 exp ( -48 .00 /T9 )  
_ , m NA(O-U}~ t - NAIO'V)g~ X ( 1 + 1 .14exp( -0 .0097/T9  - 0.246T9)) 

Rev. ratio = 13.16 exp(37.062/T9) 
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23Na(a,n)26Alt, (6%) 

gA(Ot,)tgs = 1.30 × |04T£ 2/3 exp( -34 .440 /T9)  (1 - 20.0T92 + 7.80T~) 

+ 1.17 × 107T~9 "35 exp( -34 .350 /T9)  

NA (o-t,,)ttt = Na(o-v)tg~ × (1 + 1.14 exp( -0 .0097 /T9  - 0.246T9)) 

24Mg(p,'y)25Al, Q = 2.271 MeV, (12%) 

For 7"9 ~< 7 : NA(O'C')gs =5.97 × lOST92/3exp(-22.023T9 ~/3 - (T9/0.1) 2) 

+1.59 x 103T9 -3/2 exp ( -2 .483 /T9)  

+3.33 × 103T~9 122 exp(-3.981/7"9) 

For 7"9 > 7 :  NA(O-V)gs =3.81 × lOIT2l13exp(O.860/T9) 

NA (o-t+)[t = NA (o~')g s 

Rev. ratio = 3.129 × 109T 3/2 exp( -26 .357 /T9)  

24Mg(p,a)21Na, Q = -6 .885  MeV, (5%) 

NA(OV)gs = 3.72 × lO16T92/3exp(-44.480T9 1/3-  79.897/T9) × 

× e x p ( l . S S T g -  0.516T 9 + 5.17 × 10-2T 3 - 1.86 × 10-3T 4) 

NA(O'L')tt = Nz(O-V)gs × ( 4 . 5 5 5  + 2 .790/ '9  -- 0.127T92) 
Rev. ratio = 7.716 × 10 -2 exp(79.897/Tg) 

25Mg(p,'y)26Alg, Q = 6.306 MeV, (16%) 

For T9 ~< 2 :  NA(O-t.,)g~ =3.07 x lO-16T93/2exp(-O.435/Tg) 

+3.70 × 10-8T9 3/2 exp ( -0 .673 /Tg)  

+ 1.60 x 10-5T9 3/2 exp( - 1.074/7"9) 

+1.27 x 104T~9 '647 exp ( -3 .055 /T9)  

For T9 > 2 : NA(OU)gs =8.75 x 103Tgexp(-2.997/T9) 

NA (O-t,)~ = NA (crt~)gs x (1 -- 0.352 exp(--7.221/7"9 + 0.068T9) ) 

Rev. ratio = 1.026 x 10JlT~/2 exp(--73.183/7"9) 
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25Mg(p,y)26AIm, Q = 6.078 MeV, (28%) 

For T9 <~ 2 :  NA(O'V)gs = 8.15 x lO-IVT93/2exp(-O.435/T9) 

+8.68 × 10-9T9 3/2 exp ( -0 .673 /Tg )  

+2.82 x 10-6T9 -3/2 e x p ( -  1.074/7"9) 

+3.48 x 103T 1"362 exp ( -2 .906 /T9)  

For T9 > 2 :  UA(O'V)~s =3.91 x 103T~262exp(-3.229/T9) 

NA(O-t~)u = NA(o'v)~ X (1 -- 0 .352exp( -7 .221 /T9  + 0.068T9)) 

Rev. ratio = 1.129 x 10liT93/z exp ( -70 .535 /Tg)  
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25Mg(p,"y)26Alt, (16%) 

NA(O'V}g s = NA(Ovv}g s + NA(CrU}; 

NA(o'v)ttt = NA(O'V)g s X (1 -- 0.352 exp( -7 .221 /T9  + 0.068T9)) 

25Mg(te,n)28Si, Q = 2.654 MeV, (9%) 

For T9 ~< 2 : NA(o-V)gs = 3.84 x lOJ9T92/3exp(-53.415T91/3) 

x ( l  + 6 . 9 9 3  x 10-JT9 - 4 . 5 3 8  x 10-1T~ 

+8.853 x 10-2T93 - 7 . 3 8 7  x 10-3T~ 

+2.276 x 10-4T95) 

For 7"9 > 2 :  NA(O'V)gs =5.37 x 104T 2"852 exp( -21 .052 /T9)  

NA (O'O)t t = NA(O-U)gs × ( l -- 0.397 exp(--12.153/7"9 -- 0.093T9) ) 

Rev. ratio = 20.01 exp ( -30 .794 /Tg)  

26Mg(p,3,)e7Al, Q = 8.271 MeV, (21%) 

For 7"9 ~< 3.5 : Na(o-V)gs = 8.54 x lO-12T93/2exp(-O.605/Tg) 

+1.93 × 10-6T9 -3/2 exp( - 1.044/T9) 

+9.67 × 10-3T9 -3/z e x p ( -  1.726/T9) 

+9 .50  × 104T9 -3/2 exp ( -3 .781 /T9)  

+ 10.2T 91.565 exp( -2.521/7"9) 

+7.07 x 104T~9 "215 e x p ( - 3 . 9 4 7 / T g )  

For 7"9 > 3.5 : NA(O'V)g s =3.95 x 104T~°68exp(-4.990/Tg) 
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NA(O'U)tt = NA(OW)g~ X (1 -- 1.259 exp(-20 .076/T9 + 0.0697"9)) 

Rev. ratio = 3.144 x 109T3/2exp(-95.983/Tg) 

26Mg(o~,n)29Si, Q = 0.034 MeV, (7%) 

For T0 ~< 2 : NA(O-V)gs =8.09 x 1019T92/3exp(-53.505T~ -I/3 - (T9/7.3) 2) 

×(1 - 0 . 1 7 T 9 + 8 . 9  x 10-3T92) 

+2.80 × 104Tc) -043 exp( - 18.73/T9) 

For To > 2 :  NA(o'u)gs =4 .92  x 104T3llVexp(-20.864/Tg) 

NA (o'u)tt : NA (o-U)gs 

Rev. ratio : 1.678 exp( -0 .396/T9)  

26Alg(p,'y)278i, Q = 7.463 MeV, (10%) 

For T9 ~< 0 .9 :  NA(O'V)gs = 3.54 x lO-gT93/Zexp(-O.V89/Tg) 

+8.54 x lO-TT93/Zexp(- l .O79/T9)  

+ 10.3T9 -3/2 exp( -2 .182/T9)  

+6.12 x 102T9 -3/2 exp( -3 .203/Tg)  

+1.05 × 104T9 -3/2 exp( -4 .213/T9)  

For 7"9 > 0.9 : NA(O-O)gs = 1.63 x 104T~9 348 exp( -4 .285 /Tg)  

NA (O'U)tt = NA (o'U)gs × ( I + 2.17 exp( -4 .616/T9 - 0.076T9) ) 

Rev. ratio = 3.459 x 101°T~/2 exp(-86.608/7"9) 

26AlmS(p,'y)27Si, Q = 7.691 MeV, (10%) 

For To <~ 0.4 : NA(O'V)ms -- NA(O'O)gs × (l + 7.80exp(--0.854/T9 -- 0.019T9)) 

NA(O'U)tt = NA (O'V)gs X (1 + 2.17 exp(--4.616/T9 -- 0.076T9)) 

Rev. ratio = 3.459 × 101°T 3/2 exp(-89 .254/T9)  

27Al(p,'y)28Si, Q = 11.585 MeV, (10%) 

For T9 ~< 6 : gA(o'O)gs =2.51 x lO-I1T93/2exp(-O.839/Tg) 

+48.2T9 -°'2 exp( - 2.223/T9) 

+1.76 x 103T 1"12 exp( -3 .196/T9)  
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+3.25 X 104T~9 '251 exp(-5.805/7"9)  

NA(O-V)gs = 1.62 x 105T~9 "549 e x p ( -  17.222/T9) 

NA (OV)tt = NA (o'V)gs × ( l -- 0.669 exp( -- 10.426/T9 + 0.008T9) ) 

l 11 3/2 Rev. ra t io= 1.134 × 0 T 9 exp( -134 .440 /Tg)  

27Al(p,a)24Mg, Q = 1.601 MeV, ( I 1%) 

For T9 ~< 6 : NA(O'V)gs =4 .76  x l O l ° T g Z / 3 e x p ( - 2 3 . 2 6 5 T 9  '/3 - (T9/0.15) 2) 

× ( 1 - 22.3T9 + 126.7T92) 

+9.65 x 10-lIT9 -3/2 e x p ( - 0 . 8 3 4 / % )  

+2.09 x 10-3T9 -3/2 exp ( -2 .269 /Tg )  

+1.17 x 10-2T9 -3/z exp ( -3 .273 /Tg)  

+2.84 x 1 0 4 e x p ( - 5 . 6 2 3 / T 9 ) / T 9  

+1.38 × 106T9 exp ( -10 .01 /Tg)  

For T9 > 6 : NA(O-U)g s =6 .02  x 105Tl '862exp( -14 .352/Tg)  

N A (o'o)tt = NA (o'v) gs x ( 1 + 3.471 exp( -- 11.091/7"9 -- 0.129T9) ) 

Rev. ratio = 1.809 exp( - 18.574/T9) 

27Al(a~,n)3°P, Q = - 2 . 6 4 3  MeV, (3%) 

NA (oU)gs = 8.15 × 104 exp( - -30 .667 /%)  

x (1 -- 1.351T9 + 1.086T92 + 0.354T 3 + 0.014T~9 - 2.13 x 10-3T95) 

NA(O'V)tt = NA(O'V)gs × ( 1 + 0.227 exp( -3 .588 /T9  + 0.0172T9)) 

Rev. ratio = 6.751 exp(30.677/Tg) 

28Si(p,'y)29p, Q = 2.748 MeV, (1%) 

For T9 ~< 3 : NA(O-V)gs =8.71 x 108T92 /3exp ( -24 .453T91 /3  - (T9/1.1) 2) 

x ( 1 + 0.3017~ + 0.069T~) 

+3.37 x 102T9 -3/2 exp ( -4 .155 /Tg )  

+1.14 x 103T 1"654 exp( -11 .055 /T9)  

For T9 > 3 : NA(CrU)gs = 32.4T~ °52 exp ( -1 .525 /Tg )  

NA(O'U)tt = NA(O'O)gs × ( 1 -- 23.813 exp( -22 .872/T9  - 0.353T9) ) 

Rev. ratio = 9.468 x 109T 3/2 e x p ( - 3 1 . 8 8 9 / % )  
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Table 4. Analytical approximations of the partition functions 

G(T~)) - I + a,7~; '2 exp(a3/T, )  + a4T~ + asT,~/3 ) 
G(Tg) = I for H and He isotopes,  as well  as for  SB and ')B 

Isotope a I H2 a 3 (/4 ~/~ 

6Li 3.47 x 10 o 

7Li 5 .20  × 10 - t  

7Be 5.16 x 10 -~ 

SBe 4 .52  × 10 ° 

')Be 1 7 3  x 10 - 2  

mB 5.04 x 10-1  

f iB  2.16 × 10 ° 

l IC 2.89 × I0 I} 

12C 4.55 × 10 () 

~3C 4 .44  × 10 - I  

i3N 4.68 × 10 - 2  

14N 1.23 × 10 ° 

I~N 1.61 × I0 ° 

HO 3.16 × 10 - I  

150 2.95 × 10 ° 

I;'O 2.38 x 10 ° 

i 7 0  6.47 × l0  - I  

t~O 8.11 × 10 ° 

17F 4 .16  × 10 - I  

ISF 4 .36  X I0 I} 

19F 9.05 × 10 ° 

]9Ne 3.73 × 10 ° 

-ONe 1.02 × 10 ] 

2]Ne 2.98 × 10 ° 

22Ne 1.00 X I0 I 

21Na 1.58 × 10 ° 

22Na 3.24 × l 0  -1  

23Na 1.80 x 10 ° 

23Mg 4 .30  x 10 ° 

2aMg 8.23 × 10 ° 

25Mg 1.51 × I() - I  

26Mg 1.15 × 10 I 

25A1 5.26 × 10 - 2  

26AI 2.26 x I0 ° 

27A1 9.52 × 10 - I  

27Si 9 .24 × l0  - I  

2SSi 9.87 x 10 ° 

29Si 1.31 × 10 I} 

3°S i  1 . 8 7  x 10 ] 

29p 1.46 × 10 ° 

3t~p 1.41 × I0 ° 

31p 4.05 × 10 o 

- 3 . 4 3  x 10 f 

- -5 .75 × 10 - 2  

- 5 . 1 8  x 10 - 2  

5.29 x 10 . 2  

2.25 × 10 ° 

- 3 . 1 9  x 10 - I  

- I . 1 9  × 10 ° 

- 1 . 3 8  × 10 I) 

1.64 × 10 - 2  

1.06 × I0 ° 

1.69 × [0 ° 

1.48 × 10 ° 

1.60 × 10 -~ 

1.38 × I0 ° 

3.40 x 10 - 2  

5.15 × 10 - i  

- -7 .03 × 10 - I  

- 6 . 7 1  x 10 -~ 

- 3 . 0 7  × 10 -~ 

6.46 × 10 - 2  

1.66 × 10 (I 

- 1 . 3 3  × 10 -  

- 6 . 0 2  × 1 0 -  

4 .86  × 10 - t  

- -6 .92  x 1 0 -  

- 2 . 5 1  x 1 0 -  

7.64 × 10 - i  

- 4 . 1 7  x 1 0 -  

8 8 9  × I0  f 

- 4 . 7 4  × 1 0 -  

6 .37 × 10 -1  

9.90 × 10 -  

- I . 9 I  × 10 ° 

3.98 × 10 I) 

--4.51 x 1 0 -  

- 4 . 2 8  x 1 0 -  

- 5 . 5 0  x 10 - I  

1.27 × 10 - 3  

- 1 . 2 8  × IO ° 

2.90 × 10 - 2  

- 5 . 3 3  × 10 ] 

- 1 . 0 3  x 10 I) 

- 2 . 5 9  × I0 i 5.58 x 10 - 2  

- 5 . 5 9  × I0 ~j 1.27 × 10 - 2  

- 5 . 0 2  × I0 ° 1.20 × 10 - 2  - 

--3.51 × 101 - 3 . 7 9  × IO - 3  - 

- I . 5 4  × 101 1.08 × 10 - ]  - 

- 8 . 5 9  x 10 ° 9 .40 x 10 - 2  - 

- 2 . 6 7  x 101 1.74 x 10 - I  - 

- 2 . 5 7  × 10 t 1.95 x 10 - I  - 

- 5 . 1 3  × 101 3.91 × 10 - 3  - 

- 3 . 5 7  × 101 - 4 . 5 7  × 10 2 

- 2 . 3 3  × 101 - 3 . 8 4  x 10 - 2  - 

- 2 . 8 5  x [0 ] 2.97 × 10 - I  - 

- 5 . 9 4  × 10 j 7.03 x 10 . 2  

- 5 . 7 5  × 101 - 4 . 2 5  × 10 . 2  - 

- 6 . 0 4  x 10 ] 7.82 × 10 . 2  

- 6 . 8 7  x 101 1.53 x 10 - z  - 

- 1 . 1 0  × 10 t 1.29 × I0  -1  - 

- 2 , 3 7  x 10 ] 1.59 x I0 - i  -- 

- 6 . 0 3  x 10 ° 6 .64 x l 0  - 2  -- 

- 1 . 1 4  x 10 f 4.81 x 10 - 2  - 

- 1 . 0 5  × 10 ° 6.81 × 10 - I  - 2 . 3 9  × l0  t) 

- 2 . 8 7  × 10 ° 7.61 x 10 - 2  - 

- I . 9 9  x 10 ] 8.95 × 10 . 2  -- 

- 3 . 9 7  x 10 ° 4 .16  x 10 - ]  - 1 . 2 0  x 10 ° 

- I . 5 7  x 10 ~ 1.22 × l0  i _ 

- 3 . 9 9  × 10 o 8.92 × 10 - 2  

- 6 . 3 2  × l0  ° 3.87 × 10 - 2  - 

- -5 .40  x 10 ° 1.20 × lO -1  -- 

--5.0(/ × I0 ° 6 .16 × 10 - t  - -1 .90 × 10 o 

--1.65 × I0 ] 7.87 X 10 - 2  -- 

- -6 .07 × 10 ° 9.59 × 10 - 2  -- 

- -2 .22 × I0 ] 2.17 X 10 - i  -- 

- -5 .78 X 10 ° - -5 .96  × 10 - t  2.99 X 10 ° 

- - I . 5 8  × I0 ° 1.39 × t0  (I - -5 .09 × 10 ° 

- - I . 0 8  X 10 ] 1.69 × 10 - I  -- 

- - I .01 × 10 t 1.63 × l 0  - I  -- 

- -2 .16  × 101 7.73 X 10 . 2  

- - I . 4 4  X 101 1.32 × 10 - I  

- -2 .78 X 101 2.38 X 10 i _ 

- -1.59 X I01 1.33 × 10 I _ 

- 8 . 4 1  x I0 ° 2 .36 × 10 I _ 

- -1 .57 x 10 t 2.69 x 10 - ]  
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