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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 10°
K to 10'® 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
(iil) 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 Université 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 "Be, '’N, #*Na
and 26Al 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. General formalism
2.1. Calculation of Maxwellian-averaged reaction rates N{ov)

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 N {ov) are computed
from [FO67]

(8/77)]/2

a2ty | 7B E/laT)dE )

0

Na{ov) =Ny

where N is the Avogadro number, u the reduced mass of the system, kg the Boltzmann
constant, 7 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 *He(an,y)’Be and *He(aa, y)'*C. The formulae to be applied in these
cases are explained in the corresponding comments of Table 2.

When Na{ov) is expressed in cm® mol™! s~!, the energies E and kgT in MeV, and
the cross section o in barn, Eq. (1) leads to

Nalov)=3.7313 x 10‘°A“‘/ZT;3/2/aEexp(~11.6055/T9) dE, (2)
0
where A is the reduced mass in amu, and 7y is the temperature in units of 10° K. The

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

1
o(E)=S(E) exp(—Zﬂn)E, (3)

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

2

2\ Z,e? A\
7= —‘hf—e = 0.1575Z12 <E) (4)

is the Sommerfeld parameter, Z, and Z, being the charge numbers of the interacting
nuclei, and % 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]

13 [ 1 Zy ZokpT\
E=(%) <£e‘_lhz‘2—B*> = 0.1220(Z2Z24) AT Mev (5)

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

AEy = 4(EokpT/3)"/? = 0.2368(Z2Z2A)"/°T}'® 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{ov)nr, as well as for the contribution of the broad resonances, Na{ov)pr.
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 (Ey — nAEy, Eg + nAEp), with
n=2or3.

The main difficulty in evaluating the rates at the low temperatures in the range
0.001 < Ty < 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 7o = 0.001. Their application
to specific reactions is commented in Table 2. Similarly, for many of the reactions
considered in this compilation, Na{(ov) cannot be evaluated for temperatures as high as
Ty = 10 because of the lack of reliable cross section data at sufficiently high energies. In
those case, we use theoretical estimates for Na(ov) to complement the experimentally
based rates up to Ty = 10 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,(E) is generally
approximated by a Breit-Wigner expression [FO67,RO88]

a'r(E)=l I'i'(E) I't(E)

CCYEZE) 1 T(E)/4 )

where « is the wave number, I'j( E) and I't(E) are the entrance and exit channel partial
widths, respectively, I'(E) is the total width, and w is the statistical factor given by

2J+1)

, (8)
QL+1)(2L+1)

= (1+612)

where Iy, I and J are the spins of the interacting nuclei and of the resonance. The
Kronecker symbol &1, takes into account that the interacting nuclei can be identical.
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The energy dependence of the particle widths I';(E) and I'¢(E) is given by [LAS58]

P(E, a)
Ti¢(E) =2y} Pi(E,a) = Iy——r—, 9
f(E) =2y ¢Pi(E, a) B Ea) (9)
where P, is the penetration factor associated with the relative angular momentum ¢

and with the channel radius, taken as a = 1.4(A:/3 + A;/3) fm, I; are the partial

widths at the resonance energy E., and yi%f are the reduced widths. In absence of data,
¥ = 0.01y3, are adopted as a first approximation, where v, = 352/2ua’ is the Wigner
limit.

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

(10)

E— Ef>2/\+|

(E) =T, <E %

where I, is the gamma width at the resonance energy E;, A is the multipolarity of
the electromagnetic transition, and Ey 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 E; and at Ey. The contribution of the former peak corresponds to the usual
resonant term Na{ov),, while the contribution of the latter represents the so-called “tail
contribution” Na(ov)wil- We approximate those two contributions by functions which
can be integrated analytically to obtain the resonant rate as a sum of two terms:

Na <0'U>R =Na <0’l)>r + NA<0'U>mi1

2 32 5 1/2
=Na <,u—k) h‘a)yT"/“ exp(—E;/kpT)
B

2\'"?  AE,
Nal =) —=S(E —~Co/T'3y, 1
+Na (M) Gy S(Eo) exp(=Co/T'1) (1
where wv is given by
il
wy=w , (12)
7T (B
and S(Ep) is the S-factor calculated at energy Ey from Egs. (3) and (7), and
Co = 3(7* ) 2kp) '\ (22,2, /). (13)

When N (ov)r is expressed in cm®*mol~'s™!, E, and @y in MeV, and S(Ey) in MeV
barn, Eq. (11) reads
Naloo)g = 1.5394 x 10" A= (wy) Ty > exp(—11.605E;/Ts)
+7.8318 x 10°(Z,Z2/A) PS(Eg) Ty ™ exp(—4.2486( Z2Z} A/ Ty) %) .
(14)

The relative importance of these two terms depends on E, and Ej, and hence on
temperature. When Ey > E, 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 (a,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{ov)sr. In such cases, I'; = 0 (wy = 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 E; and strengths w7y are obtained using the method of weighted average. The
central value, K, and the internal and external errors, e;, and eey, are calculated for a
set Neyp of data points from OV69

DAS
- Ziwf ’

—1/2 1/2
1 Wi(K; — K)?
€int = (Z Wl) ) €ext = Zl ( ) ] . (15)

K W; = (AK;) 72,

Nexp — 1 Wi

Here, W; are the weighting factors, taken as AK,._Z, where AK; is the standard deviation
of the data K;. The final error is taken as max(ejn, €ext).

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(Ey) £ AS(Ey), where E; 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) ~ ZS,E"_ (16)
=0

The coefficients S; of this polynomial are obtained from a y2-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 y?-procedures (i.e. taking into account the AS) 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 £/U. < 100,
where U, is the so-called screening potential, and was first observed in the *He(d,p)*He
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-Hiickel 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]

os(E)

o(E)
where o (E) and o(E) are the cross sections for the screened nuclei and for the
bare nuclei, respectively. The electron screening potential U, is determined from (17)
with o (E) extrapolated down to zero energy. A first approximation is given by U, =
Z1Zye*/R,, where R, & ao/Zy is the atomic radius of the innermost electrons of the
heaviest of the interacting atoms 1 and 2, whose charged number is denoted Z, ap
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,

~exp(mnyU./E) for U, < E, (17)

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:
“N(p,a)''C, ®Ne(p,a)"'F and *Mg(p,a)*'Na.

The procedure for the calculation of the rates involves the S-factor of the reverse
reactions Sy, which smoothly depends on energy. The S-factor Sy, is approximated
by an analytical function and extrapolated afterwards. The approximation can be a
polynomial fit of the kind Sy = EZOSiEL. This is the case of the "“N(p,a)''C
reaction. For the **Ne(p,a)'’F and **Mg(p,a)?'Na reactions, an exponential function
Siev = ay exp(—ayE,) gives a better fit. The coefficients S;, a; and a, are obtained from
a y’-fit. The energy E, is the center of mass energy in the channel a+''C, a+'"F, and
a+?'Na, respectively.
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By means of the principle of time reversal [BL52], that relates the cross section
01234 Tor the reaction 1 +2 — 3 + 4 to the cross section ois_,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

a(E) =Y o, \(E) (18)

Jr.A

is summed over final states J¢ 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
2
¢ AN -AN\"
Uj’.’,\(E)=87Ta’U—K2 [Zl (‘f‘) +Zz (T]> :l CZSJI

(k)P A+ DA+ 1)
x> [2A+ D2 )

Ji L

LD+ DRI+ D) <ef ui)z

QL+ (2L + 1) 000
2 [ > 2
: J,’ é,- I ] A
x(2J; + 1) {ef J, A} /¢>,(r)r be(rydr]| . (19)
0

where «, is the photon wave number, £; and ¢, are the initial and final orbital angular
momenta, [ is the channel spin,

£ A Y and I 4

000 £r Jr A
are the 3j and 6j symbols, and ¢; and ¢, are the initial and final wave functions,
solutions of the radial Schrédinger equation
R (d> ie+1
[~§— (—r—(—f—)) +V”’(r>] $(r) = Ed(r), (20)
m \dr r
where the potential V/¥/(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), C2S 7, 1s
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the spectroscopic factor of the final state, assumed to be CZSJ[ =1 for the reactions
considered here. The initial scattering wave function is normalized asymptotically as

o 2 cos 8 E, (kr) + sin 87 Gy (kr), (20

where F; and G; are the regular and irregular Coulomb wave functions, and 8/ is the
phase shift. The channel spin [ 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 £, 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
(CAB88 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

Nalov) = Na{oU)NR il + Na(ov)e + Na{ov)mr + Na{ov)sg + Na{ov)sr,
(22)

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

2.4.1. Non-resonant and tail contribution to the rates

The non-resonant rate, Na{ov)ng (Section 2.1.2), and the tail contribution to the
rate, Na{ov)n (second term in the r.h.s. of Eq. (14)), are approximated by the same
formula, and are lumped in a single contribution N (0U)Nr+ril- FOr an exoergic reaction,
with Q-value Q, it takes the form

Nfﬂll}
Nalovinrian = OT, exp(~CoTy ) (143 ety ) (9> 01 (23)
i=1

The coefficients Cy and ¢; are fitted to the rate contributions calculated as described
in Sections 2.1.2 and 2.1.3, and Cy = 4.2486(Z2Z3A)'/ (from Eq. (13)). The degree
Nae 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 Tgl/ } expansion adopted in previous compilations (Eq. (50) in
FO67).

For endoergic reactions, Na(oU)Nrinil 1S parametrized as [BA69a]

Nalov)ng vt = C1Ty 2 exp(—Cy Ty ' = Do/ To)

Nrae

< (143 ati] Q<0 (24)
i=1
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where
Do = |Q|/ks = 11.605/Q], (25)

Q being expressed in MeV and C; and ¢; are adjustable parameters. The coefficient COI
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),

Na{ov)e=DiTy > exp(—Da/To), (26)
with
2 32
Dy = Ny (M—kB-) R (wy) = 1.5394 x 10" A732 @y (27)
and
D, = E,/kg = 11.605E,. (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{ov)mr = D3T) exp(—Ds/Ty). (29)

The parameters D3, D4 and Ds 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{ov)sg to the rate is obtained
through a modification of Eq. (23) which reads

Nrale
Nalov)se = CiTy P*S(Eg) exp(~CoTy ™) [ 1+ > eTi |, (30)
i=1

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

1
(E—-E)?+T1?%/4

S(E) =5 30
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where S; = S(E;). Taking into account that E; < 0 and that I" is very small, the energy
dependence of the S-factor can be approximated by 1/E?. With this result, Eq. (30) is
rewritten as

Neae

Na{ov)sr=CiTy 2exp(~Co Ty ™) [ 143 a3 | (32)
=1

where C; and ¢; are adjustable parameters.

2.4.5. Broad low energy resonances

When a broad low energy resonance (I” > E.) 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 E2. The contribution to the total reaction
rate of a broad low energy resonance can be written as

Nralc
_ 1 .
Nalov)e = CiT 2 exp(—CoTy — 15T,
Ao =Ty RN T Ty TRy T4 2; ’
(33)
where C| and ¢; are adjustable parameters.
2.5. Hauser-Feshbach rates
When cross section data do not allow the calculation of Na{ov) up to Ty = 10,

we use theoretical predictions obtained with the Hauser-Feshbach model in a range
Tomax < To < 10, where To max is defined as follows. Let us denote En.x as the highest
center-of-mass energy for which a cross section measurement is available. A reliable
calculation of Na{ov) on the basis of the available measurements can be done at a
given temperature if the contribution of the integrand of Eq. (2) for £ > Ep, can be
neglected at that temperature. This requirement is examined for each considered reaction,
and is found to be satisfied if one takes Ep+ nAEp = Enax with n =1 to 3, depending on
the reaction. From this condition, Ty« 1S deduced with the help of Egs. (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 Ey + nAEp corresponding to
Ty = 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 follows. Let us consider
the reaction 1% + 2 — 3# + 4, where @ and B represent bound states in target nucleus
1 and residual nucleus 3 with excitation energies €{ and ef and with spins /{* and 13[3 ,
respectively (the ground states of 1 and 3 correspond to @ = 0 and 8 = 0). We consider
reactions where particles 2 and 4, with spins I; and /4, are neutrons, protons, a-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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wh? |2 uE” Te(JYTP(I™)
AR 2 T

oap(EY) = Wag, (34)
where 1¢ and 2 interact with center-of-mass energy E® = E — €. The quantities 7% (J™)
and TA(J™) are the transmission functions for forming the state J™ in the compound
nucleus from 1% +2 and 37 + 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 Ty, (J7) 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,z is the width fluctuation correction factor.

The total cross section o, (E®) for the reaction 1“ + 2 — 3 + 4 to all bound states
of the residual nucleus is obtained by summing over 8 both sides of Eq. (34), and the
laboratory measurements provide the cross section ogg( 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 2Mg(p, y)26Al8™ is described in the comments of Table 2.

We briefly describe here the nuclear physics ingredients used in our HF calculations.
The vy-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 Ty = Ty 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
Tomax < To < 10 range. Let us denote {ov),, {ov)y and (ov), the recommended rates
and their estimated upper and lower limits, where the indices a, h and [ 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 Ty = Ty« and at To = 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 Ty max (Fig. 1, upper panel).
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In such a case,
(1) {ov), is assumed to vary like the HF rate (ov)yg. Having to be continuous at
To.max, 1t is simply given by

(ov)1 = (V)HF <0-U>?m' (35)

oy

(2) we consider that the upper limit of the rate at Ty = 10 is given by (ov)i%. To

connect (o)™ to (ov)i® we multiply (ov)yr according to

< > < > 10 - T <0_U>;lnax Ty — T9,max
av =(oU )
L HET10 = Tomax (002 10 = Ty o

(36)

where the multiplicative factor varies linearly with 7y and has the correct values
at To max and 10;

(3) {ov), is obtained by requiring that the ratio of the errors made on {(ov) remains
constant in the Tomax < Ty < 10 range,

<0-U>h - <0'U>[, B <a‘y>2‘ﬂx _ <0-U>‘r:mx

<UU>c1 - <0'U>[ <0'U>Z“‘" _ <0-U>;nax' (37)

Similar prescriptions are used for the determination of (ov),, (ov), and (ov); when
(ov)H < (ogv)*, the treatment of (ov); and {ov), being interchanged in this case.

1000 E
E T <OV >y
100 £ cgysme /,/"—’—
E .-’
: max
[ <ov >
10 < GV >n]'s|x

TYTTT

/E\< ov >;nax

T

T

-

T T T T

0
T9,max T9

Fig. |. Construction of the adopted rate and of its upper and lower limits in the range To max < Ty < 10. Upper
panel: the evaluated rates {ov)q, (ov); and (ov); for Ty < Ty max and the HF estimate for 7o ;o < Ty < 10;
lower panel: (irv)q, (ov); and {ov), calculated up to Ty = 10 by the procedure outlined in the text.
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2.6. Effect of the thermal excitation of target nuclei

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.
[BAG9D]). 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 [CAS88] 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 (2J5 +1) €1 (Ta)ur

"“GﬂT)za:(zl?H)e"p( kT) (@ot)ur” oY
where

Gi(T) = — >t +1) & (39)

e 8T TP T

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 Ty for all concerned target and residual nuclei.

The use of the HF theory to calculate r,, is justified by the previous discussion on
the validity of HF for describing the ground state rate (ogv) 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
ry; as a ratio of two HF estimates.

For each reaction, the values of Na{ov)e given in the tables (see Section 3) have
to be multiplied by ry in order to obtain the “thermalized” rates Na{ov), which are
of direct astrophysical relevance. The same correction applies to the low, adopted and
high rates. For nuclei with Z > 5, and when ry differs from unity by more than 3% at
one temperature at least of the considered range (ry can be either > 1 or < 1), ry is
approximated by analytical formulae which are given in Table 3. In the other cases, we
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just adopt Na(ov)y = Na(ov)e. 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 2°Al(p,y)?’Si.

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 11 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 7y = 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 013,34 for
the reaction 1 + 2 — 3 + 4 to the cross section 034,12 of the reverse 34+4 — 1 +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

(ovhsan _ (20 + 1) (26 + 1) (1 + 83) (Gle> <A'A2>3/zex (_£>
(00h s (25 + 1) (215 + 1) (1 +612) \G3Gs ) \ A3Aq PUrTkeT /)
(40)

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

The summation on the excited states u 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~!) for the reaction 3 vy — [ + 2 is written as

e _QLEDCLE D) (GG (AA kT P
PRI RL+ 1) (1+6) \ G As 27N 412
X{OUY 1223y €XP <_E§—T> (41)

~9.8686 x 10°722 20 VLA D) (GIG2> (A1A2>3/2
. 9 (213+ 1)(1 -}-612) G3 A3

X Na(ov) 123y exp (—11.605 Q/Ts) . (42)
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A few of the compiled reactions involve three particles in the outgoing channel.
Although the expression of Na{ov) for the direct reaction 14+ 2 — 3 +4 +5 is still
given by Eq. (1), the reverse/direct rate ratio is given by

(oV) 34512 _ 2L+ D25 + 1) nags!
(ov)aw3as 2L+ 1)2L+ 1) 24+ 1)(1 4 612)
GGy AAy ' (20 NAR 0
X <G3G4Gs> <A3A4A5) kBT exp _m s (43)

where n34s is the number of identical particles among 3, 4 and S.

In Table 3 we give the reverse ratio for each reaction (“Rev. ratio”) without the
partition functions G;(7T). 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 15x10°
y. Assuming a density of 10* g cm~3, reactions rates with values

Na(ov) < 1075 cm*mol~'s™!

can be considered as negligible in practically all astrophysical conditions. If Na(ov)
is always larger than 1072 cm® mol™! s~!, the lowest temperature Ty 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 E; and strengths w7y 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 O 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” Ep 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 Ty. 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(ov)g. The column labeled exp is the exponent n
of the factor 10" that should multiply the three previous columns. Our adopted N (o v}y
rates can be calculated as the product of the entries of column adopt by the values of ry,
an analytical approximation of which is given in Table 3. The column ratio displays the
ratios between these adopted Na{ov)y and the intermediate rates proposed by CA8S.
This ratio may thus be affected by the respective predictions of both the ground state
rate and the thermalized rate. Cases where our ry HF predictions differ from the CA88
equal strength approximation (ry = 1) by more than 10% are duly identified in the
specific comments to the rates.

Analytical approximations for the adopted reaction rates Na(ov)gs and Na{ov), are
given in Table 3, along with an analytical approximation of the factor (Rev. ratio)
by which Na{ov) has to be multiplied in order to derive the reverse rate on the
corresponding thermalized nucleus.
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Appendix A. Notations

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.

a = fine structure constant
v = reduced resonance width
I, I'(E) = total width in the center-of-mass system (MeV)

I'\(E), T't(E)= partial widths of the entrance and exit channels
in the center-of-mass system (MeV)
Kronecker symbol

i Sommerfeld parameter

K = particle wave number

K photon wave number

g
i

A = order of the electric multipole moment

M = reduced mass

o, o(E) = cross section (barn)

o = resonant cross section (barn)

bi, by = initial and final radial wave functions

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

A; = mass of nucleus i (amu)

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

A=AA/ (A + Ay) (amu)

c = light velocity

e proton charge

E = energy in the center-of-mass system (MeV)

E, = energy of the emitted gamma ray (MeV)

Eis = energy of the initial, final state in the compound nucleus (MeV)
E, = resonant energy in the center-of-mass system (MeV)

Ey = most effective energy (MeV)

Ex = excitation energy with respect to the ground state (MeV)
AE, = full I /e width of the Gamow window (MeV)

Fr, Gy = regular, irregular Coulomb wave function

I = reduced Planck constant

1 = spin of the interacting nucleus i in units of &

[ = channel spininunitsof A, I =1, ® I,

J = resonance spin in units of %

Jr = spin of a compound state in units of &

kg = Boltzmann constant

£ = relative orbital angular momentum in units of A

£ty = initial, final orbital angular momentum in units of A

Na = Avogadro number
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Nalov) reaction rate (cm® mol™! s71)

Na{ov)g = reaction rate for the target nucleus in ground state (cm® mol~! s 1)
Na{ov)ms = reaction rate for the target nucleus in isomeric state (cm® mol~! s~
Na{ov), = reaction rate for a thermalized target nucleus (cm® mol~' s~1)

Q = reaction Q-value (MeV)

r = radial variable describing the relative motion of particles

R, = atomic radius

S(E) = astrophysical S-factor (MeV barn)

Sy = S-factor at the resonance energy E; (MeV barn)

T = temperature

Ty = temperature in 10° K

v = relative velocity

Z; = charge number of interacting nucleus {

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 ¢, 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 1-standard deviation uncertainties quoted in [PA96] (the quoted
value of ¢ is exact by definition, being used to define the meter), nor by the new
recommended value for the constant (2e/k) used in {AU97].

¢ = 299792458 m s~!

I amu= 931.494 MeV/c?

leV = 1.60218x 1071°7J

kg7 = 0.08617Ty =Ty/11.605 MeV
Na = 6.0221 x 102 mol ™!

a = ?/hc=1/137.036

hc = 197.327 MeV fm
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Explanation of tables

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 the reaction in conventional notation

Comments specific comments on the compilation procedure

S-factor figure presentation of S-factor versus c.m. energy

Resonance table tabular presentation of resonance properties
E, resonance energy in ¢.m. system (in keV or MeV)
J7 resonance spin and parity
wy resonance strength in c.m. system (in meV, eV or keV)
adopt adopted resonance strength in c.m. system

Table of rates tabular presentation of rates
Ty temperature in units of 10° K
lower lower limit of the rates

adopt recommended rates
upper upper limit of the rates

exp exponent n of the factor 10" that should multiply
the three previous columns
ratio ratio of the adopted rate Na({(ov)y to the CA88 rate

Table 3. Analytical approximation of the reaction rates

Reaction the reaction in conventional notation

0 Q-value of the reaction in MeV

(n%) accuracy of the analytical approximation with respect
to the tabulated rates, “better than n%”

gs, ms, tt indicate reactions with target nuclei in ground state, isomeric state,
or with thermalized target

g, m,t indicate reactions leading to the ground state, isomeric state,
or to both ground and isomeric states

Rev. ratio factor by which the rate Na{ov)y 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(Ty) partition function

isotope isotope in conventional notation

ap, dy, as, da, ds 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

Reaction Notation Reaction Notation Reaction Notation

in refs. in refs. in refs.
'H(p,vet)H ppnu 1B (p,a)®Be blipa Ne(p,a)'F ne20pa
2H(p,y) He dpg 2¢C(py) 3N c12pg 2Ne(a,y)**Mg  ne20ag
2H(d,y)*He ddg 2C(a,y)'%0 cl2ag 2INe(p,y)**Na ne2lpg
2H(d,n)*He ddn BC(py)*N cl3pg 2INe(a,n)**Mg ne2lan
2H(d,p)*H ddp BC(p.n)iN cl3pn 22Ne(p,y) P Na ne22pg
2H{a, y)®Li dag B3C(a,n) 0 cl3an 22Ne(a,y)*Mg ne22ag
3H(d,n)*He tdn BN(p») *0 nl3pg 22Ne(a,n)¥Mg ne22an
H(a, y)'Li tag BN(p,y) 50 nldpg 2Na(p,y)*Mg na22pg
*He(*He,2p)*He he3he3 “N(p,n)*0 nl4pn BNa(p,y)*Mg na23pg
3He(a,y)"Be he3ag UN(p,a)!lC nl4pa 2INa(p,n)?*Mg na23pn
4He(an,y)’Be aang UN(a,y) '®F nldag BNa(p,a)?*Ne na23pa
4He(aa, y)'2C aaag “N(a,n)V'F nldan ZINa(a,n)20Ale na23an
SLi(p,y)"Be li6pg 5N(p,y) 10 nl5pg ZNa(a,n)20Alm na23an
SLi(p,a)*He li6pa BN(p.m) 150 nl5pn BNa(a,n) Al na23an
"Li(p,y)*Be li7pg BN(p,a)'2C nl5pa 2Me(p,y) P Al mg24pg
7Li(p,cv)“He li7pa 'SN(a,y)lgF nlSag 24Mg(p,uz):“Na mg24pa
Li(a,y)!'B liTag 150(p,y)'"F ol6pg Mg (p,y)*0Al2 mg25pg
"Li(a,n)'"B li7an 160 (a,y)?Ne ol6ag BMg(py)AI™  mg25pg
"Be(p.y)*B be7pg 70(p.y)'*F 017pg BMe(p,y)®Al mg2Spg
"Be(a, y)''C be7ag 70(p,a)'*N ol7pa Mg (a,n)?8Si mg25an
“Be(p.y)'"B bedpg 10(a,n)Ne ol7an 26Mg(p,y)¥ Al mg26pg
“Be(p.n)’B be9pn 80(p,y) F ol8pg 26Mg(a,n)?*Si mg26an
“Be(p.d)*Be be9pd 80(p,@) "N ol8pa 26 A185(p,y) 27 Si al26pg
“Be(p,a)fLi be9pa B80(a,y)Ne ol8ag 26 A1™S (p,y)27Si al26pg
“Be(a,n)'2C beYan %0(a,n)*'Ne ol8an 27 Al(p,y)28Si al27pg
UB(py''C blOpg F(p,y)?'Ne f19pg 27 Al(p,ar) Mg al27pa
B (p,a)"Be b10pa 9F(p,n)""Ne f19pn 27 Al(a,n) P al27an
"B(p.y)'2C bllipg YE(p,a)'®0 f19pa 88i(p,y) PP si28pg
H(p.m)'lc bllpn Ne(p,y)?'Na  ne20pg

The references of Sections 1, 2 and 3 are marked as “intro” in the reference list.



26 C. Angulo et al./Nuclear Physics A 656 (1999) 3-183
Table 2. Reaction rates

Reaction: 'H(p,ve")*H

The rates are essentially determined from theoretical calculations using the S-factor
S(E) =8y + S8, E+ S8, E%. Only S and S, are available in the literature [BA69¢,BR71,
BA88a,GO90,CA91,BA92]. Following KA94, the S-factor at zero energy

s (A0 [ Ga/Gv\? [148\? [ fop(O)
_ 25 pp
$(0) =389 < 10 ( 6.92 ) (1.2573) ( 101 ) (0.142) MeVb (B.1)

is expressed in terms of the nuclear overlap A?(0), the ratio of the axial vector to the
vector coupling constant G, /Gy, the correction (1 + &) to the nuclear matrix element
due to exchanges of 7 and p mesons, and the phase space factor fy,(0). The value
A2(0) = 6.9x (17597, is adopted, where the central value is from KA94, and the uncer-
tainty is the range of published values [ SA52,BA69¢,BR71,GA72,BA79a,GO90,KA94].
A weighted mean of the available experimental results [BY95,PA96] gives GA /Gy =
—1.268 £ 0.004. The value § = 0.01 £ 0.01 is adopted on grounds of the most recent
calculations [BA79a,CA91]. Former results [ BL65,GA72,DA76] include only 7 contri-
butions. The value f,;(0) = 0.142 from BA69c is adopted. A 1.5% radiative correction
taken from neutron decay is introduced empirically 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; /Sp, the most recent result of CA91, S /S = 11.7 MeV~!,
is adopted (similar evaluations are presented in BA69c, BR71 and BA79a). For &,/S,
the cross section from E =0 to | MeV is computed in the present work with two dif-
ferent nucleon-nucleon potentials [RE68,TH77], leading to S;/Sy = 75 + 10 MeV 2.
Finally, we adopt S(E) =3.94 x 1072 x (14 11.7 E+ 75 E*) MeV b, with E in MeV.
The corresponding adopted rates are in good agreement with the CA88 ones except at
high temperatures. This is mainly due to the higher value for &; /Sy used here, and to
the introduction of the S,/S, term omitted in CAS8S.

Ty low adopt high exp ratio Ty low adopt  high exp ratio
0.002 543 5.57 5.99 =25 1.0 0.15 384 3.99 434 17 1.1
0.003 1.24 1.28 1.37 -23 1.0 0.16 432 4.49 489 17 1.1
0.004  8.82 9.06 9.75 -23 1.0 0.18 531 5.53 6.04 —17 1.1
0.005 3.53 3.62 3.90 -22 1.0 0.2 6.37 6.64 7.27 —-17 I.1
0.006 1.01 1.04 I.11 —21 1.0 0.25 9.24 9.69 10.6 —17 1.2
0.007 2.33 2.39 2.57 —21 1.0 0.3 1.24 1.31 1.44 —16 1.2
0.008 4.62 4.74 5.11 —21 1.0 0.35 1.59 1.68 1.86 —16 1.3
0.009 8.24 8.46 9.10 -~21 1.0 04 1.96 2.08 2.31 —16 1.3
0.01 1.35 1.39 1.49 —20 1.0 0.45 2.35 2.51 2.80 —-16 1.4
0.011 2.09 2.14 2.30 —20 1.0 0.5 2.77 2.96 332 —16 1.5
0.012 3.05 3.43 3.37 —20 1.0 0.6 3.67 3.96 447 —16 1.6
0.013 429 441 4.74 —20 1.0 0.7 4.67 5.06 574 —16 1.7
0.014 5.83 5.98 6.44 -20 1.0 0.8 5.75 6.27 7.15 —16 1.8
0.015  7.70 7.90 8.51 =20 1.0 0.9 6.92 7.58 8.68 —16 2.0

continued on next page
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0.016 0.99 1.02 1.10 -19 1.0 | 8.17 8.99 10.3 —16 2.1
0.018 1.55 1.59 1.71 —19 1.0 1.25 1.16 1.29 1.50 —15 24
0.02 227 234 252 —-19 1.0 15 1.56 1.75 2.03 -15 2.7
0.025 4.89 5.02 541 —19 1.0 1.75 2.00 225 2.64 —15 3.1
0.03 8.72 8.96 9.66 —-19 1.0 2 249 2.81 3.31 —15 34
0.04 2.02 2.08 2.24 —18 1.0 2.5 3.59 4.09 4.83 —15 4.1
0.05 3.65 3.76 4.06 —18 1.0 3 4.85 5.55 6.59 —15 4.8
0.06 5.74 591 6.38 —18 1.0 35 6.26 7.19 8.56 —15 55
0.07 8.22 8.47 9.15 —18 1.0 4 7.81 9.00 10.7 —15 6.2
0.08 111 1.14 1.23 —-17 1.0 5 1.13 1.31 1.57 -14 7.6
0.09 1.42 1.47 1.59 -17 1.0 6 1.53 1.77 2.13 —14 9.0
0.1 1.77 1.83 1.98 —-17 1.0 7 1.97 2.30 2.76 —14 10
0.11 2.14 2.21 2.40 —17 1.0 8 2.46 2.87 3.46 —14 12
0.12 2.53 2.62 2.85 —17 1.0 9 298 3.48 421 —-14 13
0.13 295 3.06 332 —17 L1 10 3.54 4.15 5.01 —14 15
0.14 3.39 351 3.82 —-17 11

Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: 2H(p,y)’He

Cross section data from GR62, GR63, WA63a, BE64, FE6S, 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 *He(7y,p)*H. 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 Sy = (0.20 £ 0.07) x 107 MeV b, §; = (5.60 £2.00) x 107 b, S; =
(3.10 &+ 1.10) x 10~¢ MeV~! b. For Ty < 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.

001 0.1 1 10 100 T
T S ———

2H(p.y)°He

100 ¢
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 0.83 1.30 1.77 —11 0.8 0.14 867 1.14 1.40 1 0.8
0.002 1.15 1.79 243 -8 0.8 0.15 1.01 1.32 1.62 1 0.8
0.003 3.75 5.80 7.85 =7 0.8 0.16 1.16 1.51 1.85 1 0.8
0.004 3.34 5.13 6.93 -6 0.8 0.18 1.49 1.91 2.34 1 0.8
0.005 1.57 241 3.24 -5 0.8 0.2 1.84 236 2.87 1 0.8
0.006  5.10 7.78 10.5 =5 0.8 0.25 2.85 3.60 434 1 0.8
0.007 1.30 1.98 2.66 —4 0.8 0.3 4.01 4.99 598 1 0.8
0.008 282 427 572 —4 0.8 0.35 528  6.51 7.74 I 0.8
0.009 541 8.17 10.9 -4 0.8 04 6.65 8.14 9.62 1 0.8
0.01 0.95 1.43 1.91 -3 0.8 0.45 8.11 9.85 11.6 1 0.8
0.011 1.55 2.32 3.09 -3 0.8 0.5 0.97 1.16 136 2 0.8
0.012 2.39 3.57 4.75 -3 0.8 0.6 1.29 1.54 1.79 2 0.8
0.013 3.51 5.24 6.96 -3 0.8 0.7 1.64 1.93 223 2 0.8
0.014 498 7.40 9.83 -3 0.8 0.8 200 235 2.69 2 0.8
0.015 0.68 1.01 1.34 -2 0.8 0.9 238 277 3.16 2 0.8
0.016 091 1.35 1.79 -2 0.8 1 277 320 3.64 2 0.8
0.018 1.52 224 2.96 -2 0.8 1.25 380 433 4.87 2 0.8
0.02 236 347 4.57 ~2 0.8 1.5 487 550 6.13 2 0.9
0.025 5.71 8.29 10.9 -2 0.8 1.75 6.00  6.70 741 2 0.9
0.03 112 1.61 2.10 -1 0.8 2 7.15 793 8.71 2 0.9
0.04 298 423 5.47 -1 0.8 2.5 0.96 1.05 1.14 3 1.0
0.05 6.01 8.41 10.8 -1 0.8 3 1.21 1.30 140 3 1.0
0.06 1.03 1.42 1.81 0 0.8 35 1.46 1.57 1.68 3 1.0
0.07 1.58 2.16 275 0 0.8 4 1.73 1.84 1.95 3 1.1
0.08 2.25 3.06 3.87 0 0.8 5 227 238 2.50 3 1.1
0.09 3.05 4.11 5.17 0 0.8 6 283 294 3.05 3 1.2
0.1 396 530 6.65 0 0.8 7 339 350 360 3 1.2
0.11 4.98 6.63 8.28 0 0.8 8 396  4.06 4.15 3 1.3
0.12 6.11 8.09 10.1 0 0.8 9 453 461 4.69 3 1.3
0.13 734  9.66 120 0 0.8 10 509 516 523 3 1.4

Reaction: 2H(d,y)*He

The non-resonant data are from ZU63, ME69, and WE86, and the relative data from
WI8S and BA87. They often assume pure E2 transitions, which may be a cause of
systematic error. The 2H(d,y)*He cross sections of ME69 are obtained from those
reported for the inverse reaction. The ratios o(d,y)/o(d,p) of WI85 and BAS87 are
normalized here using the fit S(E) = 56 + 0.203 E (E in keV, S(E) in keV b) for
the S-factor of 2H(d,p)3H. For Ty < 0.2, the recommended reaction rates are up to
10% lower than the rate given in CA88, probably due to a different o(d,p) for the
normalization of the WI85 and BA87 data. The differences at high temperatures come
from the fact that our numerical integration of Eq. (1) is more accurate than the
analytical approach of CA88.
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T low adopt high exp ratio Ty low adopt high exp ratio
0.001 1.19 1.34 1.50 —15 0.9 0.14  3.89 4.64 5.40 -2 0.9
0.002 490 5.55 6.20 -12 0.9 015 448 5.37 6.26 -2 1.0
0.003 2.69 3.04 3.40 —10 09 0.16 5.10 6.13 7.16 -2 1.0
0.004 3.30 3.74 4.19 -9 0.9 0.18 6.41 7.74 9.07 -2 1.0
0.005 1.95 2.21 247 -8 0.9 0.2 7.80 9.46 11.1 -2 1.0
0.006 7.50 8.52 9.53 -8 0.9 0.25 1.15 1.41 1.67 -1 1.0
0.007 2.19 249 2,79 -7 0.9 0.3 1.54 1.91 2.28 -1 1.0
0.008 5.28 6.01 6.73 -7 0.9 0.35 1.95 2.44 293 -1 1.1
0.009 1.11 1.26 1.42 -6 0.9 0.4 2.37 2.99 3.61 -1 1.1
0.01 2.10 2.39 2.68 -6 09 045 280 3.55 4.31 -1 1.1
0.011 3.65 4.16 4.67 -6 0.9 0.5 323 4.14 5.04 —1 1.2
0.012 5.96 6.79 7.63 -6 0.9 0.6 4.14 5.34 6.55 —1 1.2
0013 092 1.05 1.18 -5 0.9 0.7 5.08 6.62 8.15 —1 1.3
0.014 1.37 1.56 1.75 -5 0.9 0.8 6.07 7.95 9.83 -1 1.4
0.015 1.95 2.23 2.50 -5 0.9 0.9 7.11 9.35 11.6 -1 1.4
0.016 2.70 3.08 347 -5 0.9 1 0.82 1.08 1.34 0 1.5
0.018 4.78 547 6.16 -5 0.9 1.25 1.12 1.48 1.84 0 1.7
0.02 7.81 8.95 10.1 -5 0.9 1.5 1.47 1.93 2.39 0 1.8
0.025 2.07 2.38 2.69 ~4 0.9 1.75 1.86 2.43 3.00 0 2.0
0.03 434 4.99 5.65 -4 0.9 2 2.29 297 3.66 0 2.1
0.04 1.26 1.45 1.65 -3 0.9 25 3.28 420 5.12 0 23
0.05 2.65 3.07 3.49 ~3 0.9 3 4.45 5.61 6.77 0 24
0.06 4.64 5.40 6.17 -3 0.9 35 5.76 7147 8.59 0 2.5
0.07 7.23 8.45 9.67 -3 0.9 4 7.21 8.88 10.6 0 2.6
0.08 1.04 1.22 1.40 -2 0.9 5 1.05 1.27 1.49 1 26
0.09 1.41 1.66 1.90 -2 0.9 6 1.41 1.68 1.96 | 2.7
0.1 1.82 2.15 248 -2 0.9 7 1.81 2.13 2.46 1 2.7
0.11 2.28 2.70 3.12 -2 0.9 8 223 2.60 2.97 | 2.6
0.12 2.78 3.31 3.83 -2 0.9 9 2.66 3.08 350 1 2.6
0.13 3.32 3.95 4.59 -2 0.9 10 3.10 3.56 4.02 1 25
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Reaction: H(d,n)*He

The non-resonant data of SC72, KR87a, BR90, and GR95 are used. The S-factor is
fitted at low energies by S(E) = Sy + S E + S, E?, with Sy = 0.055 MeV b, S; = 0.308
b and S; = —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
(Ty < 0.3), the present rates are slightly larger than the CA88 ones, obtained by using
Sp = 0.050 MeV b, S; =0.170 b, and S, = 2.12 MeV~! b. The large difference in
&, also leads to an important reduction of the rate above Ty = 0.5. The CAS88 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.

0.001 0.01 0.1 1 10 100 To
1000 T T T T TTTTT T T TTTTTm T T T T T Ty
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0.001 0.01 0.1 1 10
E (MeV)

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 1.26 1.39 1.52 -8 1.1 0.14 5.14 5.64 6.15 5 1.1
0.002 5.22 5.75 6.30 -5 1.1 0.15 5.98 6.57 7.16 5 1.1
0.003 2.87 3.17 347 -3 1.1 0.16 6.87 7.54 8.22 5 1.1
0.004 3.55 3.91 4.28 -2 1.1 0.18 8.78 9.63 10.5 5 1.1
0.005 2.10 2.32 2.53 —1 1.1 0.2 1.08 1.19 1.29 6 1.1
0.006 8.11 8.94 9.79 —1 1.1 0.25 1.65 1.80 1.96 6 1.1
0.007 2.38 2.62 2.87 0 1.1 0.3 227 248 2.70 6 1.0
0.008 5.75 6.34 6.93 0 [t 0.35 293 3,20 348 6 1.0
0.009 1.21 1.33 1.46 1 I.1 04 3.61 3.94 4.28 6 1.0
0.01 2.30 2.53 2.77 1 1.1 0.45 431 471 5.11 6 0.9
0.011 4.01 4.42 4.83 1 1.1 0.5 5.03 5.49 5.95 6 0.9
0.012 6.56 7.23 791 1 I.1 0.6 6.48 7.06 7.65 6 0.9

continued on next page
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0.013 1.02 1.12 1.23 2 1.1 0.7 7.95 8.64 9.35 6 0.8
0.014 1.51 1.66 1.82 2 1.1 0.8 0.94 1.02 1.10 7 0.8
0.015 2.16 2.38 2.61 2 1.1 0.9 1.09 1.18 1.27 7 0.7
0.016 3.00 3.30 3.62 2 1.1 1 1.23 1.33 1.44 7 0.7
0.018 5.34 5.89 6.44 2 1.1 1.25 1.58 1.71 1.84 7 0.6
0.02 8.77 9.66 10.6 2 1.1 1.5 1.91 2.06 221 7 0.5
0.025 235 2.59 2.84 3 1.1 1.75 223 2.40 2.57 7 05
0.03 4.97 548 5.99 3 1.1 2 2.54 273 291 7 04
0.04 1.47 1.61 1.76 4 1.1 25 312 3.33 3.54 7 0.4
0.05 314 3.46 3.78 4 It 3 3.64 3.87 4,11 7 0.3
0.06 5.59 6.15 6.72 4 1.1 35 4.13 4.37 4.61 7 0.3
0.07 8.84 9.72 10.6 4 1.1 4 4.58 4.83 5.08 7 0.2
0.08 1.29 1.41 1.54 5 1.1 5 5.39 5.63 5.88 7 02
0.09 1.76 1.94 2.12 5 1.1 6 6.11 6.33 6.55 7 0.2
0.1 231 254 2.78 5 1.1 7 6.76 6.95 7.14 7 0.1
0.11 293 3.22 351 5 1.1 8 7.36 7.51 7.66 7 0.1
0.12 3.61 397 4.33 5 1.1 9 7.95 8.05 8.14 7 0.1
0.13 4.35 4.77 5.21 5 1.1 10 8.53 8.57 8.60 7 0.1
Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: 2H(d,p)*H

The non-resonant data of SC72, KR87a, BR90, and GR95 are used. The lowest energy
data point of GR9S that might be affected by screening effects has been corrected (U, =
10 eV). An additional 3% error, due to the assumption of a polynomial description
of the S-factor curve, is added to the experimental errors. The S-factor is fitted by
S(E) = S+ 8 E+S; E?, with Sy = 0.056 MeV b, S; =0.204 b, S, = —0.0251 MeV !
b. At low temperatures (75 < 0.4), the present rate is slightly larger than the rate of
CAS88, based on Sy = 0.053 MeV b, S; =0.019 b, and S; = 1.92 MeV~! b. The large
difference in S, yields an important reduction of our rates with respect to the CA88
ones above Ty =~ 0.7. The CAS88 values have been obtained from a fit to the KR87a data
[see the 2H(d,n)3He reaction]. The present reaction rates agree within a few percent
with the BO92 compilation.
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 1.35 1.41 1.47 -8 1.1 0.14 516 5.37 5.59 5 11
0.002 5.60 5.85 6.09 =5 1.1 015 599 6.23 6.48 5 1.1
0.003 3.08 3.21 335 -3 1.1 0.16  6.86 7.14 742 S 1.1
0.004 3.80 3.96 4.13 -2 1.1 0.18 8.72 9.07 9.42 5 I.1
0.005 2.25 2.34 244 —1 1.1 0.2 1.07 1.11 1.16 6 1.1
0.006 8.67 9.04 9.42 —1 1.1 0.25 1.61 1.67 1.74 6 I.1
0.007 2.54 2.65 2.76 0 1.1 03 2.19 228 2.36 6 1.1
0.008 6.13 6.40 6.66 0 1.1 0.35 2.80 291 3.02 6 1.1
0.009 1.29 1.35 1.40 1 t1 04 343 3.56 3.69 6 1.0
0.01 244 2.55 2.66 1 1.1 045 407 4.22 4.38 6 1.0
0.011 4.26 4.45 4.63 1 1.1 0.5 4.71 4.89 5.07 6 1.0
0.012 6.97 7.27 7.57 1 1.1 0.6 6.01 6.22 6.45 6 0.9
0.013 1.08 .13 1.17 2 i1 0.7 7.29 7.55 7.82 6 0.9
0.014 1.60 1.67 1.74 2 1.1 0.8 8.55 8.86 9.17 6 0.8
0.015 2.29 2.39 2.49 2 1.1 0.9 0.98 1.01 1.05 7 0.8
0.016 3.18 3.31 345 2 1.1 1 1.10 1.14 1.18 7 0.7
0.018 5.65 5.89 6.14 2 1.1 1.25 1.40 1.44 1.49 7 0.6
0.02 9.27 9.66 10.1 2 1.1 1.5 1.68 1.73 1.79 7 0.6
0.025 2.48 2,59 2.69 3 1.1 1.75 1.94 2.01 2.07 7 0.5
0.03 5.22 5.44 5.67 3 1.1 2 2.20 2.27 235 7 0.5
0.04 1.53 1.60 1.66 4 1.1 25 2.68 2.76 2.85 7 0.4
0.05 3.26 3.40 3.54 4 1.1 3 311 322 332 7 0.3
0.06 5.78 6.02 6.27 4 1.1 35 352 3.64 3.75 7 0.3
0.07 9.10 9.48 9.86 4 1.1 4 3.90 4.03 4.16 7 0.3
0.08 1.32 1.37 1.43 5 1.1 5 4.59 4.74 4.89 7 0.2
0.09 1.80 1.88 1.95 5 f1 6 5.19 5.36 5.53 7 0.2
0.1 2.36 2.45 2.55 5 1.1 7 572 5.91 6.10 7 0.1
0.11 2.97 3.09 322 5 t.1 8 6.20 6.40 6.61 7 0.1
0.12 3.65 3.80 3.95 5 1.1 9 6.62 6.84 7.06 7 0.1
0.13 4.38 4.56 4,74 5 1.1 10 7.00 7.22 7.45 7 0.1

Reaction: *H(a,y)’Li

Direct measurements of the non-resonant cross section have been performed only at
energies £ = | to 8.4 MeV [RO81], while MO9%4a is limited to the 3" resonance at E; =
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 [RO81,1.LA86a,l.LA86b,CR89,BU90,CR90,TY91,M09%4a, 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 [wy = (10.2+0.6) x 10~*
eV], while the total width is taken as the weighted average of MO94a and BA79b: I =
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 (7y < 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0002  0.17 213 123 =23 05 015 159 876 305 -5 1.0
0.003 024 287 164 20 05 016 022 L17 398 -4 10
0.004 023 268 151 —18 05 018 037 193 634 -4 11
0.005 059 671 375 —17 05 0.2 060 300 947 -4 LI
0.006 0.70 7.80 433 —16 0.5 0.25 1.61 7.28 21.1 —4 I.1
0.007 050 552 304 —15 05 0.3 035 145 390 -3 1.1
0.008 0.26 2.77 152 —14 0.5 0.35 0.65 253 6.34 -3 1.0
0009 010 108 58 —I13 06 0.4 110 403 948 -3 10
0.01 033 350 189 —13 06 045 175 602 133 -3 10
0011 094 974 523 —13 06 0.5 263 856 179 -3 1.0
0012 024 241 129 —-12 06 0.6 053 157 293 -2 10
0013 054 542 287 —I2 06 0.7 096 264 446 -2 10
0.014  0.11 112 593 -1t 06 0.8 163 424 656 -2 1.0
0015 022 218 114 -1l 06 0.9 264 656 952 -2 10
0.016 041 400 209 —1I 06 1 407 981 136 -2 L1
0.018 0.12 1.17 6.04 —10 0.6 1.25 0.98 2.27 3.01 -1 1.1
0.02 031 29 150 —10 06 15 187 422 558  —| 1.1
0.025  0.2i 1.87  9.33 -9 07 175 302 667 885 -1 1.0
0.03 088 765 373 -9 07 2 435 940 125 -1 1.0
0.04 0.73 5.96 28.0 -8 038 25 0.73 1.51 2.02 0 1.0
0.05 0.33 2.57 11.6 -7 038 3 1.05 2.06 2.75 0 1.0
0.06 107 784 343 -7 09 35 139 257 341 0 10
0.07 027 191 812 -6 09 4 175 307 403 0 10
0.08 059 400 165 -6 09 5 256 407 523 0 1l
0.09 115 748 300 -6 10 6 352 517 649 0 L
0.1 020 128 502 -5 Lo 7 462 641 789 0 12
0.11 034 206 785 -5 1.0 8 585 781 947 0 13
0.12 053 314 117 -5 1.0 9 720 935 112 0 15
0.13 079 457 166 -5 1.0 10 08 110 13l | 1.6
0.14 1.14 643 229 -5 1.0
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Reaction: *H(d,n)*He

Experimental data are available from £ = 0.005 to 10 MeV [BR51a,AR52,C052,
ST52,AR54,HES5,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 7y = 0.05 are probably due to the numerical
approach used here compared to the analytical procedure of CAS88.

Ty low adopt high  exp ratio Ty low adopt high exp ratio
0.001 1.82 1.90 1.97 -7 1.0 0.09 327 337 3.48 7 1.0
0.0011 7.06 7.35 7.64 -7 1.0 0.1 441 4.55 4.69 7 1.0
0.0012 234 243 253 —6 1.0 0.11 5.69 5.87 6.05 7 0.9
0.0013  6.81 7.09 7.37 —6 1.0 0.12  7.09 7.31 7.53 7 0.9
0.0014 1.79 1.86 1.93 -5 1.0 0.13 858 8.85 9.12 7 0.9
0.0015  4.29 447 4.64 -5 1.0 0.14 1.01 1.05 1.08 8 0.9
0.0016  9.55 9.94 10.3 -5 1.0 0.15 1.18 1.21 1.25 8 0.9
0.0018  3.93 4.09 4.25 —4 1.0 0.16 1.34 1.38 1.42 8 0.9
0.002 1.33 1.38 1.44 -3 1.0 0.18 1.67 1.72 1.78 8 0.9
0.0025 1.52 1.58 1.64 -2 1.0 0.2 1.99 2.06 2.12 8 1.0
0.003 0.97 1.01 1.05 -1 1.0 025 274 2.83 2.92 8 1.0
0.004 1.43 1.49 1.55 0 1.0 0.3 3.35 3.47 3.58 8 1.0
0.005 0.97 1.00 1.04 | 1.0 035 383 397 4.11 8 1.0
0.006 4.13 4.30 4.46 1 1.0 0.4 4.19 435 451 8 1.0
0.007 1.32 1.37 1.42 2 1.0 045 445 4.63 4.81 8 1.0
0.008 3.42 3.55 3.68 2 1.1 0.5 4.64 4.84 5.04 8 1.0
0.009 7.64 7.94 8.24 2 1.1 0.6 4.85 5.07 5.30 8 1.0
0.01 1.53 1.59 1.65 3 1.1 0.7 4.90 5.15 5.41 8 1.0
0.011 2.80 291 3.02 3 1.1 0.8 4.87 5.14 5.42 8 1.0
0.012 4.78 4.96 5.15 3 1.1 0.9 4.78 5.07 5.37 8 1.0
0.013 7.71 8.01 8.31 3 1.1 1 4.66 4.97 5.29 8 1.0
0.014 1.19 1.23 1.28 4 1.1 125 431 4.66 5.02 8 0.9
0.015 1.76 1.82 1.89 4 1.1 1.5 3.95 4.34 4.74 8 0.9
0.016 2.51 2.61 2.70 4 1.1 175 3.63 4.05 4.47 8 0.9
0.017 3.50 3.63 3.76 4 1.1 2 3.34 3.79 423 8 0.9
0.018 4.74 492 5.10 4 1.1 2.5 2.87 3.36 3.85 8 0.9
0.02 8.18 8.49 8.79 4 1.1 3 2.50 3.02 3.55 8 0.9
0.025 2.44 253 2.62 5 1.1 3.5 221 2.77 3.32 8 0.9
0.03 5.64 5.84 6.05 5 1.1 4 1.98 2.56 3.14 8 0.8
0.035 1.10 1.14 1.18 6 1.2 5 1.65 2.26 2.87 8 0.8
0.04 1.91 1.98 2.05 6 1.2 6 1.41 2.05 2.69 8 0.9
0.05 4.57 4.72 4.88 6 1.2 7 1.23 1.90 2.56 8 0.9
0.06 8.85 9.15 9.45 6 1.2 8 1.10 1.78 2.46 8 0.9
0.07 1.50 1.55 1.59 7 1.1 9 1.00 1.69 2.38 8 0.9
0.08 229 2.37 2.44 7 1.0 10 0.92 1.62 232 8 0.9
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Reaction: 3H(a,y)’Li

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 [ KA86,1.LA86a,M093]. Up to 2.5 MeV, we
use the energy dependence given by the microscopic calculation of KA86. A renormal-
ization factor 1.01 £ 0.11 is obtained from a y? analysis of the data. The recommended
S-factor at zero energy is Sp = 0.10 &+ 0.02 keV b. For E < 0.4 MeV, the S-factor can
be well approximated by the expression S(E) = 0.10 — 0.15E + 0.13 E? (E in MeV,
S(E) in keV b). The present rate is in perfect agreement with the CA88 compilation
in the temperature range Ty < 1. However, for Ty > 1, the present rates are significantly
lower, up to a factor 5 near Ty = 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.

0.1 1 10 Tg
0.1 6 T T T TTTIT1T1IT T T T L 1 T T T T
. s . m GR61
o r H(o,y)'Li A BUS?
< 042} X SC87a
g o BR94
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5 0.08
3 i %
()] L
0.04 |
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.002 6.51 7.30 8.10 —21 1.0 0.15 5.93 6.66 7.38 -1 1.0
0.003 1.65 1.85 2.05 —-17 1.0 0.16 7.82 877 9.73 —1 1.0
0.004 2.28 2.56 2.84 —15 1.0 0.18 1.27 1.43 1.58 0 1.0
0.005 7.55 8.48 9.40 —14 1.0 0.2 1.92 2.16 2.39 0 1.0
0.006 1.08 1.22 1.35 —12 1.0 025 437 491 5.44 0 1.0
0.007 0.91 1.02 1.13 —11 1.0 0.3 8.09 9.08 10.1 0 1.0
0.008 5.21 5.85 6.48 -1 1.0 0.35 1.31 1.47 1.63 1 1.0
0.009 2.28 2.56 2.84 -10 1.0 0.4 1.94 2.18 242 1 1.0
0.01 0.81 9.11 1.01 -9 1.0 0.45 2.70 3.03 3.36 1 1.0
0.011 2.46 2.76 3.06 -9 1.0 0.5 3.57 4.00 4.44 1 1.0
0.012 6.55 7.35 8.15 -9 1.0 0.6 5.60 6.28 6.97 1 1.0
0.013 1.57 1.76 1.96 -8 1.0 0.7 7.96 8.93 9.90 | 1.0
0.014 3.46 3.88 4.30 -8 1.0 0.8 1.06 [.19 1.32 2 1.0
0.015 7.07 7.93 8.80 -8 1.0 0.9 1.34 1.50 1.67 2 1.0
0.016 1.36 1.53 1.69 -7 1.0 | 1.64 1.84 2.04 2 1.0
0.018 4.31 4.84 5.36 -7 1.0 1.25 242 272 3.02 2 0.9
0.02 1.16 1.31 1.45 —6 1.0 1.5 3.25 3.64 4.04 2 09
0.025 8.43 9.46 1.05 -6 1.0 1.75 4.09 4.59 5.08 2 0.8
0.03 3.80 4.26 4.72 -5 1.0 2 4.93 5.54 6.14 2 0.8
0.04 3.36 3.77 4.18 —4 1.0 25 6.63 7.44 8.26 2 0.6
0.05 1.56 1.75 1.94 -3 1.0 3 8.34 9.36 10.4 2 0.5
0.06 5.01 5.63 6.24 -3 1.0 35 1.00 1.13 1.25 3 05
0.07 1.26 1.42 1.57 -2 1.0 4 1.18 1.32 1.47 3 0.4
0.08 2.70 3.03 3.36 -2 1.0 5 1.54 1.73 1.91 3 0.3
0.09 5.11 5.73 6.36 -2 1.0 6 1.95 2.19 243 3 0.2
0.1 8.83 991 [1.0 -2 1.0 7 2.49 2.79 3.10 3 0.2
0.11 1.42 .59 1.77 -1 1.0 8 3.26 3.66 4.06 3 0.2
0.12 2.16 242 2.69 -1 1.0 9 441 4.95 5.49 3 0.2
0.13 313 352 3.90 —1 1.0 10 6.13 6.88 7.62 3 0.2
0.14 4.38 4,92 5.45 —1 1.0

Reaction: *He(*He,2p)*He

For the determination of the S-factor, the non-resonant data of WA66, BA67, DW71,
DW74, KR87b, BR87b and JU9S8 are used. The AR96 data are superseded by the JU98
data. Low energy data are corrected by electron screening with U, = 330 eV. The results
of GO54 (a factor 2-3 smaller than all the more recent data, without error estimate)
and ZU65 (where only a proton spectrum is shown) are not considered. The adopted
data are well approximated by S(E) = 5.18 — 2.22 F + 0.804 E? (E in MeV, S(E)
in MeV b). The Sy value is close to the recommended of AD98 (5.4 + 0.4 MeV b).
At higher energies (E > 2.8 MeV), we assume a constant value S(E) = 5.26 MeV
b. The existence of a low energy resonance [FE72,FO72] is not observed up to now
[JU98]. In the 0.003 < Ty < 0.02 range, the present rates are slightly (< 10%) smaller
than the CA88 ones, due to the smaller value of Sy used here than the KR87b value
adopted in the CA88 compilation. For Ty > 1, the present rates are significantly lower
than the CA88 one. In this temperature region, the CA88 values are based entirely on
the extrapolation given in KR87b, which is valid only for E < 0.3 MeV.
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0.01 0.1 E (MeV) 1 10
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.003 2.74 291 3.08 —25 0.9 0.15 1.68 1.78 1.89 | 1.0
0.004 544 5.76 610 22 09 016 262 2.79 2.96 1 1.0
0.005 1.20 127 1.34 -19 0.9 0.18 5.77 6.14 6.52 1 1.0
0.006 7.31 7.75 8.20 —18 0.9 0.2 1.14 1.21 1.28 2 1.0
0.007 1.94 2.06 218 -—16 0.9 025 437 4.65 4.95 2 1.0
0.008 291 3.08 326 -15 0.9 03 1.21 1.29 1.37 3 1.0
0.009 2.85 3.02 3.20 —14 0.9 0.35 2.72 290 3.08 3 1.0
0.01 2.04 2.16 2.29 -13 0.9 0.4 5.27 5.62 5.99 3 1.0
0.011 1.14 1.20 1.28 —12 0.9 0.45 9.18 9.81 10.4 3 1.0
0.012 5.20 5.51 5.83 —12 0.9 05 1.48 1.58 1.68 4 1.0
0.013 2.02 2.14 227 -1 0.9 0.6 322 3.44 3.67 4 1.0
0.014 6.87 7.29 7.71 —11 1.0 0.7 5.95 6.37 6.80 4 1.0
0.015 2.09 222 2.34 -10 1.0 0.8 0.98 1.05 I.13 5 0.9
0.016 5.77 6.12 6.48 —10 1.0 0.9 1.49 1.60 1.72 5 0.9
0.018 348 3.69 3.91 -9 1.0 1 2.14 2.30 2.46 5 0.9
0.02 1.63 1.73 1.83 -8 1.0 1.25 4.35 4.68 5.02 5 0.8
0.025 3.60 3.81 4.04 -7 1.0 1.5 7.39 7.96 8.56 5 0.7
0.03 3.78 4.01 4.25 —6 1.0 1.75 112 1.21 1.30 6 0.6
0.04 1.15 1.22 1.30 —4 1.0 2 1.58 1.70 1.84 6 05
0.05 1.30 1.38 1.46 -3 1.0 25 2.68 290 313 6 04
0.06 8.20 8.70 9.22 -3 1.0 3 3.99 4.32 467 6 0.3
0.07 3.55 377 3.99 -2 1.0 35 5.49 5.95 6.42 6 0.2
0.08 1.19 1.26 1.33 ~1 1.0 4 7.15 7.75 8.36 6 0.2
0.09 3.27 3.48 3.69 —1 1.0 5 1.09 1.18 1.27 7 0.1
0.1 7.84 8.33 8.83 -1 1.0 6 1.51 1.63 1.75 7 0.1
0.11 1.68 1.78 1.89 0 1.0 7 1.97 2.12 227 7 0.1
0.12 3.29 3.49 3N 0 1.0 8 2.46 2.63 2.81 7 0.1
0.13 5.99 6.37 6.76 0 1.0 9 295 3.15 3.36 7 0.1
0.14 1.03 1.09 1.16 1 1.0 10 3.46 3.68 3.91 7 0.1
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Reaction: He(a,7)"Be

Non-resonant data from HOS59, PA63, NA69, KR82, RO83a, AL84, 0S84 and HISS
are used. The VOS83 data are omitted, since only the extrapolated value of the S-factor
at zero energy is given. The PA63 data at £ < 400 keV are taken from the values
reported in NAG9. 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 y? analysis of the data.
The recommended S-factor at zero energy is then Sy = 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? (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,M093,WA84]. The resulting rates are in
good agreement with those from CAS8S, except at the highest temperatures, where the
adopted rates are significantly larger. The CA88 rates are obtained with an exponentially
decreasing S-factor [ WI81] which falls below the experimental data above E ~ 2 MeV.

01 1 10 Ty
1.5 v . 1
| 3 7 X HOS59
I He(oy)'Be A PAG3
o I A NAG9
o) 0 KR82, RO83a
= 17 © 0S84
2 i ® AL84
= O HI88
@] — adopted
3 L
805
w
0
0 0.5 1 1.5 2 2.5
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0005 4.14 497 580 25 1.0 0.16 794 952 1 -4 1.0
0.006  3.05 366 428 -23 1.0 0.18 181 217 253 -3 1.0
0.007 095 1.13 132 21 1.0 0.2 367 440 514 -3 1.0
0.008  1.60 192 224 -2 1.0 025 150 180 210 -2 1.0
0009 175 210 245 —19 1.0 0.3 435 522 609 -2 1.0
0.01 1.37 1.64 191 —18 1.0 035 101 1.21 141 —1 1.0
0011 825 990 1.5  —18 1.0 0.4 2.01 242 282 -1 1.0
0012 404 485 566 —17 1.0 045 359 431 503 -1 1.0
0013 168 201 235 —16 1.0 0.5 590 707 825 -1 1.0
0014 603 724 844 16 1.0 0.6 1.32 1.59 1.85 0 1.0
0015 193 232 270 —I5 1.0 0.7 250 3.01 3.51 0 1.0

continued on next page
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continued from previous page

0.0l6  5.59 6.71 7.83 —15 1.0 0.8 421 5.06 5.90 0 1.0
0.018  3.66 4.40 513 —14 1.0 0.9 6.51 7.81 9.11 0 1.0
0.02 1.85 222 2.59 -13 1.0 1 0.94 1.13 1.32 1 1.0
0.025 470 5.64 6.57 -12 1.0 1.25 1.96 2.35 2.75 1 1.0
0.03 5.51 6.61 7.71 —11 1.0 1.5 3.39 4.07 4.74 1 1.0
0.04 1.97 2.37 2.76 -9 1.0 1.7 5.21 6.25 7.29 1 1.0
0.05 2.49 2.98 348 -8 1.0 2 7.39 8.87 10.3 1 1.0
0.06 1.71 2.05 2.39 -7 1.0 25 1.27 1.52 1.78 2 1.0
0.07 7.92 9.50 11.1 -7 1.0 3 1.91 2.29 2.67 2 1.1
0.08 2.80 3.36 3.91 —6 1.0 35 2.64 3.16 3.69 2 1.1
0.09 8.10 9.72 11.3 —6 1.0 4 3.44 4.12 481 2 1.1
0.1 2.02 242 2.83 =5 1.0 5 5.22 6.26 7.30 2 1.3
0.11 4.48 5.37 6.27 -5 1.0 6 7.16 8.60 10.0 2 1.4
0.12 0.91 1.09 1.27 —4 1.0 7 0.92 1.10 1.29 3 1.5
0.13 1.69 2.03 237 —4 1.0 8 113 1.35 1.58 3 1.7
0.14 2.98 3.58 4.17 -4 1.0 9 1.34 1.60 1.87 3 1.8
0.15 4.97 5.97 6.96 —4 1.0 10 1.54 1.85 2.16 3 1.9
Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: “‘He(an,y)’Be

We assume that the capture proceeds in two steps: a metastable ®Be is formed, which
then captures a neutron. The formation of >He followed by an a capture is neglected
because of the short lifetime of He. The rate is calculated with an extension of the
model presented in NO85 (see also GO95 for a simple, but crude approximation),

7R\ [ paa \7
N2 aan _ N
oo = (5°) (shecr)

o0
Oaa(E) 8B
—_— —E/kgT nbe E,
X/I’a(sBe,E) exp(—E/kgT)Na(ov)" " Ed

where W, 1s the reduced mass of the @ + @ 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 *He(aa, y)'*C reaction. The Na(ov)" B¢ rate assumes that
®8Be is formed at an energy E different from the energy Esg, of the ®Be ground-state
resonance, and that it is bound. This rate is given by

oo

N n8Be _ 8ar Mn8Be 2 . y T
Alov) =Na—5— | 55—~ ospe(E's E) exp(—E' /kgT) E' dE',
0

where g is the reduced mass of the n + 3Be system and E’ is the energy with
respect to its threshold (which varies with the formation energy E). We parametrize
Tspe(E'SE) as
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Tppe(ELE)= Y %(21+ 1)2—1@—
J=1/2,5/2 Hrrpe B’
~ Fﬂ(gBeJa E')Fy(gBej,E'+E)
(E' — E! + E — Esge)? + ;I (°Be’, E/)?’

where the sum runs over the 1/2%, 1/27 and 5/2% resonances at energies E’. This
expression is related to the measured *Be(7y,n)®Be 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 FUS2 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 I',(°Be’, E') = \/E'/E! I',, and its E1 y
width by I, (°Be’, E' + E) = (Er + E' + E — Esg.)’/(Er + E/)? I, where the photon
threshold energy Er is 1.644 MeV and E] = 67 keV, I', = 0.227 MeV, I, = 0.51 £0.10
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 (F.C.
Barker, private communication). The 5/2~ resonance is neglected [BU98]. The broad
1/2~ resonance at E/ = 1.12 + 0.12 MeV should be important at high temperatures
[BU98]. Its total width is 1.08 £ 0.11 MeV and we assume Iy = 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 (I, = 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 I", = 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 ®Be ground state is reduced [see *He(aa,y)!*C]. Our
rate is significantly larger below Ty = 0.025 because of the energy dependence of
I'.(®Be, E), which is neglected in CA88. At higher temperatures, the rates differ because
the photoneutron cross section in CA88 is parametrized as o, = 1.6exp(—4E) mb
(with E in MeV), rather than as a sum over resonances.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 2.14 3.90 5.80 -59 - 0.14 280 3.57 4.34 ~8 0.6
0.002 1.43 2.50 3.66 —47 - 0.15  4.11 523 6.35 —8 0.6
0.003 0.79 1.35 1.95 —41 - 0.16  5.70 7.25 8.80 -8 0.6
0.004 3.35 5.58 8.00 -38 - 0.18 0.96 1.22 1.49 ~7 0.6
0.005 1.28 2.11 3.00 =35 1E58 0.2 1.43 1.82 2.21 -7 0.6
0.006 1.21 1.96 278 ~33 1E45 0.25 2.74 348 4.22 -7 0.6
0.007 4.6l 7.39 10.4 —32 1E36 03 3.93 4.99 6.06 -7 0.7
0.008 0.94 1.48 2.07 -30 1E29 035 484 6.14 7.45 -7 0.7
0.009 1.20 1.88 2.62 -29 1E24 0.4 5.44 6.90 8.37 ~7 0.7
0.01 1.08 1.69 2.34 —28 [E20 0.45 5.77 7.33 8.89 -7 0.7
0.011 0.75 1.16 1.60 -27 1E17 0.5 5.90 7.50 9.09 -7 0.7

continued on next page
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continued from previous page
0012 415 6.37 8.77 27 1E14 0.6 5.78 7.34 8.91 -7 0.7
0.013 1.93 295 404 26 1E12 0.7 5.38 6.84 8.30 =7 0.7
0014  0.78 1.18 1.61 =25 IE10 0.8 4.89 6.22 7.56 -7 0.7
0.015  2.76 4.17 5.69 =25 1E8 0.9 4.40 5.60 6.80 -7 0.7
0016  0.89 1.33 1.81 —24 1E7 1 3.93 5.00 6.08 =7 0.8
0.018 0.70 1.05 1.42 -23 1ES 125 296 3.78 4.60 -7 0.8
0.02 4.27 6.29 8.48 -23 1E3 1.5 2.26 2.89 3.52 =17 0.8
0.025 2.1 299 3.92 —21 2.0 1.75 1.76 2.26 275 -7 0.8
0.03 3.88 5.05 6.24 —19 04 2 1.40 1.80 2.20 -7 0.8
0.04 1.48 1.90 2.33 —15 0.4 25 0.93 1.21 1.49 -7 0.8
0.05 2.01 2.58 3.15 —13 0.4 3 6.69 8.87 11.0 -8 0.9
0.06 5.01 6.43 7.84 —12 0.4 35 5.05 6.83 8.61 -8 1.0
0.07 4.80 6.14 7.48 -1 0.5 4 3.97 5.48 6.99 -8 1.0
0.08 2.53 324 3.94 —10 0.5 5 2.67 3.83 5.01 -8 1.2
0.09 0.90 I.15 1.40 -9 0.5 6 1.94 2.88 3.83 -8 1.5
0.1 244 312 3.79 -9 0.5 7 1.48 2.26 3.04 -8 1.7
0.11 5.42 6.92 8.41 -9 0.5 8 1.16 1.81 247 -8 1.9
0.12 1.04 1.33 1.61 -8 0.5 9 0.94 1.48 2.03 -8 2.1
0.13 1.78 227 2.76 —8 0.5 10 0.77 1.23 1.70 -8 2.3
Ty low adopt high exp ratio Ty low adopt high exp . ratio

Reaction: ‘He(aa,y)?C

The rate is calculated with a variant of the model presented in NO85 and LAS86c,

8mh M 3/2
2 aax _ g o aa
NA <0'U> NA P 27TkBT

2
(:2:3

o0

Tua(E) a®Be

X/Fa(gBe,E) exp(—E/kgT)Na{ov)* *° EdE,
0

where fq, 18 the reduced mass of the a + « system, and E is the energy with respect to
the o + o threshold. The elastic cross section of & + a scattering is given by Eq. (7)
with I; = I'y = TI',(®Be, E). The energy-dependent width of the ¥Be ground state is
defined in Eq. (9). The energy Esg, and width I',(3Be) of the ®Be ground state are
displayed in the table. The NA<0'U>0’8B° rate assumes that ®Be has been formed at an
energy E different from Esp., and that it is bound [LLA86¢]. This rate is given by

3/2 9
8 8 o
Na(ou)™Be = Naz (f%) /UasBe(E';E) exp(—E'/ksT) E' dE',
a®Be
0

where wqsge is the reduced mass of the a + ¥Be system, and E’ is the energy with
respect to its threshold (which varies with the formation energy E). As in NO85 and
LA86¢, we parametrize o ,sp.(E'; E) as
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h?

EE) = 27+ 1
o'aRBe( ) Z ( +1) 2,‘*La8BeEl

J=0,2
y ra(12cl,E/)ry(12C1,E/ +E)
(E' — E! + E— Esg,)? + iI("2C/  E", E)Y

where the sum runs over the 0 resonance and an assumed 2% resonance at energies
E!. The widths are given by I' = I'y + I, T'o(1?)C’,E') = I, ('*C’) P/(E')/P/(E’)
and Iy ("*C’,E'+ E) = I',(">)C’)(Er + E' + E — Esg.)°/(Er + E! )3, where, for J =0,
the photon threshold energy Er is 7.367 — 4.439 = 2.928 MeV and E/, I',(1?C’) and
I, ('2C’) 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 0F state. The capture to the '>C ground state is calculated with Er = 7.367 MeV
and the theoretical values [DE87] E/ = 1.75 MeV, I, = 0.56 MeV and Iy =02eV.
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 I, = 2 meV. The experimental bound and
the Iy, 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 ®Be ground
state is smaller. Our rate is significantly larger at low temperatures because NO85 uses
I'y("*C? E';E) = Iy ('?C’) P(E')/P(E! — E + Esg.). 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 J7 E. (keV) Iy (eV) ry (meVv) Ref.
Be ot 92.12 6.8+ 1.7 - BE68
92.03 5.57 £025 - w92
92.08 5.60+0.25 - adopt
2c 0f 287.7 83+ 1.0 3.7+05 AJ90
K 2274 (34 £5) x 10° < 14 (I'y, =031 £0.04) AJ90
Ty low adopt high exp  ratio I low adopt  high exp  ratio
0.01 213 293 338 71 11 025 365 422 479 —14 1.1
0011 432 594 790 69 11 0.3 395 457 518 —13 1.0
0012 479 659 875 —67 11 035 20t 233 264 —1I2 1.0
0013 324 446 592  —65 11 0.4 648 749 850 —12 1.0
0014 146 201 266 —63 12 045  1.54 1.78 202 —11 1.0
0015 465 640 850 —62 12 05 298 345 391 11 1.0
0016 1.11 153 203 —60 12 0.6 746 862 979  —I1 1.0

continued on next page
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0.018  3.07 422 5.61 —58 11 0.7 1.34 1.55 1.75 —10 1.0
0.02 3.96 5.45 7.23 —56 8.9 0.8 1.96 227 258 -10 1.0
0.025 0.81 .11 1.47 —51 4.1 09 254 293 333 —10 1.0
0.03 1.10 1.46 1.86 —47 23 1 3.01 3.48 3.95 —10 1.0
0.04 4.04 5.31 6.76  —41 1.8 125 371 4.30 48 —10 1.0
0.05 0.79 1.04 132 -36 1.7 1.5 3.87 449 512 —10 1.0
0.06 0.91 1.20 152 =33 1.7 .75 372 4.37 502  —10 1.0
0.07 233 3.00 3.75 -31 1.7 2 3.44 4.16 4.87 —-10 1.1
0.08 8.18 9.68 11.2 —29 1.3 25 2.86 392 4.99 -10 1.3
0.09 2.18 2.52 2.87 —26 1.2 3 2.45 4.16 590 —10 1.7
0.1 2.05 2.38 270 24 .1 35 222 4.77 739 —10 26
0.11 8.34 9.64 10.9 -23 1.1 4 2.11 5.55 910 -10 38
0.12 1.79 2.07 2.35 -21 1.1 5 2.05 7.04 122 —10 7.0
0.13 2.35 2.72 3.09 -20 1.1 6 2.05 8.03 14.3 -10 10
0.14 2.10 243 2.76 —19 1.1 7 2.01 8.48 15.3 —10 13
0.15 1.38 1.60 1.82 —18 1.1 8 1.94 8.52 15.5 —10 15
0.16 7.11 8.22 9.34 —18 1.1 9 1.84 8.28 15.1 -10 15
0.18 1.05 1.22 1.38 —16 1.1 10 1.73 7.90 14.5 -10 15
0.2 0.88 1.02 .16 —15 1.1
Ty low adopt high exp  ratio Ty low adopt high exp ratio

Reaction: SLi(p,y)"Be

The non-resonant data from SW79 in the 0.25 < E < 1 MeV range are adopted, along
with the direct capture calculation of BA8O. The zero energy S-factor Sy = 65 + 10 eV
b from CE92 is omitted, since this value is not presently understood. For Ty < 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 Ty > 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 2.88 3.60 4.32 -29 1.9 0.14 324 4.05 4.86 -1 1.6
0.002  6.29 7.86 9.43 22 1.9 0.15 445 5.57 6.68 —1 1.6
0.003 223 2.79 3.35 —18 1.9 0.16 595 7.44 8.93 -1 1.6
0.004  3.82 4.78 5.74 —16 1.9 0.18  0.99 1.24 1.49 0 1.6
0.005 1.47 1.84 2.21 —-14 1.9 0.2 1.53 1.91 229 0 1.6
0.006  2.38 297 3.56 —13 1.9 0.25 3.62 4.52 542 0 1.5
0.007 2.18 273 327 —12 1.9 0.3 6.92 8.62 10.3 0 [.5
0.008 1.35 1.69 2.03 —11 1.9 0.35 1.15 1.43 171 1 1.4
0.009 6.32 7.90 9.48 =11 1.9 0.4 1.75 2.17 2.59 1 1.4
0.01 238 2.97 3.57 —-10 1.9 0.45 248 3.07 3.66 1 1.3
0.011 7.56 9.45 11.3 —10 1.8 0.5 334 4.13 491 1 1.3
0.012 2.10 2.63 3.16 -9 1.9 0.6 5.43 6.68 7.94 1 1.3
0.013 5.25 6.56 7.87 -9 1.9 0.7 794 9.75 1.6 I 1.2
0.014 1.20 1.49 1.79 -8 1.9 0.8 1.08 1.33 1.57 2 1.2
0.015 2.52 3.15 3.78 —8 1.9 0.9 1.40 1.71 2.02 2 1.1
0016 499 6.24 7.49 -8 1.8 1 1.75 2.13 2.52 2 1.1
0.018 1.67 2.08 2.50 =7 1.8 1.25 2.66 324 3.82 2 !
0.02 4.70 5.88 7.05 —7 1.8 L5 3.63 4.41 5.19 2 1.0
0.025 3.73 4.66 5.60 -6 1.8 .75  4.65 5.63 6.61 2 1.0
0.03 1.80 2.25 2.70 -5 1.8 2 5.65 6.84 8.03 2 1.0
0.04 1.76 2.20 2.64 —4 1.8 2.5 7.64 9.24 10.8 2 1.0
0.05 0.88 1.10 1.32 -3 1.8 3 0.98 1.18 1.39 3 1.0
0.06 2.98 373 447 -3 1.8 3.5 1.18 1.43 1.68 3 1.1
0.07 7.86 9.82 1.8 -3 1.7 4 1.38 1.68 1.98 3 1.3
0.08 1.74 2.18 2.61 -2 1.7 5 1.79 2.18 2.57 3 1.9
0.09 3.40 425 5.10 -2 1.7 6 217 2.66 3.14 3 32
0.1 6.03 7.54 9.05 -2 1.7 7 2.54 3.12 3.70 3 6.5
0.11 0.99 1.24 1.49 —1 1.7 8 2.89 3.56 423 3 17
0.12 1.54 1.93 2.31 -1 1.7 9 3.21 3.96 4.71 3 70
0.13 2.28 2.85 342 —1 1.7 10 3.49 4.32 5.15 3 2800

Reaction: °Li(p,a)*He

Total cross sections are adopted from MAS6, JE63a, FA64, GE66, SP71, GO74, L177,
EL79a, SH79 and KW89 from E = 0.043 to 12.08 MeV. The low-energy data from FI167
are omitted due to what appears to be normalization problems. Those from EN92 are
corrected for electron screening effects (U, = 470 eV and 440 eV for atomic and
molecular target data, respectively). We used the extrapolation performed by KW89,
So =297 £0.03 MeV b and we fitted the S-factor data in the whole energy range.
The fitted S-factor curve is shown in the figure. For E < 0.1 MeV, the S-factor can
be well approximated by the expression S(E) = 2.97 — 0.67 E — 5.49 E? (E in MeV,
S(E) in MeV b). The differences between the adopted rates and the CA88 ones at high
temperatures (about 30% at Ty = 10) are probably due to the better accuracy of the
numerical integration of the rate equation used here.
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Ty low adopt  high exp  ratio Ty low adopt high exp ratio
0.001 0.90 1.00 1.10 -24 0.9 0.14 1.06 1.18 1.30 4 0.9
0.002 1.97 2.19 241 —17 0.9 0.15 1.47 1.63 1.79 4 0.9
0.003 6.98 7.76 8.53 —14 0.9 0.16 1.97 2.19 241 4 0.9
0.004 1.20 1.33 1.46 —11 0.9 0.18 3.30 3.66 4.03 4 0.9
0.005 4.6l 5.12 5.63 -10 0.9 0.2 5.13 5.70 6.27 4 0.9
0.006 743 8.25 9.08 -9 0.9 0.25 1.23 1.37 1.51 5 09
0.007 6.82 7.58 8.33 -8 0.9 03 238 2.65 291 5 0.9
0.008 423 4.70 517 -7 0.9 035 401 446 491 5 0.9
0.009 1.98 2.20 242 -6 0.9 04 6.14 6.82 7.50 5 0.9
0.01 745 8.27 9.10 -6 0.9 0.45 8.76 9.73 10.7 5 0.9
0.011 2.37 2.63 2.90 -5 09 0.5 1.19 1.32 1.45 6 0.9
0.012 6.60 7.33 8.06 -5 0.9 0.6 1.94 2.15 2.37 6 0.9
0.013 1.65 1.83 2,01 —4 0.9 0.7 2.85 3.16 348 6 0.9
0.014 3.75 4.17 4.58 —4 0.9 0.8 3.88 431 475 6 0.9
0015 792 8.80 9.68 -4 09 0.9 5.03 5.58 6.14 6 0.9
0.016 1.57 1.74 1.92 -3 0.9 1 6.25 6.95 7.64 6 0.9
0.018 525 5.83 6.41 -3 0.9 125 095 1.06 117 7 0.9
0.02 1.48 1.65 1.81 -2 0.9 1.5 1.30 1.45 1.59 7 0.9
0.025 1.18 1.31 1.44 —1 0.9 1.75 1.66 1.84 2.03 7 0.9
0.03 5.69 6.32 6.95 —1 0.9 2 2.02 2.24 246 7 0.9
0.04 5.58 6.20 6.82 0 0.9 25 2.73 3.03 3.33 7 0.9
0.05 2.80 3.11 343 1 0.9 3 344 3.82 4.20 7 0.9
0.06 0.95 1.06 1.17 2 0.9 35 4.14 4.60 5.06 7 0.9
0.07 2.52 2.80 3.08 2 0.9 4 483 5.37 5.91 7 0.9
0.08 5.61 6.23 6.85 2 0.9 5 6.14 6.82 7.50 7 0.9
0.09 1.10 1.22 1.34 3 0.9 6 7.32 8.13 8.94 7 1.0
0.1 1.96 2.17 2.39 3 0.9 7 8.34 9.27 10.2 7 1.0
0.11 3.23 3.59 3.95 3 0.9 8 0.92 1.03 1.13 8 1.1
0.12 5.03 5.59 6.15 3 0.9 9 1.00 1.11 1.22 8 1.2
0.13 747 8.30 9.13 3 0.9 10 1.06 1.18 1.30 8 1.3
0.01 0.1 1 10 100 19
o T T T awmase
g 8Li(p,0)°He 5 Gaok, Ea
o Fl67
—_— m SP71
o] O LI77, SH79
< 4 % A ®JE63a, EL79a
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Reaction: "Li(p,y)’Be

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,G096,G097]
show that the reaction ’Li(p,y)®B 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/E1 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) =1.54+0.2keV 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 0.1 1 10 100 To
| Li(p.y)°Be o > Rl

— 100 A PE6G3

L E 8 O ZA95a

> N

Q L ©)

=3 %

§ 10 E g%

% s o o AAAAAA

“— r A

YRR o000 TR N

0.1 et e :
0.01 0.1 1 10
E (MeV)

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 1.95 2.81 3.82 —28 109 0.14 4.27 4.71 5.16 0 46
0.002 4.79 6.90 9.37 -21 107 0.15 5.92 6.52 7.12 0 44
0.003 1.80 2.59 3.52 -17 105 0.16 798 8.77 9.55 0 43
0.004 3.19 4.59 6.23 —15 104 0.18 1.35 1.48 1.61 1 40
0.005 1.26 1.81 2.46 —13 102 0.2 2.13 232 2.51 I 38
0.006 2.07 297 4.03 —-12 101 0.25 5.31 5.72 6.14 1 30
0.007 1.93 2.77 3.76 —11 100 0.3 1.09 1.16 1.24 2 17
0.008 1.21 1.74 2.35 -10 99 0.35 2.05 2.18 2.32 2 7.8
0.009 5.71 8.20 11.1 —10 98 0.4 3.76 3.99 4.23 2 4.1
0.01 2.17 3.11 4.21 -9 97 0.45 6.77 7.17 7.56 2 2.7
0.011 6.96 9.98 13.6 -9 96 0.5 1.17 1.24 1.30 3 2.1

continued on next page
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continued from previous page

0.012 1.95 2.79 3.78 -8 95 0.6 296 3.2 327 3 1.6
0.013  4.89 7.01 9.48 -8 94 0.7 6.02 632 6.62 3 1.4
0.014 1.12 1.60 2.17 -7 93 0.8 1.03 1.08 1.13 4 1.3
0.015 2.38 3.40 4.60 -7 92 0.9 1.55 1.63 170 4 1.3
0.016 473 6.76 9.14 -7 92 1 214 224 235 4 1.3
0.018 1.59 227 3.07 —6 90 1.25 3.69 3.86 404 4 1.2
0.02 4.51 6.45 8.71 —6 88 1.5 5.11 5.35 560 4 1.2
0.025 3.63 5.18 6.98 -5 85 175 626 656 68 4 1.3
0.03 1.77 2.52 3.38 —4 82 2 7.17 7.53 7.88 4 13
0.04 2.18 248 2.78 -3 76 25 8.31 8.75 920 4 1.3
0.05 1.10 1.25 1.40 -2 71 3 8.80 943 9.97 4 1.4
0.06 376 424 473 -2 67 35 9207 974 104 4 1.5
0.07 0.99 1.12 1.25 -1 63 4 9.15 9.98 108 4 1.6
0.08 221 2.48 2.76 -1 60 5 872 996 112 4 1.8
0.09 433 4.86 538 -1 57 6 8.08 9.82 116 4 2.0
0.1 1.72 8.63 9.54 -1 54 7 747 979 12.1 4 22
0.11 1.28 1.43 1.57 0 52 8 683 976 127 4 25
0.12 2.00 222 244 0 49 9 6.31 9.88 135 4 2.8
0.13 2.98 3.30 362 0 47 10 0.58 1.00 1.42 5 32
Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: "Li(p,a)*He

Experimental cross section data from CA62, MA64, FI67, SP71, RO86, HA89 and
EN92 are adopted. The low energy data of EN92 are corrected for electron screening
with U, = 300 eV. The original data of SP71 and HA89 represent the number of «-
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
ENO2 is adopted, S(E) = 0.0593 + 0.193 E — 0.355 E2 4+ 0.236 E* (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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.001 0.98 1.13 1.28 —26 1.1 014 232 2.62 291 2 1.0
0.002 242 2.79 316 —19 1.1 0.15 324 3.65 4.05 2 1.0
0.003 091 1.05 1.19 —15 1.1 0.16 438 4.93 5.48 2 1.0
0.004 1.63 1.88 2.13 -13 1.1 0.18 747 8.40 9.34 2 1.0
0.005 647 7.45 8.44 —-12 1.1 0.2 1.18 1.33 1.47 3 1.0
0.006 1.07 1.23 1.39 —10 1.1 0.25 2.94 3.30 3.66 3 1.0
0.007 1.00 1.15 1.30 -9 1.1 0.3 5.89 6.60 7.31 3 1.0
0.008  6.32 7.27 8.22 -9 1.1 0.35 1.02 1.14 1.26 4 1.0
0.009 299 344 3.89 -8 1.1 0.4 1.61 1.80 1.99 4 1.0
0.01 I.14 1.31 1.48 -7 1.1 045 235 2.62 2.89 4 1.0
0.011 3.68 4.23 4.77 -7 1.1 0.5 329 3.65 401 4 1.0
0.012 1.03 1.19 1.34 —6 1.1 0.6 5.60 6.20 6.79 4 1.0
0.013 2.61 2.99 3.38 —6 I.1 0.7 8.55 9.44 1.03 4 1.0
0.014 599 6.88 7.76 -6 1.1 0.8 1.21 1.33 1.45 5 1.0
0.015 1.28 1.46 1.65 -5 1.1 0.9 .61 1.77 1.93 5 1.0
0016 255 292 3.30 -5 1.1 ! 2.07 2.27 247 5 1.0
0.018 8.64 9.90 11.2 -5 1.1 1.25 3.38 3.70 4.02 5 1.0
0.02 247 2.83 3.19 —4 1.1 1.5 4.87 5.33 5.79 S 1.0
0.025 2.02 2.31 2.60 -3 1.1 175 6.56 7.18 7.80 5 1.0
0.03 1.00 .14 1.28 -2 1.1 2 8.38 9.19 10.00 5 1.1
0.04 1.01 1.16 1.30 —1 1.1 25 1.25 1.38 1.50 6 1.1
0.05 5.25 5.97 6.70 -1 1.1 3 1.75 1.93 2.11 6 1.2
0.06 1.83 2.08 233 0 1.1 35 2.35 2.60 2.85 6 13
0.07 4.95 5.62 6.29 0 1.1 4 3.10 3.43 377 6 1.3
0.08 1.12 1.27 1.42 1 1.0 5 4.94 5.48 6.02 6 1.1
0.09 2.24 2.53 2.83 1 1.0 6 7.05 7.81 8.58 6 1.0
0.1 4.05 4.58 5.11 1 1.0 7 0.92 1.02 [.12 7 0.9
0.11 6.80 7.68 8.55 1 1.0 8 1.13 1.25 1.37 7 0.9
0.i2 1.07 1.21 1.35 2 1.0 9 1.33 1.48 1.62 7 0.8
0.13 1.61 1.82 2.02 2 1.0 10 1.52 1.68 1.84 7 0.8

Reaction: "Li(a,y)"'B

The parameters reported by PA67 and HA84 for the resonances at E;. = 0.255, 0.518,
0.607, 1.590, 1.667, 1.782, and 1.936 MeV are adopted (for a discussion of the BES]
data, see HA84). In DE95, the non-resonant capture is shown to be well approximated
by the tail of low-energy resonances only. The difference between our adopted rates and
the CA88 ones at low temperatures are mainly due to the contribution of the resonance
at E, = 1.590 MeV, for which CA88 use a total width of 200 keV [PA63], whereas
our adopted width is 433 keV [PA67]. Although PA67 reports in one table a width of
200 keV, this value is rejected in the text, and the value I" = 433 keV is recommended
there. A small difference in energy of the E; = 0.255 MeV resonance (0.2565 MeV in
CAB88) has also a significant effect at higher temperatures.
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E. (MeV) wy (eV) Ref.

0.255 £ 0.002 0.0088 £+ 0.0013 HA84 I

0.518 & 0.001 0317412 HA84 M

0.607 £ 0.001 1.73+£0.24 HAg4 M

1.590 £ 0.012 17.0 £ 3.4 PA67 M

1.667 £0.012 1.5+03 PA67 M

1.782 + 0.032 25+05 PA67 M

1.936 = 0.032 0.041936 PAG7 M
Ty low adopt high exp ratio To low adopt high exp ratio
0.015 1.95 3.06 4.40 -25 2.7 04 6.98 8.31 9.66 -1 1.1
0.016 0.98 1.53 221 —24 2.7 0.45 1.38 1.64 1.92 0 1.1
0.018 1.69 2.65 3.83 -23 2.7 0.5 242 2.89 3.39 0 1.1
0.02 1.98 3.09 4.45 22 2.7 0.6 6.15 745 8.88 0 1.1
0.025 2.70 421 6.09 -20 2.7 0.7 1.38 1.69 2.04 1 1.1
0.03 1.15 1.79 2.59 —18 2.7 0.8 2.80 344 4.19 1 1.1
0.04 2.68 4.18 6.07 —16 2.7 0.9 513 6.28 7.67 1 1.1
0.05 1.30 2.02 293 —14 2.6
0.06 2.49 3.88 5.63 -13 2.6 1 0.85 1.04 1.27 2 1.1
0.07 2.64 4.11 5.95 -12 2.6 1.25 2.14 2.62 3.19 2 1.1
0.08 1.95 2.99 4.30 -11 2.5 15 3.91 478 5.79 2 1.0
0.09 1.49 2.13 2.91 -10 2.1 1.75 5.90 7.21 8.70 2 1.0
0.1 1.62 2.10 2.63 -9 1.7 2 7.95 9.71 11.7 2 1.0
0.11 1.71 2.11 2.54 -8 1.5 2.5 1.20 1.48 1.77 3 1.0
0.12 1.34 1.63 1.93 -7 14 3 1.63 2.00 243 3 1.1
0.13 7.83 9.45 11.1 -7 1.4 35 2.08 257 3.17 3 1.1
0.14 355 426 5.00 ) 1.3 4 257 3.15 3.95 3 1.2
0.15 1.31 1.57 1.83 -5 1.3 3 3.52 421 545 3 1.4
0.16 4.06 4.87 5.70 -5 1.3 6 421 491 6.45 3 1.5
0.18 2.66 3.18 371 —4 1.2 7 4.48 5.30 6.79 3 1.7
0.2 1.17 1.40 1.63 -3 1.2 8 4.48 5.52 6.79 3 1.9
0.25 1.62 1.93 2.25 -2 1.2 9 4.43 5.61 6.76 3 2.2
0.3 0.89 1.06 1.23 —1 1.1 10 4.46 5.58 6.77 3 24
0.35 2.91 347 4.03 -1 1.1

Reaction: "Li(a,n)'’B

Experimental data from GIS9, MA68, SE81 and OL84 covering the energy range
from threshold (Q = —2.790 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 OL&84. 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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T low adopt high exp ratio Ty low adopt high exp ratio
045 1.33 1.46 1.60 —24 0.1 25 1.30 1.38 1.46 2 02
0.5 1.82 2.00 2.18 =21 0.1 3 1.30 1.37 145 3 0.2
0.6 0.94 1.03 1.11 —16 0.1 35 6.95 7.35 7.75 3 0.2
0.7 222 2.41 2.60 —13 0.1 4 2.50 2.65 2.79 4 02
0.8 7.62 8.25 8.87 -1 0.1 5 1.54 1.65 1.76 5 0.3
0.9 7.22 7.79 8.36 -9 0.1 6 5.23 5.74 6.24 5 0.3
1 2.78 2.99 3.20 -7 0.1 7 1.25 1.41 1.58 6 0.4
1.25 2.02 2.17 2.31 —4 0.1 8 2.38 2.80 322 6 0.4
1.5 1.69 1.80 1.92 -2 0.1 9 3.91 4.81 5.71 6 0.5
1.75 4.02 4.29 4.56 -1 0.1 10 5.67 7.37 9.07 6 0.5
2 4.39 4.68 4.96 0 0.1

Reaction: "Be(p,y)’B

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)8Li 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("Li(d,p)8Li)= 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 & 0.07 obtained from
a x? 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‘3 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? (E in MeV, S(E) in
eV b). For the E; = 633 + 10 keV resonance, we adopt a strength wy = 0.011 = 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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Ty low adopt high exp ratio Ty low adopt  high  exp ratio
0.003 1.43 1.60 1.77 —24 0.9 015 325 3.64 4.03 -3 0.8
0.004 790 8.83 9.78 -22 0.9 016 470 5.25 5.81 -3 0.8
0.005 7.00 7.83 8.67 -20 0.9 0.18 090 1.00 1.11 -2 0.8
0006 213 2.38 2.64 —~18 0.9 0.2 1.56 1.75 1.93 -2 0.8
0.007  3.25 3.64 4,03 -17 0.8 025 473 5.29 5.85 -2 0.8
0.008  3.07 344 3.80 ~16 0.8 0.3 1.09 1.22 1.35 -1 0.8
0009 205 2.29 2.53 ~15 0.8 035 213 2.38 2.63 —~1 0.8
0.01 1.05 1.17 1.29 ~15 0.8 0.4 3.67 4.10 4.54 —1 0.8
0.011 435 4.86 5.38 ~-14 0.8 045 582 6.50 7.20 -1 0.8
0.012 1.53 1.71 1.90 -13 0.8 0.5 8.64 9.66 10.7 -1 0.8
0013 473 529 5.85 -13 0.8 0.6 1.66 1.86 2.07 0 0.8
0.014 1.30 1.46 1.61 ~12 0.8 0.7 2.82 317 3.54 0 0.8
0.015 3.28 3.66 4.05 ~-12 0.8 0.8 4.40 498 5.59 0 0.8
0016  7.60 8.50 9.40 ~12 0.8 0.9 6.46 7.36 8.31 0 0.8
0.018 3.37 3.76 4.16 -1 08 1 0.91 1.04 1.18 1 0.8
0.02 1.21 1.35 1.50 ~10 0.8 1.25 1.79 207 237 1 0.8
0.025 1.56 1.74 1.93 -9 0.8 1.5 2.97 345 3.96 1 0.8
0.03 1.09 1.22 135 —8 0.8 1.75 438 5.10 5.85 1 0.9
0.04 1.84 2.05 227 -7 0.8 2 5.95 6.91 7.91 1 0.9
0.05 1.35 1.51 1.67 —6 0.8 2.5 0.94 1.08 1.23 2 09
0.06 6.17 6.90 7.64 —6 0.8 3 1.29 1.49 1.69 2 09
0.07 2.06 2.31 2.55 -5 0.8 35 1.66 1.90 2.15 2 0.9
0.08 5.56 6.22 6.88 -5 0.8 4 2.04 232 2.62 2 1.0
0.09 1.28 1.43 1.59 —4 0.8 5 2.82 3.20 3.58 2 1.0
0.1 2.63 2.94 325 —4 0.8 6 3.65 4.12 4.60 2 1.1
0.11 492 5.49 6.08 —4 0.8 7 453 5.11 5.69 2 1.1
0.12 8.54 9.54 10.6 —4 0.8 8 545 6.13 6.82 2 1.2
0.13 1.40 1.56 1.73 -3 0.8 9 6.42 7.21 8.00 2 1.3
0.14 2.18 243 2.69 -3 0.8 10 741 8.32 9.23 2 14

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

01 1 10 Ty
140 [rrerrrrm e : .
7 8 A KAB0 ¢ PAB6
L B
120 | Be(p,y) X KA69 A VA70a
3 100 | + Wi77 00 MO9%4b
3 K OFig3ab ® HA9S
o 80 + — adopted
= 3 X
O
5 &
& Q
n




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

Reaction: "Be(a,y)!'C

Experimental data are available only for the first two resonances at E; = 0.560 and
0.877 MeV [HAS84]. For the non-resonant rates, theoretical information is available up
to Ty = 0.7 only (Ey = 0.53 MeV, AEy = 0.41 MeV), since calculated cross sections
[DE95], which also include a subthreshold resonance (J™ = 3/2%, E; = —43 keV), are
restricted to £ < 1 MeV. In [BUS88], the S-factor is computed with a potential model,
but some parameters of this model can not be determined with precision. Beyond Ty = 2,
higher-energy resonances should contribute (the first one is a 7/2" resonance at E; =
1.11 MeV), but wy values are not available. Consequently, HF rates have been used
for Ty > 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 Ty = 0.3 and Ty = 5, the resonant term dominates, and both reaction
rates are similar. Beyond Ty = 5, our HF calculation yields larger rates than the CA88

ones.

E; J7 wy (eV) 'y (eV) I’y (eV) Ref
0.560 3/2- 0.33140.041 117 0.350+0.056 HA84 I
0.877 5/2- 3.80+0.57 12.613.8 3.1+£1.3 HA84 I
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.02 0.81 1.16 1.50 -26 133 0.45 1.65 2.32 3.09 -2 1.1
0.025 3.05 4.36 5.67 —24 126 0.5 6.03 8.40 11.1 -2 1.1
0.03 2.79 3.98 5.17 -22 119 0.6 4.12 5.65 7.31 -1 1.1
0.04 1.96 2.80 3.63 —-19 108 0.7 1.60 2.18 2.79 0 1.1
0.05 2.02 2.89 3.76 -7 99 0.8 441 6.01 7.66 0 1.1
0.06 6.84 9.78 12.7 —16 91 0.9 0.97 1.33 1.70 1 1.1
0.07 1.12 1.61 2.09 —14 84 1 1.84 2.54 3.26 1 1.1
0.08 1.12 1.60 2.08 —13 78 1.25 5.64 8.01 10.4 | 1.0
0.09 0.78 1.11 1.44 —12 73 1.5 1.25 1.78 2.34 2 1.0
0.10 4.09 5.85 7.61 —-12 69 1.75 2.13 3.17 421 2 0.9
0.11 1.74 2.49 3.24 —11 65 2 3.21 4.84 6.46 2 0.9
0.12 6.27 8.96 11.7 —11 61 25 4.64 7.61 10.6 2 0.8
0.13 1.97 2.81 3.65 —10 58 3 0.59 1.05 1.50 3 0.7
0.14 5.50 7.86 10.2 —10 55 35 0.70 1.33 1.96 3 0.7
0.15 1.40 2.00 2.60 -9 53 4 0.80 1.61 243 3 0.7
0.16 3.28 4.69 6.10 -9 51 5 0.93 2.15 3.36 3 0.8
0.18 1.49 2.13 2.77 -8 44 6 1.03 2.66 4.28 3 0.9
0.2 5.52 7.90 10.3 -8 28 7 1.10 3.15 5.18 3 1.0
0.25 1.08 1.58 2.15 -6 3.1 8 1.16 3.63 6.08 3 1.2
0.3 2.57 3.82 5.34 -5 1.3 9 1.2] 4.10 6.97 3 1.3
0.35 3.93 5.73 7.89 —4 1.1 10 1.25 4.58 7.88 3 1.6
0.4 322 4.61 6.23 -3 1.1
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Reaction: *Be(p,y)'°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 E, = 974.2 keV (wy = 0.73 £0.10 eV) [FO49,HO53,MO056,BO64, HO64,ZA95b],
not shown in the figure, has a negligible contribution to the rates. The reliability of
the reaction rates below Ty = 0.1 depends on the validity of the extrapolated value
Sp = 1 keV b proposed by ZA95b. This Sy value is not supported by the data of CE92
(Sp = 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 Ty = 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 < Ty < 2. This is due to the use by CA88 of the ME59 data, which overestimate
the contribution of the E; = 296.8 keV resonance by similar factors.

01 1 10 Ty
100 e T —T T ; r———T—
. 0 A MES9 (norm.)
r Be(p,y) B 0 HOB84 (norm.)
— - & AU75
e
< 10 3 + + a PA89
g [ +‘ A X ZA95b
= - X itx 4 A Mo — extrapol.
2 /‘?x‘g x ML
8 1 x WK x* ’QX
& g R,
[ X
L X Xx*____—
0.1 1 1 I 11 1 i 1 1 1 I 1 N 1L 1
0 0.5 1 1.5 2
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.003 293 4.03 5.13 -23 0.9 0.15 1.99 2.16 2.34 -1 0.8
0.004 1.75 2.39 3.03 -20 0.9 0.16 2.95 32 345 -1 0.8
0.005 1.64 2.23 2.82 —-18 0.9 0.18 593 6.42 6.91 -1 0.8
0.006 5.25 7.07 8.9 -17 0.9 0.2 1.09 1.18 1.27 0 0.8
0.007 0.83 1.12 14 —15 0.9 0.25 3.79 4.08 4.38 0 0.7
0.008 0.81 1.09 1.36 —14 0.9 0.3 0.99 1.07 1.15 1 0.6
0.009 5.59 7.41 9.23 —14 0.9 0.35 2.14 231 247 1 0.5
0.01 294 3.87 481 —13 0.9 04 4 43 4.61 1 04
0.011 1.25 1.64 2.03 —-12 0.9 0.45 6.66 7.16 7.67 | 0.3
0.012 4.51 59 7.28 —12 0.9 0.5 1.02 1.09 1.17 2 0.3

continued on next page
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0.013 1.42 1.85 227 —11 0.9 0.6 1.96  2.11 227 2 0.2
0014 4 5.18 6.35 —11 0.9 0.7 32 3.44 3.68 2 02
0.015 1.02 1.32 1.62 —10 09 0.8 4.68 5.04 5.39 2 0.2
0.016 2.41 3.1 3.79 —-10 09 0.9 646  6.95 7.44 2 0.2
0.018 1.1 1.41 1.71 -9 0.9 1 8.55 9.2 9.84 2 0.2
0.02 4.09 5.17 6.26 -9 0.9 1.25 1.59 1.7 1.82 3 0.3
0.025 5.62 6.99 8.37 -8 09 1.5 2.73 2.92 3.12 3 0.4
0.03 4.15 5.08 6.02 -7 0.9 1.75 431 4.61 492 3 0.5
0.04 7.63 9.11 10.6 —6 0.9 2 6.31 6.75 7.18 3 0.6
0.05 6.04 7.05 8.07 -5 0.9 25 1.08 1.16 1.23 4 0.7
0.06 291 3.34 3.77 —4 0.9 3 1.53 1.64 1.75 4 0.8
0.07 1.02 1.15 1.29 -3 0.9 35 1.94 207 221 4 0.8
0.08 2.84 3.18 352 -3 0.9 4 2.29 2.46 262 4 0.8
0.09 6.75 7.5 8.24 =3 0.8 S 2.7 29 3n 4 09
0.1 1.42 1.57 1.72 -2 0.8 6 292 3.15 3.38 4 0.9
0.11 273 2.99 3.26 -2 0.8 7 3.04 3.29 354 4 0.9
0.12 4.85 5.31 5.76 -2 0.8 8 3 3.26 3.52 4 0.9
0.13 8.14 8.88 9.62 -2 0.8 9 2.94 323 352 4 1.0
0.14 1.3 1.41 1.53 -1 0.8 10 2.93 3.24 3.55 4 1.0
Ty low adopt high exp ratio T low adopt high exp ratio

The experimental data from GI59 are used from threshold (Q =

Reaction: *Be(p,n)’B

—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 £ =4.33 MeV from GI59. In the intermediate
region, the y? 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.3 5.49 5.84 6.07 —24 1.0 1.75 7.03 7.40 177 2 0.9
0.35 1.58 1.68 1.75 —-19 1.0 2 3.59 3.78 397 3 0.9
0.4 3.52 373 3.89 —16 1.0 25 3.61 3.80 3.99 4 0.9
0.45 1.42 1.50 1.57 —13 1.0 3 1.71 1.81 1.90 5 0.9
0.5 1.72 1.82 1.91 —11 1.0 35 5.30 5.58 5.86 5 0.9
0.6 2.34 248 2.59 -8 1.0 4 1.25 1.32 1.38 6 0.9
0.7 4.11 4.34 4.55 —6 0.9 5 4.26 450 4.74 6 0.9
0.8 2.01 2.13 2.23 —4 0.9 6 0.99 1.05 1.11 7 0.9
0.9 421 4.44 4.65 -3 0.9 7 1.85 1.95 2.07 7 0.9
1 4.84 5.11 5.36 -2 0.9 8 2.98 3.16 334 7 09
1.25 4.08 4.30 4.52 0 0.9 9 4.35 4.62 490 7 0.9
1.5 8.13 8.56 8.99 1 0.9 10 5.93 6.30 6.70 7 0.9

Reaction: °Be(p,d)*Be

For the (p,do) 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,dy) and (p,ap) 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 WES6 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 Sy value of SI73,
Sp = 17“:275 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 CAS88 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 Ty = 0.25 reflect differences between
our numerical integrations and the CA88 analytical approximation.
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Ty low adopt high exp  ratio Ty low adopt high  exp ratio
0.002 1.52 2.67 7.30 -23 1.0 015 364 420 4.66 3 1.0
0.003  3.77 6.66 17.8 —19 1.0 0.16 557 6.36 7.03 3 1.1
0.004 220 3.92 10.3 —16 1.0 0.18 1.19 1.34 1.46 4 1.1
0.005  2.03 3.63 9.32 —14 1.0 0.2 2.31 2.55 2.78 4 1.2
0.006  0.63 1.14 2.88 —12 1.0 0.25 8.86 9.62 10.4 4 1.2
0.007 099 1.80 4.44 -1 1.0 0.3 252 2.71 2.90 5 1.1
0.008 095 1.73 422 —-10 1.0 035 581 6.22 6.62 5 1.0
0.009  0.64 1.18 2.81 -9 1.0 0.4 1.14 1.22 1.30 6 1.0
0.01 3.31 6.12 14.4 -9 1.0 0.45 1.99 2.12 225 6 0.9
0.011 1.39 2.58 5.96 -8 1.0 0.5 3.14 3.34 3.55 6 0.9
0.012 494 9.22 21.0 -8 1.0 0.6 6.38 6.79 7.19 6 0.9
0.013 1.53 2.88 6.43 -7 0.9 0.7 1.07 .14 1.21 7 0.9
0.014 426 8.02 17.6 -7 0.9 0.8 1.58 1.68 1.79 7 0.9
0.015 1.08 2.04 4.40 —6 0.9 0.9 2.15 2.28 2.42 7 0.9
0.016 251 4.77 10.2 —6 0.9 1 2.73 291 3.09 7 0.9
0.018 1.12 2.15 443 -5 0.9 125 420 4.49 4.71 7 0.9
0.02 4.09 7.84 15.7 -5 0.9 1.5 5.55 595 6.35 7 0.9
0.025  0.55 1.05 1.96 -3 09 175 673 7.24 7.75 7 0.9
0.03 4.00 7.56 13.3 -3 0.9 2 7.75 8.37 8.99 7 09
0.04 0.74 1.35 2.13 -1 0.9 25 0.94 1.02 1.10 8 0.9
0.05 0.61 1.05 1.51 0 0.9 3 1.05 .15 1.26 8 0.9
0.06 312 5.04 6.77 0 0.9 35 .14 1.26 1.38 8 1.0
0.07 117 1.78 226 1 0.9 4 1.21 1.34 1.47 8 1.0
0.08 3.52 5.04 6.17 1 09 5 1.30 1.45 [.61 8 1.0
0.09 0.90 1.23 1.46 2 0.9 6 1.35 1.53 1.70 8 1.1
0.1 2.02 2.64 3.08 2 0.9 7 1.39 1.58 1.76 8 1.1
0.1 4.13 5.20 597 2 1.0 8 1.42 1.61 1.80 8 1.2
0.12 7.76 9.51 10.8 2 1.0 9 143 1.63 1.83 8 1.2
0.13 1.37 .64 .84 3 1.0 10 .44 1.65 1.85 8 1.3
0.14 228 2.68 2.99 3 1.0

Reaction: *Be(p,a)SLi

For the (p,ap) channel, the data of SI73 and ZA97 are adopted for E < 0.63 MeV.
The S-factor quoted in SI73 refers to the combined (p,dp) and (p,ap) reactions, its
adopted values being a weighted average of the corresponding cross sections. Between
E =0.67 and 0.9 MeV, the NE51 data are used, renormalized by a factor 1.1, derived
from the average of WES56 and the differential cross section measured at 98.5° by TH49.
Between E = 0.9 and 4 MeV, the relative data of MOG65 are used, normalized to the
adopted value for the cross section at 0.899 MeV. For energies above 5 MeV, the data of
BL63 and YA64 are selected. For the (p,az) channel, the data of DAS52 and the relative
values of MA59 (normalized to DA52) are adopted. The energies of MA59 are corrected
for the target thickness. The low energy S-factor is assumed to be constant, based on
the &y factor of SI73, Sy = 17f%5 MeV b. However, ZA97 point out that the low energy
data 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 [see also *Be(p,d)®Be].
The adopted reaction rates are in good agreement with the CA88 ones, except 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 Ty = 0.25 reflect
differences between our numerical integrations and the CA88 analytical approximation.
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Ty low adopt high exp ratio Ty low adopt high  exp ratio
0002 152 2.56 730 23 1.0 0.15  3.63 4.18 4.66 3 1.0
0.003 3.77 6.39 17.8 -19 1.0 0.16 5.56 6.33 7.01 3 1.1
0.004 220 3.76 103 -—16 1.0 0.18 118 133 1.45 4 1.1
0.005 2.02 349 9.32 —14 1.0 0.2 2.28 2.52 2.75 4 1.1
0.006 063 1.10 288 —12 0.9 025 859 9.33 10.1 4 1.2
0.007 099 1.73 444  —11 0.9 0.3 2.38 2.57 2.75 5 1.2
0.008 095 1.67 422 -10 0.9 035 536 5.74 6.12 5 1.1
0.009 064 1.14 2.81 -9 0.9 0.4 1.03 1.10 1.17 6 1.0
0.01 3.31 5.91 14.4 -8 0.9 045  1.77 1.88 2.00 6 1.0
0.01t 1.39 2.50 5.96 -8 0.9 0.5 2.75 293 3.11 6 0.9
0.012 493 8.93 21.0 -8 0.9 0.6 5.50 5.85 6.20 6 0.9
0013 153 2.79 6.43 -7 0.9 0.7 9.13 9.71 10.3 6 0.9
0.014 425 7.78 17.6 -7 0.9 0.8 1.34 143 1.52 7 0.9
0.015 1.07 1.97 4.40 —6 0.9 09 1.82 1.93 2.05 7 0.9
0.016 2.50 4.63 10.2 —6 0.9 1 2.31 247 2.62 7 0.9
0018 112 2.09 443 -5 0.9 125 358 3.83 4.08 7 0.9
0.02 4.08 7.61 15.7 -5 0.9 1.5 4.79 5.15 5.51 7 0.9
0.025  0.55 1.02 1.96 -3 0.9 1.75 591 6.38 6.85 7 0.9
0.03 3.99 7.34 13.3 -3 0.9 2 6.91 7.50 8.09 7 1.0
0.04 0.74 1.31 2.13 -1 0.9 2.5 8.61 9.43 10.3 7 1.0
0.05 0.61 1.02 1.51 0 0.9 3 0.99 1.10 1.20 8 1.0
0.06 3.12 493 6.77 0 0.9 35 1.10 1.22 1.34 8 1.1
0.07 1.17 1.74 2.26 1 0.9 4 1.18 1.32 1.46 8 1.1
0.08 3.52 4.97 6.17 1 0.9 5 1.29 1.46 1.62 8 12
0.09 0.90 1.21 1.46 2 0.9 6 1.36 1.55 1.73 8 1.3
0.1 2.02 2.62 3.08 2 0.9 7 1.41 1.61 1.81 8 1.4
0.11 4.12 5.17 5.97 2 0.9 8 1.45 1.65 1.86 8 14
0.12 7.76 9.46 10.8 2 1.0 9 1.47 1.68 1.90 8 1.5
0.13 1.37 1.63 1.84 3 1.0 10 1.48 1.70 1.93 8 1.6
0.14 2.28 2.67 2.99 3 1.0
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Reaction: *Be(a,n)2C

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 E; = 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 E; = 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 E, = 166 keV resonance,
which is treated as described above. The large difference between our rates and the
CAR8 ones near Ty = 0.15 arises probably from the underestimate by CAS88 of the
166 keV resonance contribution.

0.01 0.1 1 10 LE
1E+6 p—r—rrrrr —T—TT T T T
2 + GIg5
A VA70b
o GE75

-1 E+5 E & SC92

o) X WR94, KU96

> — extrapol.

(0]

2 1E44

:0: E

5}

8 £

Ah 1E+3

] .
1E+2 1 1 FE A S | " 1 VU A | L 4 Al‘“l
0.01 0.1 1 10
E (MeV)

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.018 258 3.98 16.6 -25 1.2 04 1.11 1.24 1.38 1 09
0.02 5.85 9.23 39.7 —-24 1.3 0.45 3.00 3.35 3.70 1 0.9
0.025 3.12 5.27 24.6 -21 1.5 0.5 6.67 743 8.21 1 0.9
0.03 3.88 7.04 355 —19 1.5 0.6 223 2.49 2.74 2 1.0
0.04 4.90 9.74 533 —16 0.6 0.7 5.40 6.01 6.62 2 1.1
0.05 0.98 1.78 8.93 -13 0.5 0.8 1.09 1.21 1.33 3 1.2
0.06 0.77 1.09 4.04 —11 0.7 09 2.01 224 2.46 3 1.4
0.07 2.88 343 8.40 -10 1.4 1 3.61 4.02 4.44 3 1.5

continued on next page
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continued from previous page

0.08 5.39 591 10.6 -9 2.5 1.25 1.55 1.74 1.93 4 1.4
0.09 5.72 6.04 8.90 -8 35 1.5 5.75 6.47 7.20 4 1.2
0.1 391 4.06 5.37 =7 43 1.75 1.64 1.86 2.07 5 1.1
0.11 1.92 1.97 2.46 —6 49 2 3.75 425 4.74 5 1.0
0.12 7.31 7.48 8.98 -6 55 25 1.22 1.38 1.55 6 0.9
0.13 2.29 2.34 2.75 -5 6.1 3 2.69 3.06 342 6 0.9
0.14 6.16 6.29 7.30 -5 6.7 35 4.76 5.40 6.04 6 0.9
0.15 1.48 1.51 1.74 —4 7.1 4 7.35 8.33 9.30 6 0.8
0.16 323 3.32 3.81 —4 7.1 S 1.38 1.56 1.74 7 0.8
0.18 1.30 1.35 1.55 -3 54 6 2.17 244 2.71 7 0.9
02 4.52 4.81 5.48 -3 33 7 3.06 343 379 7 0.9
0.25 7.01 7.73 8.72 -2 14 8 401 448 4.94 7 0.9
0.3 6.10 6.79 7.59 -1 1.0 9 4.99 5.55 6.11 7 1.0
0.35 3.15 3.52 391 0 0.9 10 5.95 6.60 7.26 7 1.0
Ty tow adopt high exp ratio Ty low adopt high exp ratio

Reaction: *B(p,y)!!C

The experimental data from KU70 and WI83 are adopted. They cover the reaction
rate region from 7y = 0.15 to 10. For Ty < 0.15, the reaction rates are influenced by
a low energy resonance (£ = 0) resonance at E, = (9 £ 2) keV [WI83] [see also
OB (p,a)’Be]. 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, = (2.07 +
0.40) x 1071 ub, I'y/Ig = (2.6 0.15) x 107* and I = 15 £ 1 keV). From these
parameters we obtain I'p = (1.0£0.2) x 107!7 keV and I'y = (3.9+0.3) x 1073 keV.
We have studied the influence of the energy error by calculating the reduced width y?
corresponding to an energy of 9 keV, and the S-factor curves for 7 and 11 keV and this
¥2. The error of o, I v/ Tt and ' is also added. The results show that the uncertainty
in the rates is large at temperatures below 0.001, but for 75 2> 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.

To
1000 2Ot 001 014 1 M0
o KU70
100 A WI83
E — extrapol.
10 £

S-factor (keV-b)

0.001 0.01 0.1 1 10
E (MeV)
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Ty low adopt high  exp ratio Ty low adopt high exp ratio
0.16 1.58 2.00 247 -2 48 0.004 1.14 1.45 1.87 —22 7800
0.18 299 3.78 4.64 -2 41 0.005 221 2.81 359 =20 7500
0.2 5.20 6.55 8.02 -2 36 0.006 1.16 1.47 1.87 —18 6900
0.25 1.58 1.98 2.40 —1 28 0.007 261 3.31 420  —17 6200
03 3.65 4.57 5.51 -1 23 0.008  3.29 4.17 5.29 —-16 5500
035 703 8.79 10.6 -1 19 0.009 274 3.46 4.38 —15 4800
04 1.19 1.49 1.79 0 16 0.01 1.66 2.10 2.66 —14 4200
0.45 1.85 2.31 277 0 14 0.011 7.90 9.98 126 —14 3700
0.5 2.69 3.36 4.03 0 12 0012 3.1 3.93 497 —-13 3300
0.6 4.98 6.22 7.46 0 9.9 0.013 1.05 1.32 1.68 —12 2900
0.7 0.82 1.03 1.23 1 8.3 0.014 312 3.94 4.99 —12 2600
0.8 1.26 1.58 1.89 1 7.1 0015 083 1.05 134 —11 2300
0.9 1.84 2.30 2.76 1 6.1 0.016  2.04 2.58 3.27 —11 2100
1 2.57 3.21 3.86 1 52 0018  0.99 1.24 1.58 —10 1700
1.25 522 6.53 7.84 1 32 0.02 3.78 4.77 606 —10 1500
1.5 0.92 1.15 1.38 2 2.1 0.025 542 6.86 8.72 -9 1000
1.75 1.45 1.81 2.17 2 1.5 0.03 4.03 5.11 6.49 -8 730
2 2.10 2.62 3.15 2 [.2 0.04 7.20 9.13 116 -7 450
25 3.67 4.58 5.50 2 0.9 0.05 5.41 6.87 8.76 —6 310
3 5.43 6.78 8.13 2 0.8 0.06 247 3.14 4.00 -5 230
35 7.25 9.0 10.9 2 0.8 0.07 0.82 1.04 1.32 —4 180
4 0.91 1.13 1.36 3 0.8 0.08 2.16 2.74 349 —4 140
5 1.25 1.56 1.87 3 0.8 0.09 4.86 6.18 7.84 —4 120
6 1.58 1.98 237 3 1.0 0.1 0.97 1.24 1.56 -3 98

7 1.91 2.38 2.86 3 11 0.1 1.77 2.25 2.84 -3 84

8 223 2.79 334 3 1.3 0.12 3.02 3.83 4.82 -3 73

9 2.56 3.19 3.83 3 1.6 0.13 4.85 6.16 7.71 -3 65

10 2.88 3.60 431 3 1.9 0.14 7.45 945 11.8 -3 58

0.15 1.10 1.40 1.74 -2 52

Reaction: ’B(p,a)’Be

The experimental data from BUS50, BR51b, JE64, SZ72, RO79, YO91, KN93 and
AN93 are used. The thick target yields from RO79 are converted into cross section
data using stopping power information [ZI85]. The data from BAS5a are in strong
disagreement with the other low energy data, and are omitted. The S-factor shows a
steep increase with decreasing energy due to the presence of a low energy (£ = 0)
resonance at E, = (9 &+ 2) keV [WI83]. This resonance dominates the S-factor up
to an energy of about 400 keV [see also °B(p,y)!'C]. From the parameters o, =
(2.07 £ 0.40) x 107! ub, I/l = (2.6 £0.15) x 107* and Iy = 15 £ 1 keV
[WI83], we obtain I, = (1.0 £0.2) x 1077 keV (I'y ~ I'). For E < 18.7 keV,
the S-factor is approximated by a Breit-Wigner expression using these parameters. We
have studied the influence of the energy error by calculating the reduced width 2
corresponding to an energy of 9 keV, and the S-factor curves for 7 and 11 keV and
this v2. The error of oy, I v/ Tt and I'g is also added. The results show that the
uncertainty in the rates is large at temperatures below 0.001, but for 75 > 0.003 and
in the region of the Breit—-Wigner approximation, the error is not larger than 30%. At
higher energies, a broad resonant structure dominates the S-factor. The reaction 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.

0.001  0.01 0.1 1 10 Te
10000 pr—rrrmr———rrrr—
3 #BU50  © BR51b
+BA55 0 JE64

1000 ¢ ASZ72 %X RO79

Q ®YO91 4 KN92

% 100 L ul AN9:2'< — extrapol

A s B

S 10t - #

Ul) 1E 10 7 *

5 B(p,o) Be
0.1 R e
0.001 0.01 0.1 1 10
E (MeV)

Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.003 09 125 153 —21 430 0.15 323 356 3.89 265
0004 172 223 274 —18 450 0.16 455 502 550 2 59
0.005 330 429 527 —-16 430 0.18 845 937 103 2 sl
0.006 172 223 275 —~14 400 02 142 157 173 3 44
0.007 38 501 616 —13 360 025 399 444 489 3 34
0.008 485 630 774 -12 320 0.3 849 944 104 30027
0009 404 524 643  ~11 280 035 147 164 18] 4 21
0.01 247 319 391  —10 250 0.4 253 281 310 4 19
0.011  1.18 1.52 1.86 -9 220 045 378 422 466 4 16
0012 470 602 734 -9 195 0.5 558 623 687 4 15
0013 159 202 246 -8 170 0.6 1.3 117 130 5 1.3
0014 473 598 723 -8 155 0.7 1.71 198 224 5 1.2
0.015  1.27 1.59 1.91 -7 140 0.8 264 313 3.6l 5 1.1
0.016 308 384 459 -7 120 0.9 403 492 582 5 1.1
0018 150 183 216 -6 100 1 560 715 86l 5 11
0.02 578 694  8.09 -6 83 125 129 171 214 6 12
0.025 861 997 113 -5 58 1.5 244 335 426 6 1.1
0.03 670 760 850 -4 44 175 422 591 759 6 1.1
0.04 129 143 158 -2 29 2 654 935 122 6 1.1
0.05 106 117 129 ~1 22 25 126 187 247 7 1.0
0.06 518 570 623 -1 18 3 200 306 412 709
0.07 1.84 203 221 0 15 35 275 435 596 709
0.08 528 579 63l 0 13 4 350 573 795 7 09
0.09 1.24 136 1.48 1 12 5 480 829 118 7 09
0.1 252 276 3.00 1 10 6 058 105 151 8 11
0.11 488 536 583 1 9.2 7 065 123 180 8 1.2
0.12 863 948 103 | 84 8 070 136 201 8 1.4
0.13 1.41 154 168 217 9 079 152 225 8 1.7
0.14 216 238 260 270 10 085 163 242 8 20
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Reaction: 'B(p,y)*C

The experimental data of AL64 and SE65 are used for E > 481 keV. Below E =
481 keV, the data of HUS3 normalized to o = 45 ub at £ = 623 keV [SE65] and
a linear extrapolation to the Sp value determined by direct capture calculations from
CE92 are used (Sp = 3.3+ 0.5 keV b). The 149 keV resonance (J” = 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
HUS3 data, which are higher than the presently adopted values.

0.1 1 10 Ty
10000
A HU53 (norm.)
1000 E x AL64

3 3 o SE65

% 100 | extrapol. [CE92]

x E

O

:8 10

@

0.01 0.1 1 10
E (MeV)

Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.004 1.23 1.45 1.67 —24 0.9 0.16 1.73 2.07 240 0 0.8
0.005 2.48 2.92 3.36 -22 0.9 0.18 4383 577 6.70 0 0.8
0.006 1.37 1.61 1.85 -20 0.8 0.2 1.08 1.29 1.50 1 0.8
0.007 3.63 4.28 4.93 -19 0.9 025 440 5.25 6.10 1 0.8
0.008 5.28 6.22 7.17 —18 0.9 0.3 1.07 1.28 1.48 2 09
0.009  5.00 5.89 6.78 -17 0.9 0.35 1.95 2.32 2.70 2 0.9
0.01 3.46 4.07 4.69 —16 0.8 04 2.98 3.56 4.13 2 0.9
0.011 1.88 221 2.55 —15 0.8 045 4.08 4.87 5.65 2 0.9
0.012 8.39 9.89 11.4 —15 0.8 0.5 5.18 6.18 7.17 2 0.9
0.013 3.20 3.77 4.34 —14 0.8 0.6 7.27 8.66 10.1 2 0.9
0.014 1.07 1.26 1.45 ~13 0.8 0.7 0.92 1.09 1.27 3 0.9
0.015 3.20 377 4.34 —13 0.8 0.8 1.10 1.31 1.52 3 1.0
0.016  0.87 1.03 1.18 —12 08 0.9 1.29 1.53 1.77 3 1.0
0.018 5.1 6.02 6.94 —12 0.8 1 1.50 1.77 2.04 3 1.0
0.02 2.35 2.76 3.18 —11 0.8 125 212 247 2.82 3 1.0
0.025 494 5.82 6.70 —10 0.7 1.5 2.89 333 3.78 3 1.0
0.03 5.03 5.92 6.82 -9 0.7 1.75 377 431 4.85 3 0.9
0.04 1.46 1.72 1.98 -7 0.7 2 4.70 535 5.99 3 0.9
0.05 1.60 1.88 2.17 -6 0.6 25 6.59 7.44 8.30 3 0.8
0.06 0.99 1.17 1.35 -5 0.6 3 8.38 9.42 105 3 0.7

continued on next page



C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 63
continued from previous page

0.07 4.68 5.52 6.36 =5 0.6 35 1.00 1.12 1.24 4 0.7
0.08 2.29 2.72 3.14 -4 0.6 4 1.14 1.28 142 4 0.7
0.09 1.24 1.47 1.70 -3 0.7 5 1.38 1.54 1.70 4 0.7
0.1 5.97 7.11 8.25 -3 0.8 6 1.57 1.75 1.93 4 0.7
0.1t 2.33 2.78 322 -2 0.8 7 1.74 1.94 2.14 4 0.7
0.12 7.38 8.79 10.2 -2 0.8 8 1.90 2.12 234 4 0.7
0.13 1.96 2.34 272 -1 0.8 9 2.08 2.32 2.56 4 0.7
0.14 4.52 539 6.26 -1 0.8 10 229 2.54 2.80 4 0.7
0.15 0.93 1.11 1.29 0 0.8
Ty low adopt high exp ratio Ty low adopt high exp ratio

S-factor (MeV-b)

Reaction: 'B(p,n)!'C

From the threshold (Q = —2.765 MeV) to E = 3.4 MeV, the data of VA78 and RAS80
are used, normalized to their averaged value of o = 100 £ 10 mb at £ = 3.3 MeV.
These renormalized data are in excellent agreement with the thick target yield data of
BAS8I1, which are not used here. Above E = 3.4 MeV, the data of LLE61 and BA64 are
used, normalized to o = 137 mb at E = 4.7 MeV from VA78 and RA8(). 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 GIS9 data, which are lower than the adopted values by a
factor of 2, but no clear statement can be set.

10 100 Tg
100 gr—rr - . : — —
"B(p.n)''C
10 L Mm
3 Q. ) Al ARG, SN
1 .5
E 5
C o GI59
0.1 ¢ x LE61
F © A BA64 (norm.)
0.01 ¢ +VA78
E k © RA80
0001 1 I 1 i 1 1 1 1 1
1 2 3 4 5 6 7 8
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.45 1.75 1.95 2.14 -23 1.1 2.5 6.86 7.62 8.38 2 1.8
0.5 2.30 2.56 2.82 —-20 1.1 3 5.87 6.53 7.18 3 1.8
0.6 1.10 1.22 1.35 —15 12 35 2.71 3.01 3.31 4 1.8
0.7 2.42 2.69 2.96 —12 1.3 4 8.47 9.41 10.4 4 1.8
0.8 7.79 8.66 9.53 —10 1.4 5 4.17 4.63 5.09 5 1.8
0.9 6.95 7.73 8.50 -8 1.4 6 1.21 1.34 1.47 6 1.8
| 2.53 2.81 3.09 —6 1.5 7 2.59 2.87 316 6 1.8
1.25 1.64 1.82 2.00 -3 1.6 8 4.61 5.12 5.63 6 1.8
1.5 1.23 1.36 1.50 —1 1.6 9 724 8.05 8.85 6 1.8
1.75 2.68 2.98 3.28 0 1.7 10 1.04 1.16 1.27 7 1.8
2 2.71 3.01 3.31 | 1.7

Reaction: "'B(p,a)2*He

Experimental data from BE87 and AN93 are used for the calculation of the adopted
rates and their upper limits. This follows the recommendation of BE87, who show that
the reaction proceeds predominantly by a sequential decay, so that the observed yields
should be divided by 2 and not by 3, as in SE65 and DA79. The original data from SE65
and DA79 are used for obtaining the lower limits of the rates. The S-factor is dominated
by a broad resonance structure near 600 keV. A narrow resonance at E. = 148.6 = 0.4
keV [AN74,DA79,BE87] is superimposed to this structure (adopted resonance strength
wy =14 £2 eV [SE61,AN74,DA79]). For the calculation of the reaction rates, data at
E < 60 keV are corrected for electron screening with U, = 430 eV [BE87,AN93]. For
the low energy extrapolation, the recommended “bare” nuclei curve (Sp = 187+£30 MeV
b) from AN93 is adopted. Our adopted rates are within about 20% of the CAS88 ones
at 7o < 5. CA88 used probably the original SE65 and DA79 data sets, and extrapolated
to zero energy. The differences are larger at higher Ty.

10 Ty
600 O
X SEB5 (x1.5)
© DA79 (x1.5)
A BES7
400 O AN93

— extrapol.

200

S-factor (MeV-b)

0.01 0.1 1 10
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.003 3.57 4.90 5.15 -23 1.2 0.15 1.15 1.91 241 3 1.1
0.004 625 8.68 9.12 -20 1.2 0.16 1.84 3.12 4.00 3 1.1
0.005 1.26 1.77 1.86 —-17 1.2 0.18 420 7.36 9.64 3 1.0
0.006 0.72 1.01 1.07 -15 1.2 0.2 0.85 1.51 2.00 4 1.0
0.007 1.80 2.57 2.70 - 14 1.2 025 327 5.95 7.87 4 1.0
0.008 257 3.69 3.88 -13 1.2 0.3 0.87 1.60 2.07 5 1.0
0.009 242 3.51 3.69 —-12 1.2 0.35 1.89 3.42 4.30 5 1.1
0.01 1.67 2.43 2.56 -1 1.2 04 3.55 6.36 7.79 5 1.2
0.011 0.90 1.32 1.39 -10 1.2 045 061 1.08 1.29 6 1.2
0.012 4.00 591 6.22 -10 1.2 0.5 0.98 1.70 2.00 6 1.2
0.013 1.51 2.26 237 -9 1.2 0.6 2.12 3.66 4.16 6 1.2
0014 502 7.54 7.93 -9 1.2 0.7 3.96 6.76 7.54 6 1.2
0.015 1.49 2.25 2.37 -8 1.2 0.8 0.66 1.12 1.23 7 1.1
0.016  4.03 6.14 6.46 -8 [.2 0.9 1.01 1.70 1.86 7 1.0
0018 233 3.61 3.80 -7 12 1 1.43 2.40 2.62 7 0.9
0.02 1.06 1.66 1.74 —6 1.2 125 275 459 4.99 7 0.8
0.025 2.16 3.49 3.67 -5 1.2 1.5 4.30 7.12 7.73 7 0.8
0.03 2.17 3.55 3.74 —4 1.2 175 5.84 9.70 10.5 7 0.8
0.04 0.66 1.04 1.09 -2 1.2 2 0.74 1.21 1.32 8 0.8
0.05 0.77 1.13 1.20 -1 1.2 25 0.99 1.64 1.77 8 0.9
0.06 498 7.02 7.51 -1 1.2 3 1.18 1.97 2.14 8 1.0
0.07 217 3.02 3.26 0 1.2 35 1.33 222 242 8 1.1
0.08 0.72 1.01 1.10 I 1.2 4 141 243 2.65 8 1.2
0.09 1.99 2.82 3.12 1 1.3 5 1.51 2.76 3.04 8 1.3
0.1 4.79 6.94 7.82 1 1.2 6 1.57 3.03 3.38 8 14
0.11 1.04 1.55 1.78 2 1.2 7 1.66 3.28 372 8 1.5
0.12 2.08 3.19 3.76 2 1.2 8 1.67 3.54 4.09 8 1.6
0.13 3.88 6.12 7.41 2 1.2 9 1.67 3.80 447 8 1.8
0.14 0.68 1.11 1.38 3 1.1 10 1.67 4.04 4.85 8 1.9

Reaction: 2C(p,y)*N

Experimental data from BAS50, HAS0, 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 47 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 Ty = 0.3. This is probably due to the numerical approach used here compared to
the analytical approximation used by CA88.
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E (MeV)
Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.006 1.10 1.22 1.34 ~24 1.0 0.16 1.25 1.39 1.53 -3 1.1
0.007 4.35 4.83 532 -23 1.0 0.18 3.30 3.67 4.04 -3 1.2
0.008 0.90 1.00 1.10 -21 1.0 0.2 7.80 8.66 9.53 -3 1.2
0.009 1.17 1.30 1.43 —20 1.0 025 495 5.50 6.05 -2 1.4
0.01 1.07 1.18 1.30 -19 1.0 0.3 2.50 2.78 3.05 -1 1.6
0.011 7.33 8.15 8.96 -19 1.0 0.35 1.04 1.15 1.27 0 1.5
0012 404 4.49 494 —18 1.0 0.4 343 3.81 4.19 0 1.4
0.013 1.86 2.06 227 —17 1.0 0.45 0.92 1.02 1.12 1 1.3
0.014 7.35 8.17 8.99 —-17 1.0 0.5 2.05 228 2.51 [ 1.2
0.015 2.57 2.85 3.14 —16 1.0 0.6 6.90 7.67 8.44 ! 1.1
0.016 8.06 8.96 9.85 —16 1.0 0.7 1.62 1.81 1.99 2 1.0
0.018 6.10 6.78 7.46 —15 1.0 0.8 3.04 338 3.72 2 1.0
0.02 3.49 3.88 4.27 —14 1.0 0.9 4.87 5.42 5.97 2 0.9
0.025 1.15 1.28 1.40 ~12 1.0 1 7.01 7.80 8.60 2 0.9
0.03 1.65 1.83 2.02 —11 1.0 1.25 1.29 1.44 1.59 3 0.9
0.035 1.38 1.54 1.69 —10 1.0 1.5 1.86 2.08 2.30 3 0.8
0.04 7.97 8.86 9.75 —10 1.0 1.75 2.34 2.62 2.89 3 0.8
0.05 1.26 1.40 1.54 -8 1.0 2 2.70 3.02 335 3 0.8
0.06 1.03 .14 1.26 -7 1.0 25 3.16 3.56 3.96 3 0.8
0.07 5.52 6.13 6.75 -7 1.1 3 335 3.80 425 3 0.9
0.08 221 245 2.70 —6 1.1 35 341 3.90 4.39 3 0.9
0.09 7.13 7.93 8.72 —6 1.1 4 3.41 3.94 447 3 0.9
0.1 1.96 2.18 2.40 -5 1.1 5 328 3.88 448 3 0.9
0.11 4.76 5.29 5.82 -5 1.1 6 3.14 3.81 4.48 3 1.0
0.12 1.05 1.16 1.28 —4 1.1 7 297 3.69 4.42 3 1.0
0.13 2.13 2.36 2.60 —4 1.1 8 2.86 3.64 441 3 1.0
0.14 4.04 4.49 4.94 —4 1.1 9 2.70 3.52 4.34 3 1.0
0.15 7.27 8.08 8.88 —4 1.1 10 2.69 3.55 4.42 3 1.1
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Reaction: >C(a,y)'%0

For the E1 contribution, the S-factor Sg; (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,KR88,0U92,0U96,TR97], elastic scattering [PL87] and B-delayed a-
spectrum of '®N [BU93,AZ94]. Significant improvements on the '*C(a,y)'®0O rate
have been performed through the analysis of the 'N 8 decay [BU93,ZH93,FR97]. The
E1 S-factor, which includes the contribution of the 1, subthreshold state and of the 1
broad resonance, is used to determine the reaction rate by numerical integration. The
data of KE82 and KR88 do not separate E! 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), AS/S(E = 2.34 MeV) = 0.05 (lowest experimental error) and AS/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 QU96 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 [Sg>(300 keV) = 120 4+ 60 keV b], which involves
experimental data on capture [RE87] and on elastic scattering [PL87]. This 300 keV
value is consistent with the upper limit recommended by BU96 [Sg2(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 ogy/og; data; therefore, the errors on
E2 are also affected by the errors on E1. At low energy, statistics is the main source
of errors. At higher energy (= 2.5 MeV), the opy/oE; ratio is small owing to the
broad 15 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 £ = 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 Ty < 2, the differences between our adopted rates and the CA88
ones arise from the S-factor Sg; (300 keV) adopted by CA88, which is a factor of about
2 lower than the value adopted here.

0.1
100
2
% 10
] 3
S
© A DY74
..‘f_‘ ;| ores
b ® 0U9B
2 o TRe7
— adopted [BU93, AZ94]
o4 b e e S
0 1 2 3 4

E (MeV)
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10 L T —r— T — v T
: 120((1’7)160
1t .
b,u]
T 01 ¢
L F
© i
[ 0RES7
001 £ ¢ ougs
F —adopted [BA91)
0.001 - — :
0 1 2 3
E (MeV)
low El E2 adopt high exp
0.60 0.43 0.59 1.02 1.44 -25
293 2.06 2.92 498 7.03 —~24
0.72 0.50 0.72 1.22 1.72 -22
1.06 0.73 1.07 1.80 2.54 —-21
1.06 0.73 1.08 1.81 2.55 —-20
0.80 0.55 0.81 1.35 1.91 —19
471 3.23 4.75 7.98 1.3 —19
2.30 1.58 2.31 3.89 5.48 —18
0.96 0.66 0.96 1.61 2.27 —-17
3.48 241 347 5.86 8.42 —-17
1.13 0.79 1.12 1.91 2.68 —16
0.91 0.64 0.89 1.53 2.14 —15
5.44 3.84 5.27 9.11 12.8 —15
1.93 1.38 1.83 3.21 448 —13
2.88 2.10 2.66 4.75 6.62 —12
2.46 1.82 2.20 4.03 5.59 —1I1
1.43 1.08 1.23 2.31 3.20 —10
0.63 0.48 0.52 1.00 1.38 -9
2.22 1.75 1.77 3.52 4.82 -9
1.76 1.46 1.29 2.75 3.73 —8
0.92 0.79 0.62 1.40 1.89 -7
3.58 3.16 2.20 5.36 7.14 -7
X [.13 1.02 0.64 1.66 2.19 —6
| 3.05 2.82 1.59 4.41 5.77 —6
1.25 231 222 0.97 3.19 4.08 -5
1.5 1.16 1.14 0.39 1.53 1.90 —4
1.75 4.55 4.44 1.18 5.76 6.97 —4
2 1.51 1.41 0.30 1.84 2.17 -3
2.5 1.09 0.86 0.14 1.27 1.46 -2
3 5.04 312 0.49 5.81 6.58 -2
3.5 1.69 0.80 0.14 1.94 2.20 —1
4 4.50 1.61 0.33 5.22 5.95 -1
5 2.09 0.42 0.13 2.51 2.96 0
6 6.78 0.77 0.37 8.53 10.5 0
7 1.71 0.12 0.08 2.24 2.86 1
8 3.55 0.15 0.15 4.83 6.32 I
9 6.35 0.19 0.25 8.87 11.9 1
10 1.01 0.02 0.04 1.45 1.96 2
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Reaction: 3C(p,y)“N

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~ (E; = 0.511 MeV) resonance and a background
contribution. This procedure yields Sp = 7.0 £ 1.5 keV b. This value is consistent with
the recommendation of AD98 (7.6 + 1 keV b), who use the extrapolation of KI94.
Resonance properties are taken from SE52, WOS53, DE65, BI81, Z186, PR8S, and KI94.
For the resonant data, a conservative error of 100% is adopted when no error is given
by the authors. The 1~ resonance (E. = 0.511 MeV) is the most important one. The
present rates are slightly larger than the CA88 rates up to To ~ 0.5, since the Sy value
used in CA88 (5.5 keV b) is lower than the present extrapolated value [KI94]. For
Ty > 5, the difference probably relates to the larger number of resonances included in
the present rates.

E. (MeV) JT wy (eV) Ref. E; (MeV) J™  wy (eV) Ref.
0.416 £ 0.005 2~ 0.020+0.002 KI94 M 142940003 2t 013£0.13 WO53 N
0.511 £0.001 1~ 8.8+ 1.1 K194 I 1.5784+0.001 3* 003+003 DE65 N
0.939 +£0.002 4~ 0.01 £0.01 DE65 N 1.6214+0.000 2+ 91405 BI81 M
1.069 £0.002 0% 1.3+1.3 WO53 M 1.9581+0.003 2~ 70410 PR8S M
1.225 £0.007 0~ 128+ 128 SE52 M 2.1524+£0.004 1T 0.11+£0.01 PR85 N
1.356 £ 0.003 3~ 0.67 £ 0.07 7186 M 2.545 12+t 0374003 PR85 N
1.413+0.002 5T 0.003+0.003 DE65 N 2.881+0005 2+ 228413 PR8S M
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Ty low adopt high exp  ratio Ty low adopt high exp ratio
0.007 1.59 2.00 240 -22 1.2 0.18 1.09 1.30 1.51 -2 1.2
0.008 330 4.15 5.00 -21 1.2 0.2 247 293 3.40 -2 1.2
0.009 4.29 5.39 6.49 -20 1.2 0.25 1.31 1.54 1.77 -1 1.3
0010 390 4.90 5.89 —19 1.2 0.3 5.04 5.81 6.58 -1 1.3
0.011 2.69 3.37 4.05 —18 1.2 0.35 1.75 1.96 2.17 0 1.3
0.012 1.48 1.86 223 -17 1.2 0.4 5.54 6.04 6.53 0 1.2
0.013 681 8.54 10.3 -17 1.2 0.45 1.58 1.69 1.79 1 1.1
0014 269 3.38 4.06 —16 1.2 0.5 3.85 4.20 4.54 1 1.0
0015 094 1.18 1.42 —15 1.2 0.6 1.64 1.82 2.00 2 0.9
0.016 295 3.69 4.44 —15 1.2 0.7 4.74 5.41 6.09 2 0.9
0.018 223 2.79 334 -14 1.2 0.8 1.12 1.27 1.43 3 0.9
0.020 1.27 1.59 1.90 —13 12 0.9 2.13 243 2.74 3 0.9
0025 4.15 5.18 6.21 —-12 1.2 1 351 4.01 4.5] 3 0.9
0.03 5.93 7.38 8.84 —11 1.2 1.25 8.21 9.40 10.6 3 0.9
0.04 2.85 3.54 422 -9 1.2 1.5 1.38 1.58 1.79 4 0.9
0.05 4.48 5.53 6.59 -8 1.2 1.75 1.92 223 2.54 4 0.9
0.06 3.65 4.50 5.36 -7 1.2 2 2.40 2.82 3.24 4 0.8
0.07 1.95 2.40 2.85 -6 1.2 2.5 3.11 3.78 4.46 4 0.8
0.08 7.80 9.57 1.3 —6 1.2 3 3.53 447 5.41 4 0.9
0.09 2.52 3.08 3.64 -5 1.2 35 3.73 4.94 6.15 4 0.9
0.10 6.91 8.43 9.95 -5 12 4 3.81 5.27 6.72 4 0.9
0.11 1.67 2.04 2.40 -4 1.2 5 3.77 5.62 7.46 4 1.0
0.12 3.66 4.45 523 —4 1.2 6 3.64 5.74 7.84 4 1.1
0.13 7.40 8.95 10.5 -3 1.2 7 349 5.74 7.99 4 1.1
0.14 1.40 1.69 1.98 -3 1.2 8 3.35 5.67 7.98 4 1.2
0.15 2.49 3.00 3.51 -3 1.2 9 3.23 5.55 7.88 4 1.2
0.16 4.23 5.08 5.94 -3 12 10 3.12 5.42 7.72 4 1.2

Reaction: 3C(p,n)"*N

The rates of this reaction (Q = —3.003 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 '*N (10.55 MeV), the level density is
very high (47 levels between E, = 10.55 MeV and E; = 15 MeV, as indicated by the
experimental data). Below Ty = 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 DAG61 used in CA88. Above Ty = 1, the present rates are larger (up to a factor
of 2.6 at Ty = 10) due to the numerical integration of the rate formula, which is more
accurate than the analytical treatment of CAS88, especially at high temperatures, and to
our thermalization corrections which are larger (ry = 1.10 to 1.36 at Ty = 5 to 10) than
the CAB8 ones (ry =1 at all Ty).
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.5 5.00 6.39 7.78 -23 0.7 2.5 1.42 1.69 1.96 2 1.2
0.6 6.40 7.91 9.41 —18 0.8 3 1.51 1.80 2.09 3 1.3
0.7 2.81 341 4.02 -14 0.9 35 8.20 9.79 114 3 1.4
0.8 1.51 1.81 2.12 -11 0.9 4 2.95 3.52 4,09 4 1.5
0.9 2.00 2.39 277 -9 1.0 5 1.81 2.16 2.52 5 1.7
| 0.99 1.18 1.37 -7 1.0 6 6.17 7.38 8.59 5 1.8
1.25 1.11 1.32 1.52 —4 1.0 7 1.49 1.79 2.08 6 2.0
1.5 1.20 1.42 1.64 -2 1.1 8 2.99 357 4.14 6 23
1.75 341 4.03 4.65 -1 1.1 9 5.03 6.00 6.98 6 24
2 4.19 4.97 5.75 0 1.2 10 7.74 9.23 10.7 6 2.6

Reaction: 3C(a,n)'*0

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 E, = 6.356 MeV (E, = —3 keV), using Eq. (31) with
I =124 + 12keV [FO73,J073] and S; = 2.30 x 10’ MeV b. This extrapolation agrees
with the R-matrix calculation of HA97. For Ty > 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 < Ty < 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.04 0.65 534 6.45 —-24 84 0.5 7.35 8.42 9.49 -2 1.6
0.05 0.49 324 391 -21 6.5 0.6 0.91 1.06 1.21 0 1.8
0.06 0.77 4.19 5.06 —19 52 0.7 6.07 7.18 8.30 0 1.9
0.07 0.44 2.00 242 -17 4.3 0.8 2.66 3.18 3.70 1 1.9
0.08 1.22 4.80 5.80 —16 3.6 0.9 0.86 1.04 1.22 2 1.9
0.09 2.03 6.99 8.45 —15 3.1 l 227 2.75 323 2 1.8
0.1 228 6.99 8.49 —14 2.7 1.25 1.41 1.73 2.05 3 1.6
0.11 1.90 5.24 6.41 —13 24 1.5 5.46 6.74 8.01 3 1.4
0.12 1.23 3.12 3.88 —12 2.2 1.75 1.60 1.99 2.37 4 1.2
0.13 0.66 1.55 1.95 —1I1 2.0 2 3.89 4.84 5.79 4 1.2
0.14 2.99 6.57 8.40 —11 1.8 25 1.50 .87 224 5 1.1
0.15 1.18 2.44 3.16 —10 1.7 3 391 4.88 5.85 5 1.0
0.16 4.15 8.12 10.6 —-10 1.6 35 7.85 9.81 11.8 5 1.0
0.18 3385 6.77 8.88 -9 14 4 1.33 1.66 2.00 6 0.9
0.2 2.64 4.21 5.46 -8 1.3 5 3.02 3.86 4.72 6 1.0
0.25 1.28 1.70 2.08 -6 L1 6 5.36 7.02 8.73 6 1.2
0.3 261 3.14 3.65 -5 1.0 7 0.82 1.10 1.40 7 1.3
0.35 3.1 3.57 4.03 —4 1.1 8 1.14 1.58 2.03 7 1.6
0.4 2.54 2.88 3.22 -3 1.3 9 1.49 2.12 2.78 7 1.8
0.45 1.55 1.76 1.97 -2 14 10 1.85 2.72 3.61 7 2.1

The reaction rates are dominated by the contribution of the J” = 1~

Reaction: 1*N(p,y) 0

resonance at

E, = 528.4 keV (weighted average value of GR72a, DE93a and MA94). The width
of the resonance, I = 37.3 &+ 0.9 keV, is taken from CH85, DE93a and MA94. The
resonance strength, wy = 2.5 + 0.6 eV, is the weighted average value obtained from the
indirect methods of FE89 and SM93 and the direct result of DE93a. The result from
AG89 is disregarded since the authors warn against a possible '*C contamination of
the target. The two available results from Coulomb break-up experiments [ MO91,KI93]
are not included either (see Section 2.2.2). The rates are computed from the resonance
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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 Ty =~ 0.45) larger than the theoretical estimates of LA85 used by
CASS.

Method Ref. ry/r ry (eV)
12C(3Heny) 0 FE&9 (0.72 £0.35) x 10~*
2C(*He,ny) 40 AG89 20+ 1.0) x 10=%
“N(p.m 40 SM93 (31+£17)yx 1074
averaged 0.82 + 0.47 x 10— 31418
Coulomb break up MO91 - 3.1+06
Coulomb break up K193 - 2.4 409
BN(p,y) 0 DE93b - 33409
adopted 33+08

* See comments.

0.1 1 To
10 E - ———
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— 1 E
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0.001 E
E - DC
00001 a1 1 1 W DR RS U SN VU G SO S n 1 1 1 1 I A 1 1
0 0.2 04 0.6 0.8 1
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.008 0.81 1.05 1.85 —24 1.1 0.2 1.03 1.34 1.99 -3 1.6
0.009 1.40 1.82 321 -23 1.1 0.25 7.10 9.23 13.1 -3 1.7
0.01 1.64 213 3.75 —-22 1.1 0.3 3.55 4.61 6.17 -2 2.0
0.011 1.41 1.83 3.21 ~21 1.1 0.35 1.56 2.03 2.50 ~1 2.3
0.012 0.94 1.22 2.15 —-20 1.1 04 6.15 7.98 9.82 -1 2.6
0.013 5.16 6.70 11.7 -20 1.1 0.45 2.05 2.67 328 0 2.6
0.014 2.39 3.1 5.44 —19 1.1 0.5 573 7.45 9.16 0 25
0.015 0.96 1.25 2.19 —18 1.1 0.6 2.83 3.67 452 1 23
0.016 3.45 4.47 7.81 —18 1.1 0.7 0.89 1.16 1.43 2 2.1
0.018 3.28 4.26 7.42 —17 1.2 0.8 2.10 2.73 3.35 2 2.0
0.02 2.29 297 5.16 —16 12 0.9 4.03 5.23 6.44 2 1.9

continued on next page
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continued from previous page

0.025 1.12 1.45 2.51 —14 12 1 6.71 8.71 10.7 2 1.9
0.03 2.17 2.82 4.84 —13 1.2 1.25 1.62 2.10 2.58 3 1.8
0.04 1.64 2.13 3.61 —11 1.3 1.5 2.78 3.61 4.44 3 1.7
0.05 356  4.62 7.76 -10 1.3 1.75 397 5.6 6.34 3 1.7
0.06 373 4.84 8.05 -9 1.3 2 506 658 8.09 3 1.7
0.07 2.44 317 522 -8 1.3 2.5 6.78 8.80 10.8 3 1.8
0.08 1.15 1.50 2.45 -7 1.4 3 0.79 1.02 126 4 1.8
0.09 4.29 5.58 9.03 -7 1.4 3.5 0.85 [.10 1.35 4 1.8
0.1 1.34 1.74 2.79 —6 1.4 4 0.87 1.13 140 4 1.8
0.11 362 470 7.48 -6 1.4 5 0.87 [.13 139 4 1.8
0.12 0.88 1.14 1.80 -5 1.4 6 0.83 1.07 132 4 1.9
0.13 1.93 2.51 3.94 -5 1.5 7 0.77 1.00 1.23 4 19
0.14 3.96 5.14 8.01 -5 1.5 8 7.17 9.31 11.5 3 1.9
0.15 7.62 9.90 15.3 -5 1.5 9 6.64 8.63 10.6 3 1.9
0.16 1.39 1.81 277 —4 1.5 10 6.16 8.00 9.83 3 2.0
0.18 4.06 5.27 7.95 -4 1.5

Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: “N(p,y)°O

The experimental data from LAS57b, 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 LAS57b, 33% in PI57, 12% in HE63, 15% in SC87b). For
the extrapolation to energies below E = 93 keV, a subthreshold state at E, = —504 keV
is included. This extrapolation is in agreement with the one given in SC87b. Our
recommended S = 3.2 £ 0.8 keV b, in agreement with the value given by AD98 within
the error bars (Sp = 3.5f% keV b). The resonant data include 13 resonances. The
strengths of the resonances between E; = 2185 + 7 keV and E, = 4272 + 14 keV are
the reported values of DU51, PH72, KU77 and SC87b. The 1/2% resonance (E; =
259.4 + 0.4 keV) dominates the reaction rates at 79 < 1. All resonance tails have a
negligible contribution to the total reaction rates. Good agreement with the CA88 rates

is obtained.

E: (MeV) J7 wy (eV)
DUS51 BA55b HAS7a HE63 SC87b adopt

0.2594 £0.0004 1/2* 0.020£0.004 0.01310.003 0.01440.003 0.0141+0.001 0.014£0.001 I

0983 £0.002 3/2* 0.63+0.13 0.3940.13 0.39+0.08 031+0.04 0.354+£005 M

1.440 £0.006 1/2%  0.1610.06 0.11£0.02 0.09340.020 0.1041+0.014 M
1.623 £ 0.002* 1/2+  0.2130.06 0.7610.19 0.261+0.16 M

1.684 & 0.005 (3/2)~ 0.52+0.11 0.3040.07 0.36+0.10 M
Res. 2.185-4.272 MeV see comments

*A 1/2% and 5/2% doublet separated by 0.5£0.5 keV
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Ty low adopt  high exp  ratio Ty low adopt high exp ratio
0.008 0.74 1.03 1.32 —24 1.0 0.2 7.41 8.26 9.14 -3 1.0
0.009 1.28 1.78 2.29 -23 1.0 0.25 1.04 1.14 1.25 -1 1.0
0.01 1.49 2.08 2.67 -22 1.0 0.3 5.84 6.40 6.98 -1 1.0
0.011 1.27 1.77 228 -21 1.0 0.35 1.94 2.12 2.31 0 1.0
0012 0385 1.18 1.52 -20 1.0 0.4 4.67 5.09 5.53 0 1.0
0.013 4.62 6.44 8.27 —20 1.0 0.45 9.04 9.85 10.7 0 1.0
0.014 2.13 2.97 3.81 —19 1.0 0.5 1.51 1.64 1.78 1 1.0
0.015 0385 1.19 1.53 —18 1.0 0.6 3.14 342 3.70 1 1.0
0.016 3.04 424 5.43 —18 1.0 0.7 5.05 5.48 591 1 1.0
0.018 287 4.00 5.12 -17 1.0 0.8 7.09 7.68 8.27 1 1.0
0.02 1.98 2.76 3.53 -16 1.0 0.9 9.04 9.79 10.5 1 1.0
0.025 0.95 1.31 1.68 —-14 1.0 1 1.08 1.17 1.26 2 1.0
0.03 1.79 248 3.18 —13 1.0 1.25 1.45 1.57 1.69 2 0.9
0.04 1.29 1.78 2.28 —11 1.0 1.5 1.74 1.89 2.05 2 0.9
0.05 2.67 3.68 4.69 —-10 1.0 1.75 2.02 222 242 2 0.9
0.06 2.67 3.68 4.68 -9 1.0 2 2.35 2.61 2.88 2 0.9
0.07 1.67 2.30 292 -8 1.0 2.5 3.23 3.70 4,19 2 0.8
0.08 0.76 1.04 1.32 -7 1.0 3 4.54 5.39 6.27 2 0.7
0.09 2.71 3.70 4.69 -7 1.0 35 6.38 7.84 9.33 2 0.7
0.1 0.82 1.11 .40 -6 1.0 4 0.88 1.11 1.34 3 0.7
0.11 2.18 2.95 3.71 —6 1.0 5 1.52 1.97 243 3 0.8
0.12 5.56 7.37 9.19 —6 1.0 6 2.27 2.99 3.71 3 09
0.13 1.44 1.85 2.27 -5 1.0 7 3.06 4.03 5.03 3 1.0
0.14 393 4.85 5.78 -5 1.0 8 3.80 5.02 6.26 3 1.1
0.15 1.09 1.30 1.51 —4 1.0 9 4.46 5.90 7.36 3 I.1
0.16 2.92 340 3.88 —4 1.0 10 5.03 6.65 8.29 3 1.1
0.18 1.71 1.93 2.16 -3 1.0
0.1 1 To
10000
; ° A LASTD
1000 L © “N(p.y)°0 o PI57
o E O HEG3
> F °© A SC87b
g 100 E — extrapol.
g : 0
9 L
§ 10 k
@ %5 AéA AADA ADA AR aDa a4
1 F oo
0.1 . L . L . . L
0 0.2 0.4 0.6 0.8 1

E (MeV)
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Reaction: “N(p,n)*O

For this endoergic reaction (Q = —5.926 MeV), the reaction rates are obtained from
the data of DY81 and NO&81, with a linear interpolation between the experimental data
points. The data from KU64 differ by more than one order of magnitude from the DY81
and NOS81 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 Ty = 10 (CAS88 adopted ry = | at all Ty). The adopted rates are
about 5 to 10 times lower than the CAS88 rates, which are probably based on the KU64
data only.

Ty low adopt high exp ratio Ty low adopt high exp ratio
1 5.14 6.37 266 —24 0.1 4 493 5.99 129 —1 0.2
1.25 6.03 7.41 273 —18 0.1 5 1.79 2.18 45.1 1 0.2
1.5 7.02 8.56 283 —14 0.1 6 1.97 2.41 485 2 0.2
1.75 5.78 7.02 212 -1 0.1 7 1.09 1.34 26.5 3 0.2
2 0.90 1.09 30.7 -8 0.1 8 393 482 94.7 3 0.2
25 1.09 1.32 333 -5 0.1 9 1.06 1.31 255 4 0.2
3 1.27 1.53 36.0 =3 0.1 10 2.35 2.89 56.3 4 0.2
3.5 3.81 4.62 103 -2 0.2
10 100 Ty
100 AL R S S T T
E +KU84
r 14N(p,n)140
=~ 10 [ A NO81
-CIJ 3 mDY81
> E
s r
=
5 'l P
"g L} wm. a
g | .
w 01 E " n
0'01 1 1 1 1 1 1 L L 1t I 1 A
0 5 10 15 20 25

E (MeV)

Reaction: “N(p,a)''C

For this endoergic reaction (Q = —2.922 MeV), data from EP71, JA74, IN76a, CA78
and BI8O are used. Data from SH68 are omitted because they correspond only to the
ap 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 '*N + p and !!C + « channels are open, and hence the energy
dependence of the cross section is dominated by the Coulomb barrier of the & channel.
Therefore, for the calculation of the reaction rates, the S-factor for the reverse reaction
C(a,p)*N, 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 ''C(a,p) "“N. Below Ty = 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 Ty > 5, our thermalization corrections are larger (ry is up to 2.04 at
Ty = 10) than the CA88 ones (ry =1 at all 7y).

10 100 To
1E+5 ¢ — .
1E+4 E
Q :
= 1E+3 E
< F
:é 1E+2 E
§ 1E+1 _ X SH68 A EP71
» T DJA74 O IN76a
i ACA78 ®BI8O
1E+0 1 -—adopted
g P o
2 4 6 8 10 12 14
E (MeV)
10 20 Ty
1E+2 3 — < '
: X "C(o,p) N X S, -data
—_ 1E+1
e 3 >< v _ — adopted
% 1E+0 *¥xE lower and
= + e Tl upper limits
5 [
5 1E1 L
S F
D el | TEESGEKT
S ek et o *
1E-3 A 1 T . L ,
2 4 6 8 10 12 14
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.6 0.81 1.61 322 -25 0.7 3 322 6.43 12.9 0 0.9
0.7 1.50 3.00 6.00 —21 0.7 35 372 7.44 14.9 1 0.9
0.8 2.70 5.39 10.8 —18 0.7 4 242 4.83 9.66 2 0.9
0.9 1.00 2.00 4.00 —15 0.7 5 3.51 7.01 14.0 3 1.0
1 1.22 243 4.86 —13 0.7 6 2.16 4.31 8.62 4 1.1
1.25 0.83 1.65 3.30 -9 0.8 7 0.80 1.60 3.20 5 1.2
1.5 3.49 6.97 13.9 -7 0.8 8 2.15 4.30 8.60 5 1.3
1.75 2.92 5.83 1.7 -5 0.8 9 4.65 9.30 18.6 5 1.5
2 0.87 1.73 346 -3 0.8 10 0.86 1.72 3.44 6 1.7
25 1.13 2.26 4.52 —1 0.8

Reaction: “N(a,y)8F

Below Ty = 2, the calculation of the reaction rates is performed by adding the
contribution of 15 resonances at energies E; < 2.232 MeV [PA68,CO72, RO73b,BES82].
Among these resonances, only the ones at E; = 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 10715 ¢V for the strength of the E; = 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~ MeV for a = 4.5 fm, while for
a = 6 fm, the Wigner limit is 4.60 x 108 MeV. For the resonance at E, = 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 O, respectively. The @7y 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 E; = 1.373 MeV, the adopted resonance strength are from RO73b. A non-resonant
contribution with Sy = 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 Ty = 2, HF estimates are used, following the procedure explained in Section 2.5.
Below Ty = 2, the differences between the adopted rates and the CA88 ones arise from
different resonance parameters. Above Ty = 2, there are larger differences between the
CAB8S rates and the HF calculations.

Ty low adopt high exp ratio Ty low adopt high  exp ratio
007 4E-4 1.05 10.5 —26 0.2 0.7 2.41 2.83 3.32 -3 1.0
0.08 0.03 1.19 117 —24 02 0.8 7.62 8.75 10.0 -3 1.1
0.09 2.36 7.27 477 -23 0.2 0.9 2.41 2.71 3.04 ~2 1.2
0.1 5.47 7.37 1.57 -21 0.6 I 7.03 7.81 8.66 -2 1.2
0.11 4.65 5.67 7.36 —19 0.8 125 598 6.57 7.18 -1 1.2
0.12 1.87 2.24 2.67 -17 0.9 L5 2.65 2.90 3.15 0 1.2
0.13 4.20 5.04 591 —16 0.9 1.75 7.65 8.36 9.09 0 1.2
0.14 6.00 7.21 8.42 —15 0.9 2 1.69 1.84 2.00 1 1.2
0.15 5.98 7.18 8.38 —14 0.9 2.5 3.82 5.14 5.97 1 1.1

continued on next page
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continued from previous page
0.16 4.44 5.33 6.22 -13 09 3 0.67 1.05 1.29 2 1.1
0.18 1.24 1.48 1.73 -11 0.9 35 1.00 1.81 231 2 1.2
0.2 1.74 2.09 2.44 -10 0.9 4 1.36 2.77 3.66 2 1.3
0.25 1.93 2.32 271 -8 0.9 5 2.12 5.30 7.31 2 1.6
0.3 425 5.10 5.96 -7 0.9 6 2.90 8.59 12.2 2 1.9
0.35 372 447 5.24 —6 0.9 7 0.37 1.27 1.84 3 23
0.4 1.85 222 2.61 -5 0.8 8 045 1.77 2.59 3 29
0.45 6.31 7.58 8.92 -5 0.9 9 0.54 2.36 3.51 3 35
0.5 1.67 2.00 2.36 —4 09 10 0.64 3.07 4.60 3 42
0.6 7.31 8.73 10.3 —4 0.9
Ty low adopt high exp ratio Ty low adopt high exp ratio
E; (MeV) Jm wy (eV)
PAG8(D co7n® RO73b adopt
0.237 4+ <8x 1013 8T2x10716 I
0435 1 (0.6£0.1)x 10~* (0.6+£0.1)x10~* 1
0.535 2+ <1x 1075 119 x 1076 M
0.883 4+ 0.002 4+ 0.024:+0.001 0.02440.003 0.02040.007 0.02440.001 M
1.088 £ 0.003 3(=) 0.008+-0.001 0.006+0.001 0.007+0.001 M
1.189 + 0.002 1~ 1.34+0.1 1.3+0.1 1.340.1 M
1.258 £ 0.002 I~ 0.38+0.04 0.454£0.02 [BE82] 0.5£0.1 0.4440.02 M

Res. 1.373-2.232 MeV

see comments

(D Values revised by RO73b.
D) Including stopping power corrections.

Reaction: “N(a,n)!"F

For this endoergic reaction (@ = —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 ry goes up to 1.3 at Ty = 10, while CA88
adopt ry =1 at all Ty).

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.7 1.04 1.10 1.15 -26 0.1 3 1.43 1.50 1.58 0 0.7
0.8 1.84 1.94 2.04 22 0.1 3.5 1.99 2.10 220 1 0.8
0.9 37 3.91 4.11 —19 0.1 4 1.44 1.52 1.60 2 0.8
! 1.64 1.73 1.81 —16 0.1 5 232 245 2.57 3 0.9
1.25 0.96 1.01 1.06 —11 0.2 6 1.49 1.57 1.65 4 0.9
1.5 1.47 1.54 1.62 —8 02 7 5.61 591 6.21 4 0.9

continued on next page
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continued from previous page
1.75 2.78 293 3.07 -6 0.3 8 1.52 1.60 1.68 S 0.9
2 1.43 1.50 1.58 —4 0.4 9 3.28 3.46 3.63 5 0.9
2.5 3.57 3.76 3.95 -2 0.6 10 6.07 6.39 6.71 5 1.0
Ty low adopt high exp ratio Ty low adopt high exp ratio
10 50 To
1E+5 E T T T
[ 14 17
[ “N(o,n)'F X GR72b
5 |
> 1E+4 ¢
D £
= y
= F
8 L
8 1Es3 ¢
oy F
1E+2 .
2 4 6 8 10 12 14 16

E (MeV)

Reaction: PN(p,y)'°0O

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 RES82. For the extrapolation to low energies,
the S-factor is interpolated linearly between Sy = 64 £ 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 CAS88 are most likely due to the use of HE60b
data by CASS.

S-factor (keV b)

0.1 1 10 Te

1E+3 T T T T T T T e

: 15 16 O HE60b

N(p.y)™0 A RO74b
— extrapol.
1E+2
A

1E+1 ¢ 4 A H

g 4 A+

Mogd

1E+O t n 1 i n+ + 1 + I

0 0.5 1 1.5 2 2.5

E(MeV)
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Ty low adopt  high exp  ratio Ty low adopt high exp  ratio
0.007 5.85 7.01 8.17 =25 1.1 018 091 1.35 1.79 -2 1.3
0.008 1.73 2.08 244 23 1.1 0.2 249 3.52 455 -2 1.2
0.009 3.02 3.67 432 -22 1.1 0.25 1.90 2.44 297 —1 0.9
0.01 3.54 433 5.12 -21 1.1 03 0.87 1.05 1.23 0 0.7
0.011 3.05 3.75 446 =20 1.1 035 271 3.17 3.63 0 0.6
0.012 205 2.54 3.03 —19 1.1 04 6.51 7.48 8.44 0 0.6
0.013 1.13 1.40 1.68 —18 1.1 0.45 1.32 1.49 1.67 I 0.5
0.014 523 6.55 7.87 —18 1.1 0.5 2.30 2.58 2.87 1 0.5
0015  2.11 2.66 320 17 1.1 0.6 5.28 5.90 6.51 1 0.5
0.016 7.56 9.56 1.6 —17 1.1 0.7 0.96 1.07 1.17 2 0.5
0.018 7.21 9.22 11.2 —16 1.2 0.8 1.52 1.68 1.85 2 0.5
0.02 5.03 6.50 7.96 —15 1.2 0.9 223 2.46 2.70 2 0.5
0.025 246 3.25 4.03 —13 12 1 3.17 3.50 3.83 2 0.6
0.03 4.76 6.41 8.06 —12 1.2 125 727 7.96 8.65 2 0.6
0.04 3.55 496 636 —10 1.2 1.5 1.54 1.67 1.81 3 0.7
0.05 0.76 1.09 1.43 -8 1.3 1.75 2.84 3.09 334 3 0.7
0.06 0.78 1.16 1.53 -7 1.3 2 4.64 5.05 545 3 0.7
0.07 5.04 7.64 10.2 -7 1.3 2.5 0.92 1.00 1.08 4 0.7
0.08 2.34 3.63 491 -6 1.3 3 1.42 1.55 1.68 4 0.7
0.09 0.86 1.36 1.85 -5 1.3 35 1.89 2.06 223 4 0.8
0.1 2.64 423 5.81 -5 1.3 4 2.09 2.27 2.46 4 0.7
0.11 0.71 1.15 1.58 —4 1.3 5 2.40 2.61 2.81 4 0.7
0.12 1.71 2.78 3.84 -4 1.3 6 2.64 2.86 3.08 4 0.7
0.13 3.81 6.16 8.51 —4 1.4 7 2.83 3.06 3.29 4 0.7
0.14 0.79 1.27 1.75 -3 1.4 8 2.99 3.23 347 4 0.8
0.15 1.56 2.46 3.36 -3 1.4 9 3.13 3.37 3.62 4 0.8
0.16 2.92 453 6.13 -3 1.4 10 3.26 3.51 3.76 4 0.9

Reaction: *N(p,n)'*O

For this endoergic reaction (@ = —3.536 MeV), the reaction rates are obtained from
the data of WO61, CH78, MUS81 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
BAG68b 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 r; goes up to about 1.1 only at Ty = 10; CA88 adopt
rq = 1 for all Ty).

Ts low adopt high exp ratio Ty low adopt high exp ratio
0.6 2.14 2.50 6.41 -22 0.3 3 1.62 1.89 4.62 2 0.4
0.7 3.90 4.54 1.7 —18 0.3 35 1.16 1.36 3.28 3 04
0.8 6.11 7.12 18.4 —15 0.3 4 5.13 5.97 144 3 04
0.9 1.87 218 5.64 —-12 0.3 5 4.17 4.85 115 4 0.5
I 1.82 2.12 5.49 —10 0.3 6 1.73 2.01 4.74 5 0.6
1.25 6.97 8.12 20.8 -7 0.3 7 4.85 5.64 13.2 5 0.7

continued on next page
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continued from previous page

1.5 1.71 1.99 5.06 —4 0.3 8 1.07 1.24 2.87 6 0.8
1.75 0.87 1.02 2.56 -2 04 9 1.95 2.27 5.27 6 1.0
2 1.67 1.94 4.85 —1 0.4 10 3.24 3.76 8.62 6 1.4
25 1.03 1.21 297 1 0.4
Ty low adopt high exp ratio Ty low adopt high exp ratio
10 100 To
100 T T T T T T T T T

o

> 10 ¢

® :

g r

= r

5 A

Q A

& 1 ®WOB1 x BAG8D
D : OCH78 oMUB1

[ i A SA84
0‘1 1 " 1. 1 4 1 1 1 1

2 4 6 8 10 12

Reaction: “N(p,a)"*C

Data from ZY79 and RES82 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 E, = 313.9 keV with wy = 0.67 £ 0.07 keV
[RES2], showing an interference effect with the other 1~ resonance at E; = 963 keV
(wy = 23 £ 6 keV [HAS57b]). For Ty < 2.5, the reaction rates are calculated using
a linear interpolation between the experimental data [SC52,Z2Y79,RE82] and adding
the contribution of the resonances at E; = 1537 keV (wy = 6.9 £ 1.0 keV [HA57b])
and 2.798 keV (wy = 15+ 3 keV [SN83,DA84]). At low energies, the Breit-Wigner
extrapolation from RES82 is adopted (Sp = 65 +7 MeV b). For Ty > 2.5, HF rates
are used as explained in Section 2.5. Around Ty = 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 CAS88 rates.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.005 6.38 7.12 7.87 —26 1.0 016  7.99 9.75 11.9 0 1.9
0.006 .10 1.24 1.37 -23 1.0 0.18 2.60 3.28 4.13 | 2.1
0.007 6.73 7.59 8.45 -22 1.0 02 7.32 9.64 12.7 1 2.0
0.008 2.00 227 2.53 -20 1.0 0.25 6.20 8.80 12.5 2 1.5
0.009 3.52 4.01 4.49 —19 1.0 0.3 3.28 4.66 6.63 3 1.1
0.01 4.17 4,76 5.35 —18 1.0 0.35 1.13 1.66 243 4 0.9

continued on next page



C. Angulo et al. /Nuclear Physics A 656 (1999) 3-183 83
continued from previous page
0.011 361 414 467 —17 1.0 04 315 448 6.38 4 0.8
0012 244 281 3.18 -16 1.0 045 7.04 9386 13.8 4 0.8
0.013 1.35 1.56 1.7 —15 1.0 0.5 1.35 1.88 2.63 5 0.8
0014 631 7.31 8.31 —15 1.0 0.6 347 491 6.94 5 0.8
0015 256 298 3.39 —14 1.0 0.7 752  9.85 12.9 5 0.9
0016 092 1.08 1.23 -13 1.0 0.8 129 164 2.08 6 0.9
0.018  0.89 1.04 120 -12 1.0 0.9 1.56 235 3.54 6 1.0
0.02 627 739 8.52 —-12 1.0 1 2.41 337 472 6 .1
0025 314 374 4.35 -10 1.0 125 443 6.20 868 6 1.2
0.03 620 748 8.76 -9 1.0 1.5 693 971 13.6 6 1.4
0.04 478 587 6.95 -7 1.1 175 084 1.34 2.14 7 1.5
0.05 1.06 1.31 1.57 -5 1.1 2 1.14 1.77 2.75 7 1.5
0.06 1.15 1.45 1.74 —4 1.1 25 1.66 259 4.05 7 1.5
0.07 0.80 1.00 1.21 -3 1.2 3 244 3381 5.95 7 1.6
0.08 405 504 6.04 -3 1.2 35 329 513 7.99 7 1.7
0.09 1.62 1.99 2.36 -2 1.3 4 421 652 10.1 7 1.7
0.1 543 653 7.62 -2 1.3 5 6.09 943 14.6 7 1.9
0.11 1.58 1.87 2.16 -1 1.4 6 0.81 1.25 1.92 8 2.2
0.12 4.07 477 5.48 -1 1.5 7 1.01 1.55 2.39 8 24
0.13 0.95 1.12 129 0 1.6 8 1.21 1.86 2.86 8 2.7
0.14 204 244 283 0 1.7 9 142 217 332 8 3.0
0.15 4.01 4.97 594 0 1.8 10 162 247 371 8 33
Ty low adopt high  exp ratio Ty low adopt  high exp  ratio
0.1 1 5 Ty
10000 T —— -—— T
X 8C52

. * 2Y79

°Q 1000 A RE82

> W — extrapol. [REB2]

g N

- 100 %

g % &

s %

w 10 £

g #
- X%

0.4 0.8 1.2 1.6 2
E (MeV)

Reaction: *N(a, y)°F

The main contribution to the rates below Ty = 0.2 comes from the E, = 364 keV
resonance, for which we use the experimental strength wy 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 w7y 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
'F is calculated; it only affects the rates near Ty = 0.08 [OL96]. Tails of higher lying
resonances make negligible contributions to the rates, when compared with the direct
capture. For To < 0.2, our rates are about 50 times lower than the CAR8 ones, as a
result of our adoption of the OL96 strength of the E; = 364 keV resonance, which is 60
times smaller than the value selected by CA88. Around Ty = 0.5, the difference between
the present rates and the CA88 ones is probably related to the E; = 669 keV resonance,
which has been neglected in CAS88.

E: (MeV) J7 wy (eV)
WwI97 others adopt
0.364 £0.002  7/2* (676) x 107 [OL96,0L97]  (675) x 107? 1
0536+ 0.002  5/2%  (9.6£1.2) x 107° (9.64+21)x 1075 [MA87] (9.6£1.0) x 1073 |
0.5424+0.002 3/2—  (6.4+£25) x 107¢ < 1x 1075 [MA87] (64+25)x 1076 M
0.669 £ 0.002 5/2=  (5.6+0.6) x 1073 (594 1.5) x 1073 (574£06) x 1073 1
(6.34+2.1) x 1073 [RO72b]
1.093 +£0.003  5/2*  (9.7+1.6) x 107} ~ 107 2% (9.7£1.6) x 1073 M
1.326 £ 0.003  1/2% 1.69 £ 0.14 1.64 + 0.16 {DI71b] 1.67 £ 0.11 M
Res. 1.607-2.912 MeV see comments
UN74
3.1524+0.002  11/2~ 0.95 +0.14 1.54 0.2 |DI71b] 1.00 £ 0.15 M
1.15 + 0.23 [RO73d}
3.5254+0.003  (5/2%) 17.9 + 2.1 17.0 + 2.7 [RO76] 17.6 + 1.7 M
3.645 £0.003  3/2% 3.7+ 0.9 [RO76] 37409 M
SY78
391540003  7/2% 234 0.4 [DI71b] 23404 M
392440003 11/2F 3.140.5 [DI71b] 31405 M
4273 £0.005  13/2~ 0.58 £ 0.1 0.53 £ 0.08 [UN74] 0.53 £0.08 M
0.51 +0.07 [RO76]
4295+ 0.005 5/2+ 21405 1.37 + 0.18 [RO76] 1.45 £ 0.17 M
Res. 4.358-5.823 MeV see comments
5.860 £0.004 1172~ 3.6+06 3.48 + 0.47 [RO76) 35104 M
Res. 5.914-6.398 MeV see comments

*From Al70, and renormalized to the 1.326 MeV resonance in DI71a
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Ty low adopt high exp ratio Ty fow adopt high exp ratio
0.08 1.85 2.68 4.53 -25 0.06 0.7 4.11 4.77 5.46 -3 4.8
0.09 1.33 2.94 7.04 -23 0.02 0.8 1.34 1.54 1.76 -2 25
0.1 0.99 241 6.00 ~21 0.02 0.9 3.45 3.97 4.51 -2 1.5
0.11 3.89 9.54 235 —20 0.02 1 7.82 8.99 10.2 -2 1.0
0.12 0.85 2.05 496 —18 0.02 1.25 4.82 5.59 6.40 -1 0.7
0.13 1.14 2.73 6.50 —-17 0.02 1.5 2.26 2.65 3.06 0 0.8
0.14 1.07 2.50 5.87 —16 0.02 1.75 7.62 9.00 104 0 09
0.15 0.75 1.71 3.95 —15 0.02 2 1.95 2.31 2.68 1 1.0
0.16 424 9.36 21.1 —15 0.02 2.5 7.29 8.67 10.1 1 1.1
0.18 0.89 1.74 3.61 ~13 0.02 3 1.74 2.08 242 2 1.2
0.2 1.32 222 4.01 —12 0.03 35 3.23 3.85 448 2 1.2
0.25 3.39 4.47 6.06 —10 0.13 4 5.12 6.10 7.10 2 1.2
0.3 1.85 2.29 2.84 -8 0.5 5 0.97 1.16 1.35 3 1.1
0.35 3.60 4.36 5.24 -7 1.6 6 1.49 1.78 2.07 3 1.0
0.4 3.56 4.25 5.03 -6 42 7 2.01 240 2.80 3 0.9
0.45 2.18 2.58 3.03 -5 8.8 8 2.51 3.00 3.50 3 0.8
0.5 0.94 1.1 1.29 -4 13 9 2.97 3.55 4.15 3 0.8
0.6 8.56 9.98 11.5 -4 10 10 3.38 4.05 4.74 3 0.7

Reaction: O(p,y)!''F

The non-resonant data from WAS4, HE58, TAS9, RO73a and MO97 are adopted. At
energies E < 160 keV, only one set of data [HES8] 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 Sg = 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 Ty = 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 '"F is not high enough for a statistical model. The resonances at
E. =2503+7 keV [RO73a] and E, = 3556 +4 keV [SE63] contribute for less than 1%
to the total rates. Good agreement is found between the present rates and those from
CASS.

0.1 1 10 To
16 —rrrrrer ————r
i 0 WAS54
16 1
t O(py)''F 4 HES8
12 © TAS9 ;
%; { ® RO73a g
=3 1 X MO97
5 8 ‘\ % — extrapol. [RO73a] ¥
3] i
8 3
: I
n 4t +
o 1 1 I 1 — 1
0 0.5 1 15 2 25 3 3.5
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Ty low adopt  high exp  ratio Ty low adopt high exp ratio
0.01 471 6.73 8.75 —25 1.0 0.25 5.29 7.57 9.84 —4 1.0
0.011 4.97 7.10 9.23 —24 1.0 0.3 2.16 3.09 4.02 -3 1.0
0.012 4.00 5.71 7.42 —23 1.0 0.35 6.63 9.44 12.3 -3 1.0
0.013 257 3.68 4.78 -22 Lo 04 1.66 2.36 3.05 -2 1.0
0.014 1.38 1.97 2.56 =21 1.0 0.45 361 5.09 6.57 ~2 1.0
0.015  6.35 9.06 11.8 -21 1.0 0.5 7.04 9.84 12.6 -2 1.0
0.016 2.56 3.65 4.75 —20 1.0 0.6 2.11 2.90 3.96 -1 1.0
0.018  3.01 4.30 559 -—-19 1.0 0.7 5.08 6.83 8.58 ~1 1.0
0.02 251 3.59 4.66 —18 1.0 0.8 1.04 1.38 1.72 0 1.0
0.025 1.75 2.50 3.25 —16 1.0 0.9 1.91 2.49 3.07 0 1.0
0.03 442 6.32 8.21 —15 1.0 1 321 4.13 5.05 0 1.0
0.04 4.82 6.89 8.96 —13 1.0 1.25 0.90 [.13 1.36 I 1.0
0.05 1.34 1.91 2.49 —11 1.0 1.5 1.94 242 2.89 1 1.0
0.06 1.68 2.39 311 —-10 1.0 1.75 3.56 4.40 5.25 1 1.1

0.07 1.25 1.79 2.33 -9 1.0 2 5.84 7.19 8.54 1 1.1

0.08 6.56 9.37 12.2 -9 1.0 2.5 1.26 1.54 1.82 2 [.0
0.09 2.65 3.78 4.92 -8 1.0 3 223 2.73 322 2 1.0
0.1 0.88 1.26 1.63 -7 1.0 35 3.50 4.30 5.05 2 1.0
0.11 2.50 3.57 4.65 -7 1.0 4 5.06 6.24 7.29 2 1.0
0.12 6.30 9.01 117 -7 1.0 5 0.90 1.12 1.29 3 1.0
0.13 .44 2.06 2.67 -6 1.0 6 .38 1.75 1.99 3 1.0
0.14 3.02 4.32 5.62 —6 1.0 7 1.94 249 2.79 3 1.0
0.15 5.93 8.48 [1.0 -6 1.0 8 2.57 3.34 3.69 3 1.0
0.16 1.10 1.57 2.04 -5 1.0 9 3.24 4.27 4.67 3 1.0
0.18 3.25 4.65 6.04 -5 1.0 10 3.96 5.27 5.71 3 1.0
0.2 0.83 1.18 1.53 -4 1.0

Reaction: '%0(a,y)**Ne

The contribution of 23 resonances is considered, the parameters of which are taken
from PE64, DI71c, RO71, AL72b, IN76b, ST78, FI80, HA87, KN94 and KU97.
An upper limit for the non-resonant contribution is also available from experiments
[KN94,KU97]. These data are complemented with many theoretical evaluations of the
non-resonant cross section [ DE83,1LA83, DE86, BA88b,DU94]. The upper limits of the
rates are derived from the upper limits of the experimental resonance parameters and
of the non-resonant contribution of KN94. The lower limits of the rates are obtained
from the use of the lower limits of the resonance parameters and of the non-resonant
contribution reported by HA87. All resonance tails are found to have a negligible con-
tribution to the rates. Compared to CA88, the present rates are enhanced at Ty < 0.25
because our adopted S-factor is larger at 300 keV (here: S(0) = 2 MeV b; CA88:
S(0) =0.7 MeV b).



87

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

N =01l X (SOFLT) =01 X (SOF LD 0¢ F 89LL
W SIOF 61 STOFv6'1 _€ 01 F 959L
W 80F 99 80F 99 _€ ¥ F 0TSL
W TOF VI TOF 1 +C SF 08YL
W (=01 X (TOFED) [08NH] {-01 X (TOFET) +8 o1 FoIZL
W =01 X (SOF €D -0 X (SOF€T) +¥ 8 F €61L
W -0 X (SOF T'H) (=01 X (SOFT'¥) =01 X (SOF 1Y) +0 9 F 8€89
W STOF 90T STOF 90T —1 S F ¥bS9
W ¥ F 0¢ ¥ F0¢ ¥FO€ +F 1 F 85€9
8LLS
[8LLS] 6'TF T6l
[LL14] 0T F L'61
W STFS6I [Q9LNI] 9T F L'61 ¥ F 61 +C L F 6€SS
W €F8 £F8 +F 0¢ F 88T¢
W SOFET SOFEL +C 0€ F TrLt
N =01 X (TOF 8T =01 X (TOFSD) _€ ¥ F 78¢cY
W 1€0F S0°€ [azLTv] 1€°0 F S0°€ [€0F SOE +¥ 1F 16TV
(1L0d]1 TOF €1
[P1L1Al LOF +1
W SUOFSET {Lo1T] ¥'OF 8T +9 01 F 0ov0v
W =0T X (SOFT1T) =0l X (SOFTD) -1 € F SL6E
08I ¥9dd
W 1—0L X (470 F +v'e) [9ZLTV] (—0T X ($'0F t'€) g € F ¥60¢
W =01 X (TOF9T) -0l X (TOF9T) +C £ F 889
W =01 X (60 F 6°S) -0l X (60 F 6°6) +0 € F LSYT
W ~0L X (ST'0OF80°D) -01 X (ST0F 80°1) -£ € F T
W =01 X (60 F +'L) =01 X (60F ¥L) =0l X(TTFTL) +0 € F 1661
I =01 X (€OF €D =01 X (€0F €D =01 X (#'0F 0'T) -1 € F 501
I ¢=0T X (€0OF61) -0l X (€0F6'1) - € F 068
dope s1ayio ENM L8VH
(A9) Am of (AM) 7




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

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.1 1.59 7.96 13.4 -27 29 0.8 3.07 3.74 4.46 —4 0.9
0.1 0.22 1.09 1.83 -25 2.9 0.9 1.26 1.52 1.81 -3 1.0
012 022 .10 1.85 —24 29 1 3.89 4.67 5.51 -3 1.0
0.13 1.74 8.68 14.6 —24 29 1.25 2.88 343 4.00 -2 1.0
0.14 1.12 5.60 9.43 -23 2.9 1.5 1.06 1.25 1.45 -1 1.0
0.15 0.61 3.04 5.13 22 2.9 1.75 2,61 3.07 3.55 -1 1.1
016 029 1.43 2.41 —21 2.9 2 5.04 591 6.81 —1 1.1
0.18 0.45 222 374 -20 29 2.5 1.23 1.43 1.64 0 1.1
0.2 0.62 2.55 422 -19 2.3 3 2.19 2.54 291 0 1.1
0.25 3.49 4.96 6.69 —16 0.8 35 3.33 3.86 4.40 0 1.1
0.3 2.66 3.56 4.63 —13 0.7 4 4.66 5.40 6.14 0 1.1
0.35 3.03 397 5.07 —11 0.8 5 8.32 9.62 11.0 0 0.9
04 1.06 1.36 1.72 -9 0.8 6 1.46 1.70 1.94 1 0.8
0.45 1.68 2.14 2.67 -8 0.8 7 2.56 2.99 3.45 | 0.7
0.5 1.55 1.96 242 -7 0.8 8 4.34 5.12 592 1 0.7
0.6 4.45 5.53 6.73 -6 0.9 9 6.96 8.24 9.56 1 0.7
0.7 4.99 6.12 7.36 -5 0.9 10 1.05 1.24 1.44 2 0.7

Reaction: 7O(p,y)*F

Direct capture contribution comes from a low energy extrapolation of experimental
cross sections [RO73a,RO75a] with about 20% quoted uncertainty. The contribution of
the 17 E;, = —3.12 keV subthreshold resonance is negligible with respect to the direct
capture process. Between To = 0.1 and 0.2, the rates are dominated by the contribution
of the E; = 66 keV resonance. Its strength is calculated using the values /"= 131+ 5 eV
[MASO], Iy =14+ 0.3 eV [MA8O] and I, = 22‘_“21 neV, as suggested by BL95. This
I'p, value lies between the one obtained by LA89 through a proton transfer experiment
and the upper limit of TR95. The strength of the E; = 179.5 keV resonance is unknown.
We use the upper limit for its proton width [I.LA89], the total width /" = 44 + 30 meV
and the average radiative width I", = 22 meV from RO73c to obtain an upper limit for
the strength (in good agreement with RO73b). With these assumptions, it dominates
the total rates between 7o = 0.1 and 0.5. In RO73b and KI79a, the measurements are
relative to the strength of the 633 keV resonance in >’Al(p,y)?8Si. The adopted values
come from the weighted average of the SE73 values and the renormalized ones from
RO73b and KI79a (according to the revised J” = 37, 633 keV resonance strength in
2TAl(p,y)?8Si [EN90]). Resonances at energies E; > 1270 keV are from SE78. Above
Ty = 3, HF estimates are used (see Section 2.5). The enhancements with respect to the
CAB8S rates near Ty = 0.05 reflect the contribution of the E; = 66 keV resonance, which
is not included in CA88. Those near 7y = 0.25 are due to the revised upper limit of the
E. =179.5 keV resonance strength.
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.009  3.61 452 542 -26 0.8 0.2 0.05 1.46 15.7 -3 1.5
0.01 5.39 6.73 8.08 —25 0.8 025 020 8.24 87.8 -3 1.6
0.011 571 7.14 8.57 —24 0.8 0.3 0.06 2.52 26.4 -2 1.5
0.012 4.6l 5.77 6.92 -23 0.8 035 036 5.78 57.0 -2 1.3
0013 299 3.73 4.48 —22 0.8 0.4 0.24 1.28 10.5 -1 0.9
0.014 1.61 2.01 2.41 -21 0.8 0.45 1.16 3.11 18.8 -1 0.7
0.015 743 9.29 11.1 -21 0.8 0.5 4.07 7.90 34.6 —~1 0.6
0.016  3.01 3.76 451 -20 0.8 0.6 2.65 4.12 11.9 0 0.5
0.018 3.57 4.47 5.37 -19 0.9 0.7 0.99 1.45 345 1 0.5
0.02 3.05 3.82 4.62 —-18 0.9 0.8 2.63 3.74 8.06 1 0.5
0.025 295 3.83 4.99 —16 1.3 0.9 5.55 7.75 15.7 1 0.5
0.03 .62 2.17 3.05 —14 2.8 1 1.00 1.38 2.67 2 0.5
0.04 4.89 6.54 9.30 —12 7.8 125 276 3.75 6.77 2 04
0.05 1.62 2,13 298 —-10 9.0 1.5 5.26 7.06 12.2 2 04
0.06 1.65 2.14 2.96 -9 7.1 175 0381 1.08 1.81 3 0.4
0.07 0.87 .12 1.36 -8 4.8 2 1.10 1.45 2.38 3 04
0.08 311 4.06 6.57 -8 3.1 25 1.61 2.11 3.36 3 0.4
0.09 0.88 1.25 3.29 -7 1.9 3 2.00 2.61 4.07 3 0.4
0.1 2.15 3.89 18.8 -7 1.3 35 2.59 3.25 4.77 3 0.4
0.11 0.48 1.28 9.32 -6 1.1 4 3.11 3.87 5.46 3 0.4
0.12 0.98 4.12 37.2 —6 I.1 5 4.01 5.14 7.15 3 0.4
0.13 0.19 1.21 2.1 -5 1.1 6 4.78 6.59 9.55 3 0.5
0.14 0.35 3.17 332 =5 1.2 7 5.48 8.29 12.9 3 0.6
0.15 0.62 7.41 79.4 -5 1.3 8 0.62 1.03 1.74 4 0.6
0.16 0.10 1.57 16.9 —4 1.3 9 0.68 1.25 2.31 4 0.7
0.18 0.25 543 58.9 —4 1.4 10 0.75 1.50 3.01 4 0.8

Reaction: O(p,a)"*N

For 0.02 < Ty < 0.1, the rates are dominated by the contribution of the E; = 66 keV
resonance [ MAS8O, LA89, BL9S, 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 "O(p,y)'8F]. For Ty <
0.02, the contributions from the tails of high energy resonances and of a 17 subthreshold
state (E, = —3.12 keV, I, = 42.8 + 1.6 eV [MAS80], ¥* = 0.12%3, at 3.6 fm) must
also be considered. The strength of the E; = 179.5 keV resonance is calculated using
I'y < 2.8 meV from LA89, and I = 44 + 30 meV and I, = 22 meV from RO73c¢. In
the 489.9 < E; < 1202.5 keV range, the resonance strengths measured by BR62, K179a
and KI79b are in fair agreement. Above E; = 1594.5 keV, the only available data come
from SE78. Above Ty = 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 Ty < 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.009 091 1.27 1.65 -25 20 0.2 0.31 3.60 377 -3 29
0.01 1.22 1.71 221 -24 18 025 0.87 2.85 219 -2 0.8
0.011 [.19 1.65 2.13 -23 16 03 2.65 3.55 9.59 —1 0.6
0.012  0.89 1.23 1.59 =22 14 0.35 315 3.66 5.27 0 0.7
0.013 543 7.46 9.63 —-22 13 0.4 1.99 225 2.70 1 0.8
0.014 278 3.80 491 —21 12 045 825 9.23 10.5 1 0.9
0.015 1.23 1.68 217 —20 11 0.5 2.55 2.84 318 2 1.0
0.016 491 6.63 8.56 =20 10 0.6 1.36 1.51 1.67 3 1.0
0.018  6.60 8.71 1.3 —19 10 0.7 4.45 4.93 543 3 1.0
0.02 1.07 1.35 1.77 —17 13 0.8 1.08 1.19 1.31 4 1.0
0.025 0.92 1.13 1.49 —14 28 0.9 2.14 2.37 2.60 4 1.0
0.03 1.12 1.37 1.81 —12 39 ! 372 4.11 4.50 4 1.0
0.04 4.28 5.23 6.90 —10 57 1.25 1.03 1.13 1.24 5 0.9
0.05 1.41 1.73 2.28 —8 71 1.5 2.12 2.34 2.57 5 0.9
0.06 1.38 1.69 223 -7 81 1.7 375 4.16 457 5 0.9
0.07 6.82 8.34 1.0 =7 88 2 5.99 6.69 7.40 5 1.0
0.08 2.20 2.69 3.58 —6 86 25 1.24 1.42 1.59 6 1.1
0.09 5.37 6.59 9.09 -6 2 3 2.13 2.49 2.84 6 1.2
0.1 1.08 1.35 2.10 -5 47 35 321 3.82 4.44 6 1.3
0.11 1.89 247 5.08 -5 25 4 4.41 5.35 6.31 6 1.4
0.12 2.99 4.33 13.3 -5 13 5 7.39 9.12 10.9 6 1.5
0.13 4.40 7.63 35.2 =5 8.3 6 1.05 1.37 1.74 7 1.7
0.14 0.61 1.38 8.76 —4 59 7 1.46 1.90 2.40 7 1.8
0.15 0.82 2.54 20.0 —4 4.8 8 1.89 246 3.12 7 1.9
0.16 1.06 4.63 41.6 —4 4.3 9 2.35 3.06 3.87 7 2.0
0.18 0.17 1.40 142 -3 37 10 2.83 3.67 4.64 7 2.1

Reaction: 7O(a,n)*’Ne

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 (.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.

Ty low adopt high exp ratio Ty low adopt high exp ratio
007  0.09 227 389 —24 0.5 0.7 2.49 2.74 3.00 -2 1.1
0.08 0.06 1.41 30.0 —22 0.5 0.8 1.29 1.42 1.55 -1 1.0
0.09 0.21 4.60 105 -21 0.5 0.9 5.33 5.87 6.41 —1 0.9
0.1 0.46 9.25 210 —-20 0.5 1 1.87 207 2.28 0 0.9
0.11 0.07 1.27 27.5 —18 0.5 1.25 243 2.79 3.14 [ 0.9

continued on next page
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continued from previous page
0.12 0.08 1.30 25.7 —17 0.5 1.5 1.68 1.98 229 2 1.0
0.13 0.07 1.03 18.3 —16 0.5 1.75 7.35 8.91 10.5 2 1.0
0.14 0.55 6.67 105 -6 05 2 234 2.90 345 3 1.0
0.15 0.34 3.63 515 —15 0.5 2.5 1.30 1.65 200 4 1.0
0.16 0.18 1.71 22.3 —14 0.5 3 438 5.65 6.93 4 09
0.18 0.36 2.64 312 —13 0.5 35 1.11 1.44 1.78 5 0.9
0.2 048 2.79 311 —12 0.5 4 2.30 3.02 3.74 5 0.9
0.25 1.16 333 275 -10 05 5 690  9.12 11.3 5 1.1
0.3 1.01 1.64 6.95 -8 0.7 6 1.53 2.02 2.52 6 1.3
0.35 3.30 421 9.30 -7 1.0 7 2.80 373 4.65 6 1.6
0.4 4.92 5.77 8.74 —~6 1.4 8 4.56 6.06 7.57 6 2.0
045 4.16 472 6.01 -5 1.6 9 6.80 9.05 113 6 2.6
0.5 2.34 2.62 3.09 —4 1.6 10 0.95 1.27 1.58 7 34
0.6 3.34 3.69 4.12 -3 1.4
Ty low adopt high exp ratio Ty low adopt high exp ratio
1 10 To
1E+10 ¢
; X 170((x,n)2°Ne ® HA67
= A BA73a
! g x DE94b
o 1E+8 |
s E — extrapol. [DE94b]
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Reaction: 3O(p,y)°F

The contribution of 20 resonances between E; = 20 and 1893 keV is considered. At
higher energies, most data come from WI80, where the reaction has been investigated for
76 < E < 2083 keV, while BE82 and VO90 have studied the low energy resonances. The
main contribution to the rates comes from the three low energy resonances at E; = 20,
89 and 143.5 keV. In CA88, CH86a is quoted as the source of data for the E; = 20 keV
resonance. However, CH86a only gives the proton width I, = 2 x 107"? eV from a
DWBA analysis of a '80(*He,d) '°F measurement. Another value, I, = 6.7 x 107 eV,
is reported in WI80 from the analysis of a direct capture transition to that state. No
published values of Iy or I' exist, but I'y = 2.3 eV and I, ~ 2.5 keV are estimated
in WI80. The first value corresponds to 28 Weisskopf units and the second to 1% of
the Wigner limit. In the absence of other data, we use these values together with the
CH86a data to obtain a rough estimate of wy = 6 x 10722 eV with an uncertainty of a
factor 100. Consequently, below Ty = 0.02, the present rates are lower than the CA88
ones by one order of magnitude, but the CA88 rates are within the proposed upper and
lower limits. A non-resonant contribution (direct capture [ WI80] and low energy tail of
the E; = 143.5 keV resonance) is also added, being important between Ty = 0.014 and
0.03. Above Ty = 2, the rates are calculated using HF rates (see Section 2.5). Around
Ty = 0.05, the adopted rates are higher than the CA88 ones because of the E; = 89 keV
isolated resonance, which is missing in CAS88.

Ty fow adopt high exp ratio Ty low adopt high exp ratio
0.009 1.11 8.54 2660 =25 0.1 0.2 4.61 4.87 5.12 —1 1.1

0.01 0.17 1.01 263 -23 0.1 0.25 1.59 1.68 1.77 0 1.0
0.011 1.79 7.84 1690 -23 0.1 03 3.65 3.85 4.05 0 1.0
0.012 1.45 4.59 791 -22 0.1 0.35 6.39 6.74 7.10 0 1.0
0.013 0.95 221 289 -21 0.1 0.4 0.95 1.00 1.06 1 1.0
0.014 5.15 9.39 871 —21 0.2 0.45 1.27 1.34 1.42 1 1.0
0.015 2.40 3.64 226 -20 0.2 0.5 1.59 1.69 1.78 1 1.0
0.016 0.98 1.31 51.8 —19 03 0.6 222 2.36 2.50 1 1.0
0.018 1.18 1.39 21.0 —18 05 0.7 2.90 3.11 333 | 0.9
0.02 1.01 113 6.90 -17 0.7 0.8 3.84 4.20 4.57 1 0.9
0.025 7.55 8.24 12.6 —16 1.0 0.9 5.35 597 6.61 | 0.8
0.03 2.05 2.30 2.98 —14 1.0 | 7.74 8.81 9.91 1 0.8
0.04 2.67 5.39 15.1 —-12 2.0 1.25 1.96 2.28 2,62 2 0.8
0.05 1.50 475 14.4 —10 3.6 1.5 4.17 4.89 5.63 2 0.9
0.06 1.25 2.07 4.08 -8 2.0 1.75 7.39 8.67 9.98 2 0.9
0.07 4.60 5.55 7.40 -7 1.4 2 1.13 1.32 1.51 3 0.9
0.08 7.06 7.81 8.95 -6 1.2 2.5 227 2.71 3.14 3 1.0
0.09 5.84 6.28 6.85 -5 1.2 3 3.79 4.62 5.46 3 I.1

0.1 312 3.32 3.55 —4 1.1 35 5.64 7.03 8.43 3 1.3

0.11 1.21 1.28 1.36 -3 1.1 4 7.71 9.86 12.0 3 1.4
0.12 3.72 393 4.16 -3 1.1 5 1.22 1.64 2.07 4 1.6
0.13 0.95 1.00 1.06 -3 1.1 6 1.65 2.36 3.07 4 1.7
0.14 211 223 2.35 -2 1.1 7 2.01 3.08 4.16 4 [.8
0.15 4.17 4.40 4.64 —2 1.1 8 227 3.77 527 4 1.9
0.16 7.54 7.96 8.38 -2 1.1 9 2.40 4.39 6.37 4 1.9
0.18 1.99 2.10 221 -1 1.0 10 2.41 1.93 7.44 4 2.0
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Reaction 20(p,a)'’N

A total of 50 resonances between E. = 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 E, = 20 keV res-
onance strength is based on proton spectroscopic factors (wy =~ wl,) extracted by
DWBA analysis from (*He,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 E; = 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 E; = 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 E, = 7.9 MeV (E, = —94 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 (75 > 0.45) temperatures.

Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.007 1.53 832 18.3 =25 0.9 0.18  3.00 3.50 4.09 1 1.1
0.008  0.65 4.13 73.9 —23 09 0.2 6.52 7.57 8.78 1 1.1
0.009 1.49 8.85 135 -22 1.0 025 252 2.90 3.35 2 1.1
0.01 0.21 1.05 14.3 -20 1.0 0.3 6.00 6.91 8.05 2 1.1
0.011 2.02 8.34 101 —20 1.0 0.35 1.10 1.29 1.54 3 1.1
0.012 1.50 5.00 54.4 —19 1.1 04 1.78 2.14 2.65 3 L1
0.013 090 2.48 23.7 —18 1.1 045 277 345 4.46 3 1.0
0.014 047 1.08 8.83 -17 1.2 0.5 445 5.70 7.56 3 0.9
0.015 2.04 431 29.1 —17 12 0.6 1.36 1.72 221 4 0.6
0.016  0.80 1.58 8.73 —16 13 0.7 4.29 5.09 6.08 4 0.5
0.018 0.92 1.71 6.35 -15 1.3 0.8 1.17 1.31 1.47 5 0.4
0.02 0.76 1.40 3.83 —14 1.4 0.9 2.69 2.89 3.12 5 04
0.025 5.45 9.94 20.1 —13 1.4 | 5.31 5.58 5.86 5 0.3
0.03 1.43 2.61 5.07 —11 1.3 1.25 1.84 1.87 1.91 6 0.3
0.04 1.68 3.07 5.98 -9 1.3 1.5 4.15 4.20 425 6 0.3
0.05 0.56 1.01 1.93 -7 1.3 .75 729 7.39 7.48 6 0.4
0.06 1.90 291 4.70 -6 1.2 2 1.09 .11 1.13 7 0.4
0.07 5.82 7.93 1.0 -5 1.1 25 1.86 1.91 1.95 7 04
0.08 0.90 1.17 1.52 -3 11 3 2.56 2.65 2.74 7 0.4
0.09 7.60 9.63 122 -3 1.1 35 3.14 327 342 7 04
0.1 4.17 5.19 6.44 -2 1.1 4 3.60 379 3.99 7 0.4
0.11 1.66 2.04 2.49 —1 1.1 5 4.27 4.58 4.92 7 0.5
0.12 5.19 6.30 7.62 —1 1.1 6 4.73 5.20 5.72 7 0.5
0.13 1.35 1.62 1.95 0 1.1 7 5.13 5.79 6.53 7 0.5
0.14 3.04 3.62 431 0 1.1 8 5.51 6.42 7.43 7 0.6
0.15 6.09 7.22 8.54 0 1.1 9 592 7.11 8.42 7 0.7
0.16 1.11 1.31 1.54 1 1.1 10 6.37 7.85 9.48 7 0.8
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Reaction: ¥O(a,y)**Ne

The experimental data from AD69, GR68, CH70, TR78, VO90, and GI94 up to
E, = 4025 keV are adopted. Resonance data for E. = 2814 — 4025 keV come from
CH70. These data complement each other and allow the calculation of the rates at
Ty < 6. Up to Ty = 1, the reaction rates are determined by the resonant contributions, the
direct capture and resonant tail contributions being predicted to be negligible [TR78].
Above Ty = 6, the rates are calculated using HF rates as explained in Section 2.5. The
adopted rates agree with those obtained by GI94. The difference between the adopted
rates and the CA88 ones are due to the contribution of the new low energy resonances
from GI94. In CAS88, a low energy resonance has been considered, but with a strength
and energy that differ from those of GI94. Our thermalization corrections cannot account
for these differences (ry = 0.94 — 0.88 for Ty = 7 to 10; CA88 adopted ry, = 1 at all 7).

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.07 0.92 1.53 2.14 —24 0.1 0.7 3.53 3.94 4.42 -3 1.1
0.08 3.04 5.08 7.17 -23 0.1 0.8 1.00 [.11 1.24 -2 1.2
0.09 5.36 9.20 15.3 =22 0.1 0.9 221 2.46 2.74 -2 1.2
0.1 1.45 2.73 6.73 -20 0.4 1 4.15 4.63 5.14 -2 1.2
0.11 0.55 1.09 2.98 —18 3.0 1.25 1.34 1.51 1.69 —1 1.3
0.12 1.38 2.72 7.56 —17 19 1.5 3.64 4.34 5.04 —1 1.3
0.13 2.14 4.20 11.7 —16 86 1.75 1.10 1.42 1.76 0 1.4
0.14 2.22 4.36 12.1 —15 225 2 343 471 6.01 0 1.6
0.15 1.68 3.29 9.17 —14 219 2.5 227 3.27 425 1 1.8
0.16 0.98 1.92 5.35 —-13 125 3 0.87 1.27 1.65 2 1.9
0.18 1.86 3.62 9.98 —12 38 3.5 2.30 3.34 4.38 2 2.0
0.2 1.99 3.79 10.3 —11 15 4 4,74 6.88 9.02 2 1.9
0.25 1.78 2.95 7.04 -9 3.0 5 1.28 1.85 242 3 1.7
0.3 5.30 7.33 13.7 -8 1.5 6 2.39 347 4.54 3 1.5
0.35 7.58 9.38 14.1 -6 1.1 7 3.68 6.05 8.41 3 1.5
04 6.10 7.16 9.38 —6 1.1 8 4.75 9.22 13.7 3 1.4
0.45 3.17 3.63 443 -5 1.0 9 0.52 1.27 2.02 4 1.3
0.5 1.19 1.35 1.59 —4 1.1 10 0.47 1.64 2.79 4 1.3
0.6 8.68 9.74 11.1 —4 1.1
1 5 T9
10 v +v T T
Powyne b pad s
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Reaction: 30(a,n)?'Ne
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The rates are calculated from the data of BA62, HA67, BA73a and DE94b using a
spline interpolation, covering the energy range from threshold (@ = —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 < Ty < 0.70 are due to recent experimental data
down to the threshold energy.

Ty
1E49 ¢
F X BA62
—_ « HAB7
re)
?‘l) ABAT3
s + DE94
T 1E+7 k
2 3
Q
8
)
1E+5 L SPPN
0 8 10
Ty
1E+9 y
i 80(a,n)*'Ne
)
> )
\E-/ 1E+7 E 4 :4
Qo F
g T
A
by X BA62
ABA73a
r +DE94
1E+5
0.5 2
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.14 1.26 1.41 1.56 —24 0.1 1 1.31 1.36 1.40 0 1.0
0.15 6.11 6.80 7.49 -23 0.1 1.25 1.64 1.75 1.85 I 1.0
0.16 1.85 2.04 224 -21 0.1 1.5 1.07 1.20 1.32 2 0.9
0.18 5.61 6.14 6.66 —19 0.1 1.75 4.82 5.69 6.55 2 1.0
02 5.62 6.08 6.54 —17 0.1 2 1.69 2.07 2.45 3 1.0
0.25 2.50 2.66 2.81 —13 0.2 2.5 1.17 1.50 1.83 4 1.1
03 7.98 8.36 8.73 —11 0.2 3 4.79 6.26 7.72 4 [.1
0.35 5.86 6.07 6.29 -9 0.2 35 1.39 1.83 227 5 1.1
0.4 1.69 1.74 1.80 -7 0.2 4 322 425 5.29 S 1.1

continued on next page
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continued from previous page

0.45 2.54 2.61 2.68 -6 0.3 5 1.12 1.47 1.83 6 1.1
0.5 2.35 241 247 -5 0.4 6 271 355 4.38 6 1.1
0.6 7.36 753 7.70 —4 0.6 7 5.33 6.89 8.45 6 1.2
0.7 9.53 9.76 9.98 -3 0.8 8 0.91 1.16 1.42 7 1.3
0.8 7.00 7.18 7.35 -2 0.9 9 1.42 1.78 2.15 7 1.4
0.9 3.48 358 3.68 -1 1.0 10 2.04 2.54 3.04 7 1.6
Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: YF(p,y)*Ne

The available experimental data allow the calculation of the reaction rates in the
temperature range between To = 0.2 and 1.5. The resonance energies are the same as
in the ""F(p,ay)'%0 case. The relative (p,y) to (p,ay) resonance strengths from SI54,
FA5S, KE62 and BE63 are used together with the adopted (p,ay) strengths in order to
extract the (p,y) strengths. The more recent data from unpublished works of CL.75 and
KI90b are not considered in the present compilation. The adopted wvy strengths are the
weighted averages of these values and the absolute values from SU79. For Ty < 0.2, the
reaction rates are calculated from the resonance tails. The contribution from the tail of
the giant dipole resonance is also included. Its parameters are obtained from TA64 and
SE67b. However, due to the lack of experimental information on possible interferences
between resonances, a 50% error is adopted in this temperature region. Above Ty = 1.5,
the adopted rates are calculated using HF rates as explained in Section 2.5. The present
rates are in good agreement with those of CA88 at Ty < 1.5, except in the range
0.14 < Ty < 0.4, where the present rates are slightly larger. This is mainly due to the
higher adopted strength for the E; = 323 keV resonance. For Ty > 1.5, the HF estimate
are larger than the CA88 rates.

Ty low adopt high exp ratio To low adopt high exp ratio
0.013 2.07 4.13 6.20 -25 1.0 03 0.75 1.93 3.05 -2 1.3
0.014 1.29 2.59 3.88 —24 1.0 0.35 3.61 9.13 14.4 -2 1.2
0.015 0.68 1.37 2.05 -23 1.0 0.4 1.20 293 4.58 —1 1.1
0.0l6 3.14 6.27 9.41 -23 0.9 045 325 7.42 11.4 —1 0.9
0.018 4.64 9.28 139 =22 09 0.5 0.79 1.63 243 0 0.8
0.02 4.72 9.45 14.2 =21 0.9 0.6 3.78 6.19 8.60 0 0.7
0.025 4.93 9.86 14.8 —19 0.9 0.7 1.37 1.92 247 1 0.7
0.03 1.70 341 5.1 -17 0.9 0.8 3.79 4.88 5.98 I 0.7
0.04 297 5.95 8.92 —15 0.9 0.9 0.85 1.04 1.24 2 0.7
0.05 1.17 2.34 3.50 —13 0.9 1 1.61 1.93 225 2 0.8
0.06 1.92 3.84 5.76 —12 09 1.25 4.98 5.81 6.64 2 0.9
0.07 1.80 3.60 5.39 —11 0.9 1.5 1.03 1.19 1.35 3 1.0
0.08 .14 228 342 -10 09 1.75 1.43 1.73 2.02 3 0.9
0.09 0.55 1.10 1.64 -9 0.9 2 1.85 2.32 2.78 3 0.9
0.1 2.15 4.31 6.46 -9 0.9 2.5 2.66 3.59 453 3 09
0.11 0.73 1.47 220 -8 0.9 3 341 494 6.48 3 0.9
0.12 2.26 4.52 6.79 -8 1.0 35 4.10 6.34 8.57 3 1.0
0.13 0.65 1.30 1.94 -7 1.0 4 4.71 7.75 10.8 3 I.1
0.14 1.78 3.56 5.34 —7 1.2 5 0.58 1.06 1.55 4 1.4
0.15 4.77 9.55 14.3 -7 1.3 6 0.67 1.36 2.05 4 1.7
0.16 1.26 2.52 3.78 —6 1.4 7 0.74 1.66 2.57 4 22
0.18 0.81 1.62 243 -5 14 8 0.81 1.97 313 4 2.8
0.2 4.34 8.67 13.0 -5 1.4 9 0.88 2.30 372 4 35
0.25 0.80 2.16 3.38 -3 1.3 10 0.94 2.64 4.34 4 4.3
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Reaction: *F(p,n)!’Ne

103

The relative data of GIS9 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 GIS9, 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 (x1.20) to the average of GIS9
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 GIS9 data, which are larger than those adopted here. Our thermalization effects
are also important at all temperatures (from a factor of 3 at Ty = 0.7 down to 1.5 at
Ty = 10). CA88 adopted the equal strength approximation (ry = 1).

10 To 100
20 — — . .
19F(p,n)w’Ne A GI59
S ¥ +JE63b
> o RI68
[0} g
s 12 ¢ 3 oKIg0
= L o
]
S e
s Al (T
4 +
O 1 1 1 L U T—
3 5 7 9 11
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.7 7.07 8.13 9.19 —-22 1.8 3 228 2.62 2.96 1 2.1
0.8 3.20 3.68 4.16 —18 19 35 222 2.54 2.87 2 2.1
0.9 2.25 2.58 2.92 —15 20 4 1.23 141 1.58 3 2.1
1 4.27 491 5.56 —13 20 5 1.36 1.55 1.74 4 2.1
1.25 5.47 6.29 7.12 -9 2.1 6 6.77 7.1 8.65 4 2.1
1.5 3.02 348 393 -6 2.1 7 2.14 243 272 5 2.1
1.75 2.76 3.18 3.60 —4 2.1 8 5.09 5.77 6.44 5 2.1
2 8.20 943 10.7 -3 21 9 1.00 1.13 1.26 6 2.1
2.5 0.95 1.09 1.24 0 2.1 10 1.71 1.93 215 6 2.0
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Reaction: YF(p,a)'*0

The S-factor for the (p,ap) channel is obtained from BR59, WA63b, CA74 and
CUS8O. 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,ag) channel, a non-resonant
contribution is calculated for s-wave capture. The theoretical S-factors for the (p,ay)
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 CAS88 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,a;) channel is obtained from DE54, RAS8, CA74 and CUS0. A
non-resonant extrapolation of the S-factor to lower energies is computed for the ground
state channel. In the (p,ay) channel, the resonance strength data of BO48, CH50, AS65,
BES82, 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 WIS2 are adopted, normalized to o = 300 mb at £ =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 CaF, target. The strengths are estimated in BE75 from the cross section data. For the
323 keV resonance, the quoted (p,az) strength in BES2 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 7y > 0.3. Below
this temperature, the rates are determined mainly from the non-resonant {p,aq) 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 1s estimated by CA88 to be a factor 2.4 at Ty = 0.5 in comparison
with the values obtained from our HF predictions.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.009 0.69 1.03 1.37 -25 0.8 02 4.57 5.12 5.67 —1 1.4
0.01 1.23 1.78 2.34 —24 0.7 0.25 1.02 1.09 1.16 1 1.1
0.011 1.57 2.28 2.98 -23 0.7 0.3 8.79 9.26 9.73 [ 1.1
0.012 1.52 220 2.89 -22 0.7 035  4.06 4.26 4.46 2 1.0
0.013 1.16 1.68 220 —21 0.7 0.4 1.26 1.32 1.38 3 1.0

continued on next page
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0.014 0.72 1.05 1.37 =20 0.7 0.45 3.00 3.14 328 3 1.0
0.015 3.81 552 7.23 -20 0.7 0.5 5.94 6.21 6.48 3 0.9
0.016 1.74 2.53 331 —-19 0.6 0.6 1.62 1.70 1.78 4 0.7
0.018 2.56 3.72 4.87 —18 0.6 0.7 3.30 3.47 3.63 4 0.5
0.02 2.60 3.76 4.93 —-17 0.6 0.8 5.65 5.96 6.27 4 04
0.025 2.67 3.88 5.09 —~15 0.6 0.9 8.73 9.25 9.76 4 0.3
0.03 091 1.33 1.74 —13 0.6 1 1.27 1.35 1.43 5 0.3
0.04 1.56 227 2.98 —~11 0.6 1.25 2.72 2.92 3.11 5 0.2
0.05 5.97 8.72 11.5 -10 0.6 1.5 5.09 5.48 5.87 5 0.2
0.06 0.96 141 1.85 -8 0.5 1.75 8.61 9.31 10.0 5 0.3
0.07 0.88 1.30 1.7 -7 0.5 2 1.36 1.47 1.58 6 0.3
0.08 5.53 8.13 10.7 -7 0.5 2.5 2.87 3.13 3.39 6 04
0.09 2.70 3.95 5.20 -6 0.5 3 5.25 5.77 6.28 6 0.5
0.1 1.15 1.65 2.16 -5 0.6 35 8.63 9.53 10.4 6 0.7
0.11 457 6.40 8.23 -5 0.7 4 1.30 1.44 1.58 7 0.9
0.12 1.72 2.33 2.94 -4 0.8 5 242 2.70 2.98 7 1.4
0.13 5.96 7.83 9.70 —4 1.0 6 3.74 4.19 4.64 7 1.9
0.14 1.90 243 2.96 -3 1.3 7 5.13 5.76 6.39 7 24
0.15 5.55 6.92 8.30 -3 1.5 8 6.49 7.30 8.11 7 29
0.16 1.51 1.83 2.16 -2 1.7 9 7.75 8.74 9.72 7 33
0.18 0.93 1.08 1.23 -1 1.6 10 0.89 1.00 1.12 8 3.7
Ty low adopt high exp ratio Ty low adopt high exp ratio
. Ty
1000 ¢ . ——
3 0 CL57 (norm.)
X IS58 (norm.)
3 100 A Was
> & MOB66 (norm.)
g o CA74
= 10k + Cuso
5 ; ~— non-resonant
[&] .
i L LAY YL YVYYY
w1 Iy
o A ﬂ
01
0.1 1 10
E (MeV)
0.1 1 10 To
100 T —r T T
b 19 16 ; x DE54
[ F(p,0) "0 )% A RAS8
— r % & CA74
ﬁ % % o CU8BO
[sh] — non-resonant
= )
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0.1 1 10 Ty
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T 200 }
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& 100 F

0 - — 1 R
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Reaction: 2’Ne(p,y)*'Na

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 1/2F subthreshold state at E. = —7 keV in ?!Na. The y width of this
state is given as 0.31 & 0.07 eV by RO75b, and 0.17 £ 0.05 ¢V by AN77. The former
experiment gives however a “formal” width which must be converted to an “observed”
width (see LAS58) 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 « in Ty'. The optimal value is a = —1.84, which
is close to @ = —2, valid for a subthreshold state contribution only. The resonant reaction
rate involves eight resonances up to E; = 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.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.011 0.61 1.08 1.55 -~27 1.6 0.25 298 5.50 8.03 =5 1.1

0.012 0.65 1.15 1.64 -26 1.6 0.3 1.99 332 4.64 -4 1.0
0.013 5.42 9.41 134 -26 1.6 0.35 0.93 1.42 1.92 -3 1.0
0.014 3.64 6.28 8.92 -25 1.6 04 3.15 4.60 6.05 -3 1.0
0.015 2.06 352 4.98 —24 1.6 0.45 0.84 1.19 1.54 -2 1.0

0.016 1.00 1.70 240 -23 1.6 0.5 1.88 2.60 3.32 -2 1.0
0.018 1.63 2.75 3.87 -22 1.5 0.6 6.53 8.73 10.9 -2 1.0
0.02 1.79 3.01 423 -21 1.5 0.7 1.67 2.18 2.69 -1 1.0
0.025 2.13 3.61 5.08 -19 1.5 0.8 3.68 4.66 5.64 —1 1.0
0.03 0.79 1.37 1.96 —17 1.5 0.9 7.56 9.28 11.0 -1 1.0
0.04 1.47 272 3.97 —15 1.4 1 1.51 1.79 2.08 0 1.0
0.05 0.60 1.15 1.71 —13 14 1.25 7.28 8.17 9.07 0 1.0
0.06 1.02 2.00 297 -12 1.3 1.5 2.50 275 3.00 1 1.0

continued on next page
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0.07 0.99 1.94 2.89 —11 1.3 .75 630 691 7.51 [ 1.0
0.08 0.64 1.26 1.89 —10 1.3 2 1.27 1.40 1.53 2 1.0
0.09 311 6.15 9.19 —10 1.2 25 3.40 3.81 422 2 1.0
0.1 1.20 2.40 3.59 -9 1.2 3 6.51 7.49 8.46 2 0.9
0.11 391 7.87 11.8 -9 1.2 35 1.03 1.22 1.41 3 0.9
0.12 .11 2.25 3.39 —8 1.2 4 1.46 1.77 2.07 3 0.9
0.13 2.82 5.74 8.67 -8 1.2 5 2.38 2.98 3.59 3 0.9
0.14 0.65 .34 2.02 ~7 1.2 6 3.33 4.26 5.19 3 0.9
0.15 1.40 2.88 4.35 -7 1.2 7 4.27 5.52 6.76 3 0.8
0.16 2.83 5.80 8.77 -7 12 8 5.23 6.75 8.27 3 0.8
0.18 0.99 2.01 3.03 —6 1.1 9 6.20 7.95 9.71 3 0.8
0.2 2.94 5.91 8.88 -6 1.1 10 7.21 9.14 11.1 3 0.8
Ty low adopt high exp ratio Ty low adopt high exp ratio
E: (keV) J7 adopted wy (eV)
366 £ 1 1/2- (1.1+£02) x 1074 RO75b 1
398 + 1 9/2% (6+1)x 1077 RO75b I
13 £1 5/2% 1.13 + 0.07 BL69 M
1248 £ 1 3/2- 0.035 £ 0.010 BL69 M
1432 + 1 5/2~ 0.050 4+ 0.015 BL69 M
1742 + 1 3/2- 1.0+03 RO75b M
1861 + 1 5/2+ 24+0.7 BL69 M
2035 + | 3/2% 1.6 EN78 M
0.1 1 LE
100
[
: *Ne(p,y)*'Na
:(.3 .
> +
D + p 4 A
T 10} P sy
o [
8
b | 4 RO75b
r — extrapol. [RO75b]
1 L L 1 1 1 1 1
0 04 0.8 1.2 1.6

E (MeV)
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Reaction: ®Ne(p,a)!"F

For this endoergic reaction (Q = —4.130 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, for the reverse reaction F(a,p)*Ne
is approximated by an exponential function S, , = 4.83 x 108 exp(—1.5693E,), where
E, is the center of mass energy in the channel a+!’F, and extrapolated down to the
threshold. For the calculation of the lower and upper limits of the rates, exponential
fits S = 5.0 X 10° exp(—1.7829E,) and Sg“;‘ = 8.0 x 107 exp(—1.3993E,), that
corresponds to the lower and upper bounds of S, are obtained and extrapolated similar
t0 Sqp. Our thermalization corrections are important, ry = 5.0 to 4.8 for Ty = 0.9 to 10
(CAB88 adopted ry = 1 for all Ty).

- 20 50 Ty
1E+3 g T T ‘ ' o
:
5 e !
>
2 :
S ;
3
“d_) 1E-3 ! & GR77
!l — adopted
1E-5 LY— —_
4 5 6 7 8 9 10
E (MeV)
1 10 To
1E+10 L e S L S i )
E 17':(0(’p)20Ne X Sq-data
$ :\\ -------- adopted
% 1E+8 . B e — lower and
é E e upper limits
§ [
&)
w‘f—’ 1E+6
) £
1E+4 — '
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.9 023 1.22 10.6 -24 03 35 0.78 324 21.2 -1 0.7
1 0.22 1.14 9.72 —21 04 4 1.07 4.30 27.0 0 0.7
1.25 0.64 322 26.6 —16 04 5 0.44 1.69 9.95 2 0.8
1.5 0.35 1.72 13.7 —12 0.5 6 0.55 2.01 11.3 3 0.8
1.75 1.89 9.03 69.9 —10 0.5 7 0.34 1.19 6.40 4 0.8
2 0.23 1.08 8.11 -7 0.6 8 1.33 453 23.6 4 0.8
25 0.23 1.01 7.22 —4 0.6 9 0.39 1.28 6.48 S 0.8
3 0.25 1.08 7.37 -2 0.7 10 0.90 2.93 14.5 5 09

Reaction: 2Ne(a,y)*Mg

Experimental data concern resonances only. Twelve of them are observed by SC83 up
to 1.4 MeV, but only the 07 states at E; = 0.799 MeV and 1.367 MeV play a significant
role. Partial data above E = 3 MeV are available [HI68 FI78,F179], but no data are
reported in the 1.4 < E < 3 MeV range. An estimate of the non-resonant contribution
is made here in the potential model, using a Gaussian potential. The two parameters of
this potential are selected in order to reproduce the energy E; = 1.367 MeV of the 0%
resonance, which is known to have an a +2°Ne structure, and the quadrupole moment
of the 2% first excited state of 2*Mg. Only capture to that state is considered. The
non-resonant S-factor is parametrized as S(E) = (743 +3.21E+ 14.85E%) x 10° MeV
b (£ in MeV). This term contributes for about 10% to the reaction rates at the lowest
temperature (Ty = 0.15), but is completely negligible above. The resonant data allow the
calculation of the rates up to 75 = 1. HF estimates are used above, using the prescription

given in Section 2.5.

Ty low adopt high = exp ratio Ty low adopt high exp ratio
0.15 1.74 226 3.24 =25 0.7 1.25 1.38 2.32 3.58 -2 0.7
0.16 6.38 8.19 11.2 —24 0.7 1.5 0.84 1.81 3.10 -1 0.7
0.18 324 4.13 5.36 —21 0.7 1.75 327 8.52 15.6 -1 0.8
0.2 4.77 6.05 7.68 -19 0.8 2 0.94 2.89 5.51 0 0.8
0.25 3.63 4.60 5.74 —15 0.9 2.5 0.44 .77 3.56 1 1.0
0.3 1.34 1.69 212 —12 0.9 3 1.31 6.45 13.4 1 1.2
0.35 0.88 1.11 1.40 —10 1.0 35 029 1.71 3.63 2 1.4
0.4 1.97 2.51 3.18 -9 1.0 4 0.55 3.70 7.96 2 1.6
0.45 2,18 2.7 3.54 -8 1.0 5 0.13 [.16 2.54 3 2.0
0.5 .47 1.87 2.40 -7 1.0 6 0.25 2.62 5.81 3 25
0.6 2.52 3.21 4.15 —6 1.0 7 0.39 4.84 10.8 3 3.0
0.7 1.93 245 3.18 -5 1.0 8 0.55 7.84 17.7 3 35
0.8 0.93 1.17 1.51 —4 0.9 9 0.07 1.16 2.63 4 4.0
0.9 3.45 4.26 5.42 —4 0.8 10 0.09 1.61 3.65 4 4.5
| 1.08 1.31 1.62 -3 0.7
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E, (MeV) JT adopted wy (eV)
0.203 4+ Lol x 107% SC83 M
0216 6" 3.07%, x 107% SC83 M
0.714 5= L1+ % 1078 SC83 M
0.747 2+ 4,073, x 1079 SC83 M
0.799 ot (2940.6) x 1074 SC83 M
0.849 (0-3)~ 0.8+72 x 1073 SC83 M
1.022 3- (3.0£0.6) x 1074 SC83 M
1.05 2+ (4.8+1.0) x 1074 SC83 M
1.266 347* 02718 x 1074 SC83 M
1.348 347" 0.2+ x 1074 SC83 M
1.367 o+ 0.17 + 0.02 SC83 M
1.42 2431 (2.6 £0.5) x 1073 SC83 M

Reaction: 2!Ne(p,y)*’Na

The contributions of 46 resonances [AN70, BE77, KE77, G082, G083, BE92b]
in the energy range from E. = 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 GO82, 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 GOS82 for the tails of the broad resonances. A major contribution at
low temperatures comes from the resonance at E, = 93.5 keV, for which only an upper
limit of the strength is estimated [GO82, GO83]. Above Ty = 2, HF estimates are used
(see Section 2.5). The differences between the present rates and the CA88 ones in the
temperature region around Ty = 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
CAB88. Our thermalization effects reduce the ratio between 10 to 14% at To = 2.5 to 10
(CAS88 adopt ry = 1 at all temperatures).
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.015 2.50 4.03 5.41 =25 0.9 0.35 1.11 1.32 1.54 1 1.1
0.016 1.30 2.08 2.82 —24 0.9 040  2.65 3.14 3.66 1 1.1
0.018  2.37 3.81 5.30 =23 09 045 519 6.14 7.14 1 1.1
0.02 2.90 4.66 10.0 -22 0.8 050 087 1.05 1.22 2 1.1
0.025 044 1.00 66.5 —19 0.03 0.60 1.99 2.35 273 2 1.1
0.03 0.63 4.06 409 -17 0.01 070 3.66 432 5.01 2 1.1
0.04 3.39 6.70 124 —13 0.04 080 5.99 7.08 8.21 2 1.0
0.05 273 4.17 18.3 —10 0.1 090 091 1.08 1.25 3 1.0
0.06 224 3.21 7.04 -8 0.3 1.00 1.31 1.54 1.79 3 0.9
0.07 5.05 7.03 11.7 -7 0.5 125 2.68 3.18 3.69 3 0.9
0.08 5.09 6.96 10.2 —6 0.6 1.5 453 5.39 6.26 3 0.8
0.09 3.00 4.06 5.64 -5 0.7 175  6.67 7.95 925 3 0.8
0.10 1.22 1.64 220 —4 0.8 2 0.89 1.07 1.24 4 0.8
0.11 3.80 5.06 6.67 —4 09 25 1.27 1.56 1.83 4 0.7
0.12 0.97 1.28 1.67 -3 0.9 3 1.61 2.01 2.40 4 0.7
0.13 2.13 2.81 3.61 -3 0.9 35 1.90 243 293 4 0.7
0.14 4.19 5.49 7.01 -3 0.9 4 2.16 2.81 343 4 0.7
0.15 7.58 9.88 12.5 -3 0.9 5 2.58 3.50 4.36 4 0.7
0.16 1.30 1.68 2.11 -2 1.0 6 292 4.10 5.22 4 0.8
0.18 345 4.39 5.44 -2 1.0 7 3.21 4.67 6.04 4 0.8
0.20 0.87 1.09 1.32 -1 1.0 8 3.46 5.20 6.85 4 0.9
0.25 7.01 8.46 10.0 -1 1.1 9 3.68 572 7.64 4 1.0
0.30 3.46 4.13 4.84 0 1.1 10 3.88 6.22 8.44 4 1.0

Reaction: 2!Ne(a,n)*Mg

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 KU9S. 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 £ > 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 75 > 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.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.1 0.03 6.32 498 -25 03 0.8 1.44 1.57 475 -3 05
0.11 0.01 1.38 100 =23 03 0.9 1.03 .11 2.05 -2 0.6
0.12 0.01 2.12 156 —-22 0.3 1 5.57 5.99 8.35 -2 0.6
0.13 0.01 244 183 -21 0.3 1.25 1.59 171 1.91 0 0.8
0.14 0.01 2.20 159 -20 0.3 1.5 1.83 1.98 2.15 1 0.9
0.15 0.01 1.62 105 —19 03 1.75 1.17 1.28 1.40 2 0.9

continued on next page
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continued from previous page

0.16 0.01 1.01 55.5 —18 0.3 2 5.04 5.61 6.19 2 1o
0.18 0.02 2.55 88.0 -17 0.3 25 4.50 5.18 5.86 3 1.0
0.2 0.06 4.11 81.0 -16 0.3 3 2.29 2.70 3.12 4 1.1
0.25 0.07 1.10 115 -13 0.3 35 7.84 9.54 11.2 4 1.1
0.3 1.35 7.93 188 -12 03 4 2.05 2.57 3.09 5 1.1
0.35 0.71 233 90.2 -10 0.3 5 0.83 1.11 1.39 6 1.0
04 1.60 3.65 164 -9 0.3 6 2,13 3.09 4.05 6 1.0
0.45 2.14 3.74 155 -8 0.3 7 4.12 6.57 9.02 6 0.9
0.5 2.00 2.90 923 -7 0.3 8 0.65 1.17 1.69 7 0.8
0.6 7.87 9.38 134 -6 0.3 9 0.89 1.84 2.79 7 0.7
0.7 1.40 1.56 9.55 —4 04 10 1.05 2.64 422 7 0.7
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.1 1 To
1E+11 f—— " " : T T
E 21Ne(oc,n)24Mg © HA73
S 1E+10 x DE94
>' [ — extrapol.
q’ +
=
— 1E+09
2 : 9 e
§ m% Qbf
L 1E+08 | R
» : T W &
1E+07 * :
0 1 2 3 4
E (MeV)

Reaction: 2Ne(p,y)**Na

The contribution of 55 resonances between E. = 36 and 1822 keV [PI71, DUT71,
DU72, ME73, SM79, GO82, GO83] is calculated. For the resonances between 1096.2
and 1208.5 keV, weighted averages of the strengths given by PI71 and SM79 are selected,
while these averages are based on the data of DU71 and SM79 for the resonances
between 1223.9 and 1821.8 keV. The standard values from MO60 and KE77 are used
to normalize the relative resonance strengths. The contributions of the direct capture
process and of the subthreshold resonance at £, = —129 keV are calculated using the
S-factors given by RO75b and GO83 and are found to be negligible. Above 7y = 2,
HF estimates are used (see Section 2.5). Our rates are significantly different from the
CA88 ones at Ty < 0.3. This is mainly due to the contribution of the resonance at
E; = 36.3 keV. With respect to CA88, the energy of this resonance is different and
its adopted strength [GO83] is two orders of magnitude larger. The tentative states at
E. = 69.8 and 102.3 keV are also taken into account here with a weighting factor of
0.1. The resonance at E, = 153 keV has a measured strength [GO83], while only an
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.01 0.19 5.39 150 =25 0.1 0.25 1.47 2.60 10.2 -3 33
0.011 0.11 2.10 44.5 -23 0.1 0.3 1.51 2.19 4.10 -2 1.5
0012  0.29 4.62 74.0 -2 0.2 0.35 1.21 1.68 2.37 —1 1.3
0.013 0.47 6.11 79.1 —21 0.4 04 6.16 8.49 11.2 -1 1.3
0.014  0.52 5.55 59.8 -20 0.6 0.45 2.23 3.05 3.94 0 1.3
0.015 0.41 3.73 343 —~19 0.8 0.5 6.30 8.52 10.9 0 1.3
0.016  0.25 1.96 15.7 ~18 1.1 0.6 3.05 4.04 5.08 I 1.3
0.018 048 3.07 19.5 —17 1.9 0.7 0.96 1.25 1.55 2 1.3

0.02 0.52 2.73 14.4 —16 2.8 0.8 2.31 297 3.65 2 1.3

0.025 0.38 1.34 5.27 —14 6.0 0.9 4.63 5.90 7.20 2 1.2
0.03 0.55 1.92 7.55 —13 1 | 0.82 1.04 1.26 3 1.2
0.04 0.16 1.75 14.7 —11 85 1.25 235 2.96 3.58 3 1.1

0.05 0.12 6.28 61.0 —10 680 1.5 4.87 6.15 743 3 1.0
0.06 0.05 8.15 80.7 -9 2000 1.75 0.83 1.05 1.27 4 1.0
0.07 0.03 5.78 574 -8 1800 2 1.25 1.59 1.93 4 1.0
0.08 0.02 2,78 275 -7 870 25 2.06 2.76 346 4 1.0
0.09 0.01 1.00 9.87 -6 410 3 2.94 4.14 5.34 4 1.0
0.1 0.06 2.90 28.1 -6 220 35 3.85 5.68 7.51 4 1.0
0.1 0.27 7.04 67.2 -6 130 4 4.75 7.33 9.91 4 1.1

0.12 0.09 1.50 13.9 -5 83 5 0.64 1.08 [.52 R [.1

0.13 0.25 2.86 25.8 =5 57 6 0.79 1.43 2.08 5 1.2
0.14 0.59 5.03 438 -5 42 7 0.91 1.78 2.65 5 1.3
0.15 1.27 8.30 69.2 -5 33 8 1.02 2.12 322 5 1.3
0.16 0.25 1.30 10.3 —4 26 9 1.10 2.44 3.78 5 1.3
0.18 0.75 2.79 20.1 —4 18 10 1.17 275 4.33 5 1.3
0.2 1.87 5.36 34.4 —4 13

upper limit is selected by CA88. Our thermalization factor ry i1s 0.89 to 0.73 between
T5 = 5 to 10, reducing the ratio between our adopted rates and those of CA88, who
adopt ry = | at all temperatures.

Reaction: 2Ne(a,y)*Mg

The contribution of 31 resonances in the energy region between E; = 500.8 and
1728.4 keV is calculated using the resonance strengths reported by WO89. For the
low energy resonances at E. = 82 and 338 keV, the values from GI93 are adopted. The
angular distribution in GI93 suggests that J” = 3~ for the resonance at E; = 338 keV, but
the values J™ = 2% and 47 cannot be excluded. The adopted value for wy corresponds to
J7™ =37, the other two J” 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 E; = 700, 1213 and 1280 keV are calculated using the S-factors of WO89.
Above Ty = 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 < Ty < 1, are due to
the differences between the WO89 data and the theoretical estimate used by CA88. For
Ty > 1.25, the HF rates are lower than the CA88 estimate.
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.1 0.67 9.90 113 -25 0.7 0.8 3.69 5.30 14.4 -5 46
0.11 0.21 3.05 343 —-23 1.0 0.9 1.08 1.49 3.65 -4 21
0.12 0.37 5.24 58.1 -22 1.1 1 2.73 3.63 7.95 -4 11
0.13 0.41 5.77 63.2 —21 1.1 1.25 1.81 241 4.02 -3 34
0.14 0.32 4.52 49.1 -20 1.0 1.5 [.17 1.57 2.64 -2 2.1
0.15 0.19 2.73 29.5 —-19 0.8 1.75 5.60 7.61 13.0 -2 1.7
0.16 0.09 1.38 15.0 —18 0.7 2 2.11 2.90 5.01 -1 1.4
0.18 0.13 2.96 32.8 —17 0.7 25 1.66 2.33 4.12 0 1.2
0.2 0.22 6.04 66.5 —16 1.0 3 0.74 1.07 1.94 | 1.0
0.25 0.34 3.12 30.1 —-13 2.9 35 2.34 3.44 6.42 1 0.9
0.3 0.59 2.56 20.3 —11 5.6 4 5.83 8.84 16.9 1 0.8
0.35 2.30 6.58 423 —10 9.2 5 2.29 3.69 7.46 2 0.7
0.4 349 7.89 42.1 -9 14 6 0.59 1.02 2.19 3 0.6
0.45 2.84 5.56 254 -8 23 7 1.14 2.17 4.95 3 0.6
0.5 1.49 2.67 10.8 -7 39 8 1.78 3.83 9.32 3 0.6
0.6 1.74 2.80 9.49 -6 110 9 2.36 5.92 15.5 3 0.5
0.7 0.99 1.49 4.48 -5 100 10 2.67 8.31 234 3 0.5
Reaction: 2>Ne(a,n)*>Mg
The rates for this endoergic reaction (Q = —0.478 MeV) are based on the cross

section data of HA73, DR91 and DR93. The data of HA9I are not included since
unexplained discrepancies exist between them and the other data. Between the threshold
and 0.69 MeV, a constant S-factor S(E) = 2 x 108 MeVb is adopted. The choise of
this rather low value is motivated by the fact that only upper limits of the S-factor
can be derived from the low-energy experimental data. The assumption of constancy of
the S-factor takes into account in an average way the probable existence of resonances
in this energy range [GI93,KA94]. For the lower limit of the rates, only tails from
measured resonances are used. For the upper limit, the contribution from known states
are considered with wy values estimated in the Wigner limit [ WO89, DR93]. Above
Ty = 2, HF rates are used (see Section 2.5). In the temperature range between Ty = 0.1
and 0.2, the present rates are up to a factor 10 smaller than the CA88 ones. This results
from our lower extrapolation values. The enhancement of a factor 3 around 75 = 0.35 is
due to the resonance at E, = 700 keV.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.12 0.10 2.33 1200 -25 0.2 0.8 2.39 2.69 3.63 -3 1.2
0.13 0.40 8.64 5370 —24 0.2 0.9 1.50 1.68 2.00 -2 1.2
0.14 0.11 1.96 1440 -22 0.2 | 6.99 7.81 8.91 -2 1.2
0.15 0.26 3.03 2550 —21 0.2 1.25 1.33 1.50 1.68 0 1.0
0.16 0.48 3.51 3200 -20 0.1 1.5 1.12 1.30 1.48 1 0.9
0.17 0.75 3.31 3010 -19 0.1 1.75 5.87 7.04 8.21 1 0.8

continued on next page
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continued from previous page
0.18 091 2.68 2220 -18 0.1 2 222 276 330 2 0.7
019 089 1.92 1330 -17 02 25 203 255 307 3 0.6
0.2 0.70 1.23 670 —-16 02 3 1.01 1.28 155 4 0.6
0.25 1.82 2.30 314 —13 1.0 35 3.46 444 542 4 0.6
0.3 3.37 4.06 192 -11 22 4 0.94 1.22 1.50 5 0.5
0.35 1.37 1.64 36.8 -9 29 5 4.30 5.70 7.11 5 0.6
04 218 2.60 343 -8 29 6 1.28 1.74 220 6 0.6
0.45 1.90 2.27 19.8 -7 24 7 2.88 4.02 5.16 6 0.6
0.5 1.12 1.33 8.26 —6 1.9 8 5.37 7.69 10.0 6 0.6
0.6 2.10 245 7.97 -5 1.3 9 0.88 1.29 1.70 7 0.6
0.7 2.67 3.04 5.60 —4 1.1 10 1.29 1.96 263 7 0.6
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.1 1 Ty
1E+12 " - "
i E 2Ne(o,n)*Mg X HA73

2 ; ODRY1, DRY3

o 1E+10 | G

N :

S

© E

& 1E+8

o i

1E+6 L

Reaction: 2*Na(p,y)*Mg

The rate contribution of 21 resonances between E; = 2.6 and 1213.6 keV is considered.
The adopted resonance strengths come from the reported values of GO89a, SE90, SC95b
and ST96b. The resonance energies are taken from SE90 and SC95b. For the lowest
3 resonances, only lower and upper limits of the strength are determined. The adopted
values are averages of these limits. For the resonances at E, = 215.6 and 273.6 keV, the
values of ST96b are selected because of their measurement of some new y-branching
ratios. The direct capture contribution is calculated using the S-factor of SE90 and is
found to be negligible. For the resonances analyzed by transfer reaction [SC95b], the
energy dependence of the penetration factor is also taken into account. Above Ty = 1, the
rates are calculated using HF rates (see Section 2.5). The large differences between the
present rates and the CA88 ones are due to the estimated resonance strengths [WI86]
used by CAS8S.
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0012 001 2.90 52.1 -25 12 0.3 0.67 1.07 228 0 0.1
0.013  0.03 5.68 582 -24 74 035 202 3.08 6.22 0 0.1
0.014 0.06 7.21 50.7 -23 49 04 4.64 6.86 13.2 0 0.1
0.015 0.06 6.48 35.7 —-22 34 0.45 0.89 1.28 2.37 I 0.1
0.016 0.05 4.40 21.0 —-21 24 0.5 1.50 2.13 3.79 ] 0.1
0.018 0.01 1.06 4.7 —-19 1.4 0.6 3.38 4.66 7.81 1 0.1
0.02 0.02 1.36 6.63 —18 0.8 0.7 6.22 8.42 13.5 1 0.1
0.025 0.01 1.61 12.0 —16 04 0.8 1.02 1.35 2.09 2 0.1
0.03 0.07 6.15 52.1 —15 04 0.9 1.53 201 3.01 2 0.1
0.04 0.01 1.06 9.35 -12 0.6 1 2.16 2.81 4.11 2 0.1
0.05 0.02 2.57 30.2 —11 0.7 1.25 467 6.32 9.62 2 0.1
0.06 0.02 2.09 326 —10 0.8 1.5 0.80 .12 1.77 3 0.1
0.07 0.21 9.36 180 —10 0.6 1.75 1.19 1.73 2.81 3 0.1
0.08 0.86 4.40 68.6 -9 0.2 2 1.61 243 4.06 3 0.1
0.09 1.95 4.57 27.4 -8 0.1 2.5 248 4.00 7.04 3 0.1
0.1 237 4.86 15.9 -7 0.1 3 3.34 5.72 10.5 3 0.1
0.11 1.82 359 9.83 —6 0.2 35 4,13 7.51 14.3 3 0.1
0.12 0.98 1.91 4.96 -5 0.1 4 4.84 9.31 18.3 3 0.1
0.13 4.07 7.79 19.9 -5 0.1 5 0.61 1.29 2.66 4 0.1
0.14 1.37 2.59 6.55 —4 0.1 6 0.71 1.65 3.53 4 0.1
0.15 3.93 7.33 18.4 —4 0.1 7 0.79 2.00 442 4 0.1
0.16 0.99 1.82 4.52 -3 0.1 8 0.85 2.34 5.32 4 0.1
0.18 4.57 823 20.1 -3 0.1 9 091 2.68 6.23 4 0.1
0.2 1.57 2.76 6.61 -2 0.1 10 0.95 3.02 7.15 4 0.1
0.25 1.48 2.45 5.55 -1 0.1

Reaction: »*Na(p,y)*Mg

More than 80 resonances are identified up to E = 3.7 MeV. The reaction rates are
computed using the wy values of SW75 and GO89b and normalized to the E; = 491 keV
resonance yield [PA78,PA79]. Two subthreshold states with J™ = 2% (£ = 0) are
included [SW75,SC83] with a reduced width 712, =305 keV (10% of the Wigner limit
at @ = 4.6 fm). These subthreshold states determine the rate up to Ty ~ 0.03. The
lower and upper limits on ﬁ, arc taken as 0 and 3.05 MeV (the Wigner limit). 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
Ty = 0.04 and Ty = 0.14, the rate is essentially determined by the properties of the
138 keV resonance, for which an upper limit on the wy value is available [GO89b].
Two other 2% resonances (E; = 0.238 and 0.294 MeV) also contribute substantially.
Above Ty = 5, HF estimates are used (see Section 2.5). As the CA88 and FO7S5 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 Ty = 0.04 and Ty = 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 &) > 0,
which implies that subthreshold states have been disregarded. Our thermalization effects
reduce the ratio to CA88 by a factor ry = 0.90 to 0.77 for Ty = 3.5 to 10 (CA88 adopt
ri = 1 at all temperatures).
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Er (keV) Jm ot (keV) ry (eV) ya (keV)

—238 £ 1 2+ < 2 [SC83] 0.24 £ 0.04 [SC83} 305

—-171 £ 1 2+ < 3 [SC83] 0.16 £ 0.04 [SC83] 305

wy (eV)
138 + 3 5T x 1077 1GO89b| 1
238 + 1 2+ < 0.02 (534 1.8) x 10~* [SW75] 1
294 + | 2+ < 0.02 0.11 £ 0.02 [SWT5] I
Res. 294-3700 keV see comments
Ty low adopt high exp ratio Ty Tow adopt high  exp ratio
0.018 0.02 4.39 86.8 —26 0.2 04 0.50 1.23 2.90 1 0.9
0.02 0.03 6.16 122 -25 0.2 045 1.10 2.69 6.35 i 0.9
0.025 0.01 1.21 239 -22 0.2 0.5 2.06 4.97 11.7 1 0.9
0.03 0.04 6.81 133 -21 0.2 0.6 0.52 1.22 2.85 2 0.9
0.04 |.6e-3 4.43 46.5 —17 33 0.7 1.02 229 5.25 2 0.9
0.05 1.1e-4 9.04 90.5 —14 97 0.8 1.73 3.67 8.21 2 0.9
0.06 4.2e-6 1.43 14.3 —11 600 0.9 2.69 5.32 11.6 2 0.9
0.07 6.4e-5 5.13 51.3 —10 150 | 3.93 7.25 15.2 2 0.9
0.08 7.7e-4 7.34 73.3 -9 1300 1.25 0.85 1.33 2.53 3 0.9
0.09 3.5¢-3 5.69 56.9 -8 370 1.5 1.51 2.1 3.71 3 0.9
0.1 0.01 2.90 28.8 -7 94 1.75 2.38 3.09 5.10 3 0.9
0.11 0.01 110 10.8 -6 29 2 3.40 4.25 6.76 3 1.0
0.12 0.10 342 322 -6 9.7 2.5 5.79 7.00 10.8 3 1.0
0.13 0.67 9.59 82.6 -6 4.1 3 0.84 1.01 1.56 4 1.1
0.14 0.36 2.61 19.1 -5 22 35 1.10 1.32 2.05 4 1.2
0.15 1.53 7.19 422 -5 1.4 4 1.34 1.61 2.51 4 1.3
0.16 0.55 1.99 9.19 —4 1.1 5 1.76 2.10 3.24 4 1.1
0.18 0.48 1.35 4.36 -3 0.9 6 2.13 2.79 5.00 4 1.3
0.2 2.67 6.97 19.0 -3 0.8 7 244 349 7.00 4 1.4
0.25 0.58 1.44 3.52 -1 0.8 8 2.73 4.22 9.21 4 1.5
0.3 0.44 [.07 2.57 0 0.8 9 2.99 4.97 11.6 4 1.7
0.35 1.78 4.37 104 0 0.9 10 322 5.74 14.2 4 1.8
Reaction: 2Na(p,n)**Mg
For this endoergic reaction (Q = —4.839 MeV), the reaction rates are calculated

using a linear interpolation between the experimental data points [ KN75,MA76,FL78].
Below Ty == 8, our rates are larger than the CA88 ones, while at the highest temperatures
they come progressively in agreement. Thermalization effects (ry =2.6 — 2.0 for 0.7 <
Ty < 10) accounts for these differences at the lower temperatures (CA88 adopt ry = 1
at all temperatures). Our results are in agreement with those of FL78.
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20 50 LE
100 T T T : T
t 23 23 4
- ®Na(p,n)*Mg ﬁ%ﬁhﬁﬁu ) fooHeP o 00 g
3 L
> L
> 10 : 3
= 5
— X
2 - x
2 %
g o1 AKN75
« E QOMAT76
L X FL78
0.1 1 1 1 A 1 1 —— 1
3 4 5 6 7 8 9 10
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.7 3.18 3.46 3.74 -27 29 3 1.83 2.00 2.17 0 1.5
0.8 7.23 7.86 8.49 -23 2.7 35 2.75 3.01 3.26 1 14
0.9 1.77 1.93 2.08 -19 2.6 4 2.09 2.29 2.49 2 1.3
1.0 9.08 9.88 10.7 —-17 24 5 3.59 3.93 4.27 3 1.2
1.25 6.90 7.50 8.11 —12 22 6 2.44 2.67 291 4 1.1
1.5 1.22 1.33 1.44 -8 1.9 7 0.94 1.03 1.13 5 1.1
1.75 2.64 2.87 3.11 -6 1.8 8 2.62 2.89 3.15 5 1.0
2 1.47 1.60 1.73 -4 1.7 9 5.92 6.53 7.14 5 1.0
2.5 4.20 458 497 -2 1.6 10 1.10 1.22 1.33 6 0.9

Reaction: 2Na(p,a)*'Ne

Resonance strengths of 75 resonances in the energy region between E, = 36 and
3813 keV are adopted from the data reported by FL54, F163, KU63, LU70, ME72,
ZY81, VA87 and GO89b. For resonances above 880.4 keV, adopted strengths are from
VA87. The non-resonant contribution is calculated using the S-factor from ZY81 for the
tails of the broad resonances. Above Ty = 5, HF estimates are used (see Section 2.5).
The differences between the adopted rates and the CA88 ones arise from the contribution
of the resonances at 138 keV and 217 keV that are not taken into account in CAS88.
Moreover, the contribution of resonances with energies above 2 MeV is neglected by
CA88, which leads to their underestimate of the rates at high temperatures.
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Ty low adopt high exp  ratio Ty low adopt  high  exp ratio
0.012  0.001 1.46 146 =25 9.4 030 1.10 1.42 1.66 0 0.9
0.013  0.001 1.91 192 24 79 035 442 5.60 6.49 0 0.9
0.014  0.001 1.72 173 =23 6.8 0.4 1.32 1.65 1.89 1 0.9
0.015  0.001 1.15 11.5 -22 6.0 045 337 4.11 4.67 | 0.9
0016  0.004 6.00 60.3 -22 54 0.5 7.83 9.32 10.5 1 0.9
0.018  0.008 9.31 735 —21 45 0.6 3.37 3.86 427 2 0.9
0.02 0.01 8.21 824 20 3.8 0.7 1.09 1.21 1.33 3 1.0
0.025 0.03 3.95 394  —18 29 0.8 2.74 3.02 3.30 3 1.0
0.03 0.18 5.09 496 17 23 0.9 5.77 6.31 6.90 3 1.0
0.04 0.76 1.82 115 —15 1.4 1 1.07 1.16 1.27 4 1.0
0.05 5.83 7.67 262 —14 1.3 125 351 377 4.16 4 1.0
0.06 297 5.86 259 12 23 1.5 8.53 9.08 10.1 4 1.1
0.07 1.47 3.06 10.3 —10 26 1.75 1.70 1.81 2.03 5 1.2
0.08 3.59 7.00 17.8 -9 24 2 294 3.13 3.54 5 1.3
0.09 447 8.20 17.3 -8 2.1 25 6.53 7.14 8.13 5 1.4
0.1 3.36 5.90 11.0 -7 20 3 1.12 1.29 1.47 6 1.4
0.11 1.75 297 5.13 —6 1.8 35 1.67 2.01 2.30 6 1.5
0.12 0.70 1.16 1.89 -5 1.7 4 228 2.88 3.30 6 15
0.13 235 3.76 5.88 -5 1.6 5 3.60 495 5.69 6 1.6
0.14 0.69 1.07 1.62 —4 1.4 6 6.16 8.50 9.78 6 1.9
0.15 1.85 2.78 4.08 —4 1.3 7 0.94 1.30 1.49 7 2.1
0.16 4.64 6.77 9.80 —4 1.2 8 1.31 1.82 2.10 7 23
0.18 2.45 3.41 4.69 -3 1.0 9 1.73 2.41 2.79 7 24
0.20 1.04 1.40 1.81 -2 0.9 10 2.18 3.05 3.53 7 2.6
0.25 1.65 2.15 2.59 —1 0.9

Reaction: 2*Na(a,n)*Al

Depending upon the astrophysical situation, it is necessary to evaluate either the
production of the 2°Al ground (g) and isomeric (m) states separately, or the total
production of 2Al, irrespective of its state [ WAS80]. The three corresponding reaction
rates are noted Na{ov)8, Na(ov)™ and N4{ov)'. They are calculated by numerical
integration of the cross section data of SK87 (E = 2.97 -- 3.83 MeV), NO82 (E =
3.0 - 8.9 MeV), and DO87 (E = 3.3 — 5.0 MeV) from threshold energies (Q% =
—2.968 MeV and Q™ = —3.196 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 arc
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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1E+9 T T T T T j
_ “Na(a,n)?°Al aNo82

o 1E+8 D SK87
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5 1E+7 | A .

O 1E+6 L l a

1E+5 . . L . L > L . L L ! L
5 6 7 8 9
E (MeV)

NA((IU)‘&s
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.5 1.02 1.36 1.7 -23 6.5 25 1.61 1.78 1.95 1 38
0.6 1.03 1.34 1.65 —18 6.3 3 1.76 1.93 2.10 2 34
0.7 3.89 4.95 6.01 —15 6.0 35 0.98 1.07 1.16 3 29
0.8 1.89 2.36 2.83 —-12 5.8 4 359 3.92 4.25 3 2.6
0.9 233 2.87 341 -10 5.6 5 2.26 247 2.68 4 2.0
1 .1 1.34 1.58 -8 55 6 7.96 8.76 9.55 4 1.6
1.25 1.18 1.39 1.60 -5 5.1 7 2.02 224 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
1.75 361 4.11 461 -2 45 9 7.49 8.32 9.15 5 1.2
2 4.55 5.1 5.67 —1 43 10 1.21 1.35 1.48 6 1.3
NA<UU>§S
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.5 1.02 1.36 1.71 -23 6.5 2.5 1.34 1.53 1.72 1 43
0.6 1.03 1.33 1.65 —18 6.3 3 1.42 1.61 1.81 2 38
0.7 3.86 493 6.01 —15 6.1 35 7.77 8.79 9.81 2 33
0.8 1.87 2.34 2.83 -12 6.0 4 2.81 317 354 3 2.8
0.9 229 2.84 3.39 —10 58 5 1.75 1.99 223 4 2.1
1 1.08 1.32 1.57 -8 57 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 1.16 1.37 1.58 -3 52 8 328 3.83 4.39 S 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 4.59 521 —1 4.8 10 0.95 1.13 1.31 6 1.3
Natoehg
Ty fow adopt high exp ratio Ty low adopt high exp ratio
0.5 4.21 5.39 7.14 -27 0.8 2.5 5.61 6.40 7.23 -1 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 ~17 08 35 4.48 5.10 573 1 0.5
0.8 6.69 8.17 10.0 —15 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
1 791 949 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 8 338 392 4.46 4 0.6
1.75 8.30 9.59 11.0 —4 0.7 9 6.49 755 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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Reaction: #*Mg(p,y)* Al

Resonance data are available for 13 resonances in the 214.0 < E; < 5698.7 keV range
[LI56,VA69, TR75b, RO77,KE80]. The strengths of the E; = 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 E, =
452 keV in Al is not observed in MOG68 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 Ty = 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.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.025 1.00 1.25 1.49 -23 1.0 0.45 1.72 2.17 2.64 1 1.1
0.03 7.47 9.34 11.2 —21 1.0 0.5 2.60 327 3.96 ! 1.1
0.04 4.01 5.01 6.01 —19 1.0 0.6 4.75 5.92 7.15 1 1.1
0.05 6.18 8.21 10.7 -17 1.0 0.7 7.22 8.95 10.7 1 1.1
0.06 0.84 1.17 1.62 —-13 1.1 0.8 0.99 1.22 1.45 2 1.1
0.07 2.47 3.39 4.60 —11 1.1 09 1.27 1.55 1.84 2 1.0
0.08 1.72 2.33 312 -9 1.1 1 1.56 1.89 223 2 1.0
0.09 4.58 6.15 8.13 -8 1.1 125 236 2.81 3.27 2 1.0
0.1 6.22 8.29 10.8 —6 1.1 135 3.33 3.89 4.45 2 1.0
0.11 5.19 6.87 8.91 -6 1.1 1.75 445 5.12 5.79 2 1.0
0.12 3.00 3.96 5.10 -5 1.1 2 5.70 6.49 7.26 2 1.0
0.13 1.31 1.72 221 —4 I.1 2.5 8.34 9.37 10.4 2 1.0
0.14 4.62 6.03 7.69 —4 1.1 3 1.09 1.22 1.35 3 1.0
0.15 1.36 1.77 225 -3 1.1 35 1.33 1.49 1.64 3 1.0
0.16 3.49 4.53 5.73 -3 1.1 4 1.55 1.73 1.91 3 1.0
0.18 1.65 2.13 2.68 -2 1.1 5 1.90 2.14 2.37 3 1.0
0.2 5.62 7.23 9.03 -2 1.1 6 2.16 2.44 2.7 3 1.0
0.25 4.85 6.20 7.68 -1 1.1 7 2.32 2.63 293 3 1.5
0.3 1.94 247 3.04 0 1.1 8 2.70 3.44 4.15 3 2.1
0.35 5.07 6.42 7.87 0 1.1 9 3.09 435 5.57 3 29
0.4 1.02 1.29 1.57 1 L1 10 348 5.39 723 3 4.0
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Reaction: 2*Mg(p,a)*Na

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, for
the reverse reaction ?'Na(a,p)?*Mg is approximated by an exponential function S, =
7.92 x 10° exp(—1.4271E,), where E, is the center of mass energy in the channel
a+*'Na, and extrapolated down to the threshold. For the calculation of the lower and
upper limits of the rates, exponential fits S§%° = 4.00 x 10'%exp(—1.5786E,) and
Sy = 2.00 x 10° exp(—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 ry = 6 to 20 at Ty = 0.2 to 10 while CA88 adopted the equal
strength approximation here (r = 1 for all temperatures). A more accurate extrapolation
needs data at lower energies.

50 To 100
100 T T T T x :
#*Mg(p,a)*'Na
10 E
’.CT)\ F
3 1t
2
S 01t
Q =
8 :
U') 0.01 L A GR77
— adopted
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Ty low adopt high exp ratio Ty low adopt high exp ratio
1.5 0.51 1.65 6.82 —23 0.2 5 1.81 4.48 14.3 -2 0.8
1.75 0.83 2.61 10.5 -19 0.3 6 0.82 1.94 5.90 0 0.9
2 1.33 4.09 16.1 —16 0.3 7 1.29 2.91 8.54 1 1.0
25 0.50 1.47 5.54 —11 0.5 8 1.02 2.24 6.36 2 1.1
3 0.66 1.85 6.71 -8 0.6 9 0.52 1.10 3.04 3 1.2
35 1.21 3.30 115 —6 0.6 10 1.89 3.91 10.6 3 1.4
4 0.64 1.69 5.70 —4 0.7

Reaction: ZMg(p,y)*°Al

Three reaction rates, Na{ov)8, Na(ov)™ and Na{ov)' have to be evaluated. They
correspond to the production of the 2°Al ground (g) state, 2°Al 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 (E, <
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,
ANB82, 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 2°Al and the contribution of
the subthreshold state at E, = —25.7 keV are calculated with the S-factors given by
EN87. The branching ratios for forming the 2°Al ground state reported by EN87 and
CH89 are used. Above Ty = 2, HF rates are used for Np{ov)' (see Section 2.5).
For the calculation of Na{ov)® and Na(or)™, the total rate has been multiplied by
the corresponding branching ratios at 79 = 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 E; = 37.5 and 58 keV. Our thermalization effects reduce the ratio by a
factor rq = 0.92 — 0.69 for Ty = 4 to 10. (CA88 adopt ry = 1 at all temperatures).
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Na (o)t

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.015 3.90 8.87 25.9 =25 0.02 0.35 1.22 1.33 1.43 0 0.9
0.016 0.59 1.28 3.08 -23 0.04 0.4 397 429 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 -20 0.2 0.5 2.12 2.28 2.46 1 0.9
0.025 1.27 2.39 448 —-17 0.2 0.6 6.67 7.18 7.71 1 0.9
0.03 0.89 1.61 291 —15 0.2 0.7 1.54 1.66 1.78 2 0.9
0.04 1.67 2.89 5.02 —13 0.2 0.8 292 315 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 I 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 .5 2.61 2.87 3.08 3 1.0
0.09 3.60 5.77 12.0 -9 0.1 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 02 3 1.16 [.51 1.74 4 12
0.13 3.21 4.03 6.03 -7 0.3 35 1.49 2.06 2.45 4 1.3
0.14 1.37 1.60 2.05 —6 0.4 4 {.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 0.7 6 2.93 535 7.00 4 1.7
0.18 1.91 2.11 233 —4 0.8 7 341 6.84 9.17 4 1.9
0.2 1.16 1.27 1.39 -3 0.8 8 3.86 8.40 11.5 4 2.1
0.25 2.97 324 3.52 -2 0.9 9 0.43 1.00 1.39 5 23
0.3 2.59 2.81 3.04 —1 0.9 10 0.46 1.17 1.65 5 2.5
Na(ov)e:

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.015 3.16 7.18 20.9 -25 0.02 0.35 1.03 112 1.21 0 0.9
0.016 0.48 1.03 248 -23 0.04 0.4 333 3.59 3.86 0 0.9
0.018 442 9.09 19.1 -22 0.1 045 8.32 8.97 9.64 0 0.9
0.02 1.63 3.25 6.48 -20 0.2 0.5 1.75 1.88 2.02 1 0.9
0.025 1.03 .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 —15 0.2 0.7 1.22 1.31 1.40 2 0.9
0.04 1.36 2.34 4.07 —-13 0.2 0.8 227 244 2.61 2 0.9
0.05 323 5.43 9.48 —12 0.2 0.9 3.69 3.97 4.25 2 0.9
0.06 318 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 —10 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 10.1 -9 0.1 1.75 2.66 2.90 3.11 3 0.8
0.1 0.86 1.35 2.83 -8 0.1 2 3.51 3.9] 4.20 3 0.9
0.11 2.30 3.48 7.02 -8 0.1 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 03 35 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 2.69 341 4 1.3
0.16 1.76 1.97 223 -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 09 9 2.92 6.80 9.45 4 2.0
0.3 220 2.39 2.59 —1 0.9 10 3.13 7.96 11.2 4 2.1
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Nalov)™:

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.015 0.74 1.69 5.02 -25 0.02 0.35 194 210 222 —1 0.7
0.016 1.12 2.50 5.98 —-24  0.04 0.4 6.38 7.04 7.58 —1 0.7
0.018 1.04 2.11 4.54 -22 012 0.45 1.68 1.83 1.96 0 0.8
0.02 3.93 7.62 15.3 =21 0.2 0.5 3N 4.01 442 0 0.8
0.025 243 4.56 8.50 —18 0.2 0.6 1.28 1.39 1.50 1 0.9
0.03 1.69 312 5.48 —-16 02 0.7 323 3.52 3.82 1 1.0
0.04 311 5.52 9.53 -14 02 0.8 652 110 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 i1
0.06 0.68 1.13 2.05 —11 0.2 1 1.85 2.03 221 2 1.2
0.07 3.95 6.54 12.6 —11 02 125 430 488 522 2 1.4
0.08 1.71 2.82 5.60 —-10 0.1 1.5 770 872 9.40 2 1.5
0.09 0.58 9.43 1.92 -10 0.1 1.75 1.16 1.34 1.44 3 1.5
0.1 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 25 266  3.20 3.58 3 1.8
0.12 1.56 2.16 391 —8 0.2 3 3.71 4.83 557 3 1.9
0.13 5.60 7.11 10.9 -8 0.3 35 477 659 7.84 3 2.1
0.14 221 2.60 343 -7 0.4 4 5.76 8.51 104 3 22
0.15 8.37 9.72 11.6 -7 0.4 5 0.76 1.26 1.60 4 24
0.16 2.98 3.30 3.80 —6 0.5 6 0.94 1.71 224 4 2.7
0.18 2.70 3.03 333 =5 0.6 7 1.09 219 293 4 3.0
0.2 1.65 1.80 1.91 —4 0.6 8 124 2.69 3.68 4 34
0.25 4.31 4.56 5.02 -3 0.6 9 1.38 3.20 445 4 3.7
0.3 389 418 4.53 -2 0.7 10 1.47 374 528 4 4.0

Reaction: Mg(a,n)?*Si

The experimental data of VA81, AN83 and WI95b are adopted. They cover the energy
ranges between 1.8 and 4.1 MeV, 1.6 and 5.4 MeV, and 0.86 and 3 MeV, respectively.
The AN83 and VAS81 data are disregarded in the WI95b data range: (1) Below 2.2 MeV,
the background contribution from the target backing [ mainly from '*C(a,n)'®0] 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 substracted. Below 1.5 MeV, we adopt a constant S-factor of 3.3 x 10° 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 = 10! MeV b, which is the WI95b highest measured S-factor at E < 1.29 MeV.
Above Ty = 2, HF rates are used as explained in Section 2.5. The differences with the
CAS88 rates are most likely due to the new WI95b data.
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0.1 Ty
1E+11E Ty , . . . .
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% 1E+10 — extrapol.
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S
8
“U'-)’ 1E+09 :
r Iy *w
e
A “A
1E+08 L .
0 2 3 5 6
E (MeV)
Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.14 0.005 337 120 =25 0.2 i 1.48 3.48 245 —4 0.5
0.15 0.005 3.34 119 -24 0.2 1.25 0.83 1.37 4.31 -2 0.6
0.16 0.004 2.72 97.0 -23 0.2 1.5 1.59 2.15 4.01 —1 0.7
0.18 0.002 1.12 39.6 -21 0.2 1.75 1.56 1.90 2.66 0 0.7
0.2 0.005 2.74 96.6 -20 0.2 2 0.98 1.12 1.37 I 0.8
0.25 0.003 1.67 58.0 —17 0.2 25 1.34 1.52 1.85 2 0.8
0.3 0.006 2.22 76.2 —15 0.2 3 0.91 1.03 1.25 3 0.8
0.35 0.004 1.09 374 —13 0.2 35 397 4.49 542 3 0.8
04 0.01 2.71 92.5 —12 0.2 4 1.28 1.44 1.73 4 0.8
045 0.03 4.10 138 —11 0.3 5 7.35 8.23 9.80 4 0.7
0.5 0.07 4.26 139 —10 0.3 6 2.56 2.84 3.36 5 0.7
0.6 0.12 2.05 58.1 —8 0.3 7 6.53 7.21 8.43 5 0.7
0.7 0.66 4.63 100 -7 0.3 8 1.36 1.49 1.72 6 0.7
0.8 1.49 6.14 93.0 -6 04 9 245 2.67 3.06 6 0.7
0.9 1.83 542 55.8 =5 04 10 3.98 431 4.89 6 0.7
Reaction: *Mg(p,y)*’Al

A total of 132 resonances in the energy region 15.4 < E; < 2865.8 keV are considered
in the calculation of the rates. The adopted resonance strengths are the weighted averages
of the strengths reported by VAS56, VA63, VA66, EN66, LY69, TR75b, MA78c, PA79,
BU80, KE80O, SM82, CH90 and IL90. For the resonance at E, = 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 E; = 436.9 keV, are
presently renormalized to the KE8( 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 Ty = 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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Ty low adopt high exp ratio Ty low adopt high exp ratio
0016  0.72 1.64 334 =25 0.1 04 3.21 3.32 343 1 1.1
0.018 421 9.13 17.8 —24 0.1 045  7.88 8.15 8.43 1 1.1
0.02 .08 224 4.20 -22 0.1 0.5 1.61 1.66 1.72 2 1.1
0.025 3.49 6.82 12.7 —20 0.1 0.6 4.59 4.77 4.94 2 1.1
0.03 1.56 3.19 11t —18 0.1 0.7 9.57 9.97 104 2 1.2
0.04 0.17 1.42 20.6 —15 0.1 0.8 1.64 1.71 1.79 3 1.2
0.05 0.06 1.59 24.1 —13 0.1 0.9 248 2.60 272 3 1.2
0.06 0.28 425 57.0 —12 0.1 1 342 3.60 3.78 3 1.2
0.07 0.87 5.28 57.3 —11 0.1 1.25 6.04 6.41 6.78 3 12
0.08 1.38 4.54 36.0 -10 0.1 1.5 8.77 9.41 10.0 3 1.1
0.09 1.28 3.05 17.3 -9 0.1 1.75 1.15 1.25 1.34 4 1.1
0.1 0.84 1.67 6.91 -8 0.1 2 1.42 1.55 1.69 4 1.1
0.11 4.55 8.08 24.7 —8 0.2 2.5 1.94 2.18 243 4 1.1
0.12 2.37 3.75 8.51 -7 0.3 3 2.48 2.86 3.28 4 I.1
0.13 1.24 1.74 3.02 —6 0.4 35 3.06 3.63 4.29 4 1.1
0.14 6.17 7.88 1.2 —6 0.6 4 4.00 4.96 6.07 4 1.3
0.15 2.76 3.30 4.15 -5 0.7 S 5.98 8.07 10.5 4 1.7
0.16 1.08 1.23 1.45 -4 0.8 6 0.80 1.16 1.59 5 2.1
0.18 1.11 1.21 1.33 -3 0.9 7 0.99 1.55 220 5 25
0.2 7.33 7.83 8.37 -3 0.9 8 1.17 1.96 2.87 5 2.8
0.25 2.19 2.29 2.39 —1 1.0 9 1.33 2.37 3.58 5 3.0
0.3 2.05 2.13 221 0 1.0 10 1.47 2.78 4.31 5 3.1
0.35 1.00 1.03 1.07 ! 1.1

Reaction: 2Mg(a,n)?Si

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 '*C(a,n)'%0] indeed dominates the neutron yield
in the AN83 and VAS81 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 x 10° 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 = 10'! MeV b, which is
the WI95b highest measured S-factor at E < 1.19 MeV. Above Ty = 2, HF estimates are
used (see Section 2.5). The difterences with CA88 are probably due to the new data of
WI95sb.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.14 0.003 5.19 102 —25 0.1 1 3.63 6.28 18.9 —4 1.1
0.15 0.004 5.15 102 —-24 0.1 1.25 1.77 241 4.13 -2 1.5
0.16 0.003 4.20 83.0 —-23 0.1 1.5 2.68 3.31 4.45 —1 1.7
0.18 0.001 1.72 34.1 -21 0.1 1.75 2.17 2.53 3.04 0 1.9
02 0.003 422 83.6 -20 0.1 2 .20 1.36 1.54 1 2.0

continued on next page
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continued from previous page
025  0.003 256 50.8 -17 01 25 1.68 1.90 215 2 2.5
0.3 0.004 338 67.3 -15 02 3 119 134 1.51 3 2.8
035  0.003 1.67 332 -13 02 35 537 6.03 679 3 3.1
0.4 0.01 4.16 82.3 —12 0.2 4 1.78 2.00 2.24 4 3.4
045 0.02 6.30 122 —11 0.3 5 1.08 1.20 1.34 5 39
0.5 0.06 6.54 120 -10 03 6 390 433 482 5 43
0.6 0.16 3.13 46.7 -8 0.4 7 1.03 1.14 1.26 6 48
0.7 1.18 7.19 752 -7 0.5 8 221 243 2.67 6 54
0.8 3.23 10.0 67.3 -6 0.7 9 4.08 4.46 4.89 6 5.9
0.9 4.39 9.38 407 -5 0.9 10 6.77 137 804 6 6.5
T low adopt high exp ratio Ty low adopt high exp ratio
=% P I | : - . : Ts
 “Mg(oon)Si 5 woss
’_(:f — extrapol.
E 1E+10 E ‘A R
A
g T
3 L W
8 1E+09 LV
* g AN
[ A
[
1E+08 —
0 1 2 3 4 5 6

E (MeV)

Reaction: 2°Al(p,y)*’Si

Of astrophysical relevance are the proton capture rates on to the ground and isomeric
states of 26Al, noted Na(ov)gs and Na{ov)ms, respectively [see WA89]. For the cal-
culation of Na(ov)gs, the resonance strengths are adopted from BU84, VO96 and the
theoretical calculations of CH93. The calculations of WAS89, based on the Wigner limit,
are not taken into account, neither the hypothetical 226 keV resonance, found only in
WAZS89. For the E; = 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 oy < 5.4 X 1072, 6.1 x 107%, < 1.2 x 10~% 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 wy and upper limit are taken from VO96 for the
2 =1 and O pure transfers, respectively, while the lower limit is taken as 1/10 of the
value for £ = 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 aliow the calculation of the rates at 7o < 0.9. Above Ty = 0.9, HF estimates are
used (see Section 2.5). The Na(ov)ms rates are calculated by multiplying the Na{ov)gs
values by the HF ratio {ov)ms/(0v)g. The thermalized reaction rate applies when 26Al8
and ?°Al™ may be considered to be in thermal equilibrium (see [WA89] for details)
and is calculated by multiplying Na(ov)g by the ratio ry, as usual. Differences in the
adopted strengths account for the differences between our rates and those of CA88 up
to Ty =~ 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 Ty = 1.5 to 10.

Nalov)gs:

Ty low adopt high exp ratio Ty low adopt high  exp ratio
0.018 0.002 1.34 92.6 —25 0.1 04 1.34 2.16 4.06 0 1.0
0.02 0.01 9.17 523 —24 0.2 0.45 324 5.04 8.62 0 1.0
0.025 0.004 1.76 70.7 -20 1.2 0.5 6.54 9.96 16.0 0 1.0
0.03 0.0t 2.61 833 —18 1.9 0.6 1.85 275 4.12 1 0.9
0.04 0.01 1.40 356 —15 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 9.40 132 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 0.03 311 545 —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 1.19 432 -8 3.1 1.5 0.72 1.05 1.45 3 1.4
0.1 0.002 1.12 223 -7 5.6 1.75 I.16 1.68 2.32 3 1.8
0.11 0.03 7.09 93.5 -7 8.0 2 1.68 241 334 3 2.1
0.12 0.03 3.28 331 —6 9.7 25 2.84 4.08 5.64 3 28
0.13 0.02 1.20 10.1 -5 10 3 4.07 5.84 8.06 3 3.6
0.14 0.11 3.65 272 -5 9.3 35 5.30 1.57 10.4 3 43
0.15 043 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 9.63 539 —4 43 6 1.05 1.49 2.04 4 7.1
0.2 0.62 321 15.9 -3 3.0 7 1.23 1.73 236 4 7.8
025 1.26 3.34 2.1 -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 4.32 747 16.2 -1 1.1 10 1.69 2.35 318 4 99
Na{0U)ms:

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.018 0.002 1.34 92.6 -25 0.03 0.12 0.03 3.30 333 -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 73
0.03 0.01 2.6l 83.3 —18 0.9 0.15 0.45 9.86 67.3 -5 7.7
0.04 0.01 1.40 35.6 -15 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 3.1 545 —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 —1 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 0.4 256  4.14 7.78 0 9.9

0.11 0.03 7.09 93.5 ~7 4.2
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Reaction: ?’Al(p,y)*3Si

The contribution of 122 resonances between 195 and 3817.4 keV is taken into account.
For resonances above 956 keV, the adopted strengths are the averages of those given
by SM58, AN63, NO63, AN64, NO64, SI65, EN66, G168, KU69, ME70, TV72, DA73,
MET75, and BR95. Several of the reported values are renormalized. For the resonances
at E < 195 keV, the data of CH86c, CH88, TI88 and CH97 (< 2.4 x 107 eV
for the 72 keV resonance and < 1.0 x 107'* eV for the 84 keV resonance from
CHY7, respectively) are used to set upper limits on the resonance strengths. The direct
capture contribution is adopted from the calculations of TI88, which are in agreement
with available experimental data [LY69,HA88]. The contributions of resonance tails
are found to be negligible with respect to the direct capture one. The available data
allow the reaction rate calculation for Ty < 6. Above Ty = 6, HF estimates are used as
explained in Section 2.5. Below Ty = 0.05, the differences with the CA88 rates are due
to the availability of more recent upper limits on resonance strengths, as well as the
inclusion of a direct capture contribution neglected by CA8S.

Ty low adopt high exp ratio Ty low adopt high exp ratio
0.025 0.03 1.67 164 -23 0.7 045 0.86 1.05 1.25 0 1.1
0.03 0.03 3.39 335 =21 0.6 0.5 1.88 2.27 2.66 0 1.0
0.04 0.03 2.44 24.1 —18 0.5 0.6 6.97 8.20 943 0 0.8
0.05 0.05 1.25 1.9 —-16 0.5 0.7 1.97 228 2.59 1 0.8
0.06 372 8.37 25.1 —15 0.9 0.8 4.56 5.21 5.87 1 0.7
0.07 0.73 1.31 1.96 —12 1.1 0.9 0.90 1.03 1.15 2 0.7
0.08 3.89 6.73 9.59 —11 1.1 1 1.60 1.80 2.00 2 0.7
0.09 0.87 1.45 2.04 -9 1.1 1.25 4.66 5.20 5.75 2 0.7
0.1 1.04 1.69 2.35 -8 1.1 1.5 0.99 1.10 1.21 3 0.8
0.11 0.79 1.26 1.73 -7 I.1 1.75 1.71 1.91 2.10 3 0.8
0.12 4.29 6.71 9.13 -7 1.1 2 2.63 293 3.23 3 0.8
0.13 1.79 2.75 372 -6 1.1 2.5 4.86 5.45 6.04 3 0.8
0.14 6.07 921 12.3 —6 1.1 3 7.39 8.35 9.31 3 0.7
0.15 1.75 2.62 3.49 -5 1.1 3.5 1.00 1.14 1.28 4 0.7
0.16 4.40 6.52 8.65 -5 I.1 4 1.25 1.44 1.62 4 0.7
0.18 2.06 2.99 392 —4 1.2 5 1.71 1.99 227 4 0.6
0.2 0.71 1.01 1.32 -3 1.2 6 2.08 245 2.82 4 0.6
0.25 6.93 9.55 12.2 -2 1.4 7 2.47 4.03 5.59 4 0.7
03 3.49 4.64 5.79 -2 1.5 8 2.82 5.88 8.94 4 0.8
0.35 1.23 1.58 1.94 -1 1.5 9 3.13 7.96 12.8 4 0.9
0.4 3.49 4.38 5.27 -1 1.3 10 0.34 1.02 1.71 5 1.0
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E, (keV) J7 adopted wy (eV) Ref.
71.9+05 2t (0.15%5%%) x 1071 CH86c, CH88, CH97 1
84.8 04 - (015113 x 1015 CH86c, CH88, CH97 M
195.5 £ 0.9 2+ (140 £0.7) x 1073 SM62 M
2147 £0.4 (9.00 £0.2) x 1073 BR47, EN60, OK60a M
282.1 404 4+ (3.80£0.7) x 1074 BR47, EN60, OK60a M
314.8 £0.4 0.0015 £ 0.0003 BR47, EN60, OK60a, M
SM62, LY69, MET5
390.9+0.3 0.009 + 0.001 SM62 M
4306 £ 0.5 0.0014 % 0.0002 BR47, LY69, ME75 M
486.72 £ 0.07 2+ 0.061 £ 0.007 BR47, EN60, OK60a, SM62 M
LY69, ME75, SW75
488.15 +0.07 2 0.042 + 0.009 EN60, OK60a, ME75 M
589.40 £ 0.04 0.004 = 0.001 BR47, EN60, OK60a, LY69, MET5 M
609.47 £ 0.04 3~ 0.266 3 0.014 BR47, SM58, EN60, OK60a, SM62, M
NO63, NO64, EN66, LY69, LE71,
DA73, AL74, MET5,
SW75, PAT9, BR95
631.08 £ 0.04 2- 0.120 + 0.009 BR47, EN60, OK60a, LY69, SW75 M
654.85 £ 0.04 3+ 0.045 4 0.005 BR47, EN60, OK60a, LY69, MET5 M
705.06 £+ 0.04 2- 0.1240.01 BR47, EN60, OK60a, LY69, MET5 M
709.97 + 0.04 0.160 +0.016 BR47, EN60, OK60a, LY69, MET75 M
716.21 +0.04 0.021 + 0.003 BR47, SM62, EN6O, M
OK60a, LY69, MET5
733.02 +£0.04 2- 0.135 £ 0.016 BR47, EN60, OK60a, LY69, MET5 M
739.56 & 0.04 4+ 0.16 +0.02 BR47, EN60, OK60a, LY69, MET5 M
745.79 £ 0.04 0.41 +0.03 BR47, SM58, EN60, OK60a, NO63, M
NO64, EN66, LY69, LET1,
DA73, AL74, MET5, BR9S
855.82 & 0.05 2+ 0.015 £ 0.002 BR47, LY69, ME75 M
889.73 £ 0.05 2t 0.140 +0.018 LY69, MET5 M
903.50 = 0.05 3- 0.176 £ 0.021 SM58, NO63, NO64, EN66, M
LY69, LE71, DA73, ME75
956.20 + 0.03 3+ 1.90 £ 0.10 SM58, NO63, NO64, EN66, M

LE71, PA70, DA73

Res. 1130-3817 keV see comments

Reaction: 2’ Al(p,a)**Mg

A total of 78 resonances at energies below 3064.6 keV are included in the calculation
of the rates. The adopted strengths for the first 20 resonances below 900 keV are shown
in the table. The adopted resonance parameters for £ > 900 keV are the weighted
averages of the data reported by AN61, AB63, AW65, NE84 and CO92 for the (p,aq)
channel, and by TV72, DA73, ME75 and NE84 for the (p,a;) channel. Tail contributions
are also included. The available data allow the rates to be calculated for To < 6. Above
Ty = 6, HF estimates are used (see Section 2.5). The large differences between the
present rates and the CA88 ones below Ty = 0.6 are mainly due to the adoption by
CAS88 of a strength for the E; = 215 keV resonance which exceeds the upper limit
of TI88. Below Ty = 0.05, the difference is due to updated upper limits of resonance
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strengths that were not available to CA88. Above Ty = 4, thermalization effects account
for about 30% of the differences.

E: (keV) J7 adopted wy (eV) Ref.
719405 2+ (0.6%54) x 10713 CH88, CH97 I
84.8+04 1- (0.1799) x 10715 CHS88, CH97 M
1955 £ 0.9 2+ (1.30+120y x 10~# SM62, MA78d, CHSS$ 1
2147 4 0.4 (0.187472) x 1077 CHB88, TI88 M
282.1 £04 4+ (0.11*755) x 107° CH88, TI88 1
314.8+ 0.4 (1.10%078) x 10-° CH88, TI88 M
390.9 £ 0.3 (1.25£0.75) x 105 MA78d, CH88, EN90 M
486.72 1 0.07 2+ 0.10 £ 0.02 AN61, KU63, MAT78d, M
CH88, TI88, EN90
488.15 £ 0.07 2 (0.2418y x 1072 AN61, KU63, MAT8d, M
CH88, TI88, EN90
609.47 & 0.04 3- 0.28 £0.05 AN61, KU63, MA78d, M
CHB88, TI88, EN9)
631.08 + 0.04 2- (0.20%4%) x 1073 AN61, KU63, MAT78d, M
CHS8, TI88, EN9O
654.85 & 0.04 3+ (1.80 £ 1.6) x 1073 CHS88, EN90 M
705.06 £ 0.04 2 0.53£0.1 AN61, KU63, MA78d, M
CH88, TI88, EN90
709.97 = 0.04 (0.20%18) x 1073 AN61, KU63, MAT8d, M
CH88, TI88, EN90
716.21 £ 0.04 (0.10199) x 1072 ANG61, KU63, MAT78d, M
CH88, TI88, EN90
733.02 £ 0.04 2- (0.10%9) x 1072 AN61, KU63, MA78d, M
CHS88, TI88, EN90
739.56 £ 0.04 4+ (0.10t%%) x 1072 AN61, KU63, MA78d, M
CH88, TI88, EN90
745.79 £ 0.04 0.107%%) x 1072 ANG61, KU63, MA78d, M
CHS88, TI88, EN90
855.82 £ 0.05 2+ 0.83 4 0.20 AN61 M
889.73 £ 0.05 0.33 £ 0.09 AN6I M
Res. 903.5-3065 keV see comments
Ty low adopt high exp ratio Ty low adopt high exp ratio
0025 2E-5 780 780 23 005 045 173 219 296 -1 0l
003  2B-6 155 155 -20 005 05 545 691 926 —1 02
004 26 105 105 —17 004 06 310 391 518 0 05
005  2B5 492 492  —16 004 07 110 139 18] 108
006 SE4 607 607 —I5 003 08 299 373 482 109
007  7E3 363 356 —14 00l 09 688 852 108 109
008 003 178 141 —13 IE3 1 143 175 218 209
009 006 132 617 12 4B4 125 692 817 969 210
0.1 007 L4 393 —11 2E4 15 249 287 330 3012

continued on next page



C. Angulo et al./Nuclear Physics A 656 (1999) 3-183 143
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0.11 0.49 7.64 252 -11 2E-4 1.75 6.98 793 8.96 3 1.4
0.12 0.24 3.80 13.0 —-10 2E-4 2 1.60 1.81 2.03 4 1.6
0.13 0.09 1.48 5.29 -9 1E4 25 556 625 6.95 4 1.8
0.14 0.29 474 17.7 -9 1E-4 3 1.34 1.50 1.67 5 1.9
0.15 0.08 1.30 5.05 -8 1E-4 35 2.57 2.89 321 5 1.9
016  0.19 3.14 12.6 -8 1E-4 4 423 476 5.30 5 1.9
0.18 0.12 1.41 5.89 -7 1E-4 5 8.59 9.69 10.8 5 1.6
0.2 1.08 545 213 -7 1E-4 6 1.37 1.55 1.73 6 1.3
0.25 1.65 246 4.66 -5 6E-4 7 2.52 2.90 328 6 1.4
0.3 5.39 7.03 10.2 —4 4E-3 8 410 4.82 5.53 6 1.5
0.35 6.44 8.24 11.4 -3 0.02 9 6.14 7.33 8.52 6 1.5
0.4 4.10 5.22 7.10 -2 0.05 10 0.86 1.04 1.23 7 1.4
Ty low adopt high exp ratio Ty low adopt high exp ratio

Reaction: ¥’ Al(a,n)*"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 < Ty < 1 range, our

1 10 Ty
1E+10 —
: o7 30 x ST64
Al(a,n)™P +FL78
= F ASA78
! r O HO86
% 1E+8
3 F o
§ £ Iy & o2 A
Q [ A
8 1E+6 ¢ A
T E By
[¢2] s,
A
F A
1E+4 L T — 1 "
5 10 15 20
E (MeV)
Ty low adopt high exp ratio Ty low adopt high exp ratio
0.45 0.79 1.34 1.89 —25 0.5 2.5 3.68 392 4.16 0 1.0
0.5 0.74 1.20 1.66 —22 0.5 3 4.68 4.98 5.27 1 1.0
0.6 2.25 337 4.50 —18 0.6 3.5 3.07 327 347 2 1.1
0.7 3.88 5.41 6.94 —15 0.6 4 1.31 1.40 1.50 3 1.1
0.8 1.11 1.46 1.81 —12 0.7 5 1.09 1.18 1.27 4 1.2
0.9 0.97 1.21 1.45 —10 0.7 6 481 5.29 5.76 4 1.3
1 3.59 433 5.07 -9 0.8 7 1.46 1.62 1.78 5 1.4
1.25 2.75 3.14 3.52 —6 0.9 8 347 3.89 4.32 5 1.5
1.5 2.60 2.88 3.16 -4 0.9 9 6.96 7.88 8.80 5 1.6
1.75 7.26 7.90 8.54 -3 0.9 10 1.24 1.41 1.58 6 1.6
2 0.93 1.00 1.07 -1 1.0
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rates are 20 to 60% smaller than the CA88 ones. Our thermalization effects are a factor
re = 1.10 — 1.19 for To = 4 to 10 (CAS8S8 adopt ry = 1 at all temperatures).

Reaction: 2Si(p,y)*’P

Parameters for the resonances at 357 < E, < 2778 keV are obtained from NEG60,
OK60b, VA61, EJ64, EN66, BE70, ZU71, BA73b, BY74, AL75b, R179, 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 Ty = 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) JT

wy (meV)

BY74 RI79

GR90

others

adopt

357+4 5/2* 1.3+£03 27+£0.2

698.9+0.7 7/27 021+£0.08

13326 £ 0.5 7/2°F 30£6 43 +4

1595 £ 0.7 3/27 2500 1400 4200 £ 340

1894 + 1
20124+ 13 1/27 410+ 60 440 + 70

2069+ 15 5/2%  220£50
2545 +2  7/2t 50410
2779 £ 10 1727

2994+2  7/2

1.7+04

0.15+0.03

29£5

2500 4 400

440 £ 70

2500 £ 400

2.3+ 0.3 JOK60b]
23+0.4 [VA6l1]
1.6 £ 0.2 [EN66]
< 2 [VA61]
0.34 £ 0.06 [ZU71]
< 0.23 [BAT73]
0.12 £ 0.04 [AL75b]
7.7+ 4* [Elo4]
13.5 £ 3* [ZU71]
3400 £ 700 [NEG6O]
3600 + 800 [VA61]
4000 £ 1000 [EJ64]
3100 £ 500 [ TE79]
3600 £ 800 | KI8S|
0.45 £ 0.13 [NE60}
430 £ 200 [NE60]
420 £ 80 [VAS61]
320 &+ 100 [EJ64]
530 £ 100 [TE79]
540 + 200 [KI85]
130 £ 50 [KA75]
320 + 100 [KAT75]
< 2000 [EJ64]
2700 £ 1700 [TE79]
3100 =+ 400 [KIB5]
460 = 70 [EJ64]

20+02

0.17 £ 0.04

363128

3300 £ 270

0.45+0.13
430 £+ 30

180 £ 50
50+ 10
2800 £ 300

460 £ 70

I

£

TZR

* disregarded
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Ty low adopt high exp ratio Ty low adopt high exp ratio
0.03 3.02 5.97 11.9 =25 8.1 0.5 2.09 235 2.62 -1 1.0
0.04 3.34 6.61 13.1 22 9.0 0.6 6.36 7.14 794 -1 1.0
0.05 4.86 9.63 19.1 -20 10 0.7 1.36 1.52 1.69 0 1.0
0.06 2.16 4.29 8.52 —18 11 0.8 234 2.62 291 0 1.0
0.07 448 8.87 17.6 -17 12 0.9 3.51 3.92 4.35 0 1.0
0.08 0.55 1.08 2.14 —15 13 1 4.77 533 592 0 1.0
009 459 9.01 17.8 —15 12 125 7.99 8.97 10.0 0 1.0
0.1 3.56 6.44 12.0 —14 4.6 1.5 1.14 1.29 1.48 1 09
0.11 4.40 6.33 9.66 —13 1.6 1.75 1.61 1.87 2.21 1 0.8
0.12 6.82 8.55 11.0 —12 1.1 2 2417 293 3.58 1 0.7
0.13 8.21 9.88 11.9 —11 1.0 25 6.43 7.86 10.1 I 0.6
0.14 7.13 8.45 9.96 —10 1.0 3 1.48 1.85 2.46 2 0.6
0.15 4.64 5.46 6.38 -9 0.9 35 1.98 2.75 4.01 2 0.5
0.16 239 2.79 3.24 -8 0.9 4 2.51 3.82 5.98 2 0.4
0.18 3.60 4.18 4.82 -7 0.9 5 3.64 6.51 11.2 2 0.4
0.2 3.10 3.59 4.11 —6 0.9 6 4.82 9.92 18.3 2 0.4
0.25 1.43 1.64 1.86 —4 0.9 7 0.60 1.41 2.73 3 0.5
0.3 1.74 1.98 224 -3 0.9 8 0.73 1.90 3.83 3 0.6
0.35 1.00 1.14 1.28 -2 0.9 9 0.86 248 5.14 3 0.7
0.4 3.64 4.11 4.60 -2 1.0 10 1.01 3.16 6.70 3 0.8
0.45 0.97 1.09 1.22 -1 0.9
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Table 3. Analytical approximations of the reaction rates

"H(p,vet)’H, Q = 1.442 MeV, (3%)

Na{ou)es = 4.08 x 107157, exp(~3.3817;'/3)

X (1+3.82T5 + L5173 + 0.144T5 — 1.14 x 1072T3%)
NA<0-U>H:NA<O-U>gS

ZH(p,y)*He, Q = 5.493 MeV, (3%)

For To < 0.11:  Na{ov)g=1.81 x 10Ty, 7 *exp(—3.7217; /%)
x (1 + 14.3Ty — 90.5T2 + 395T3)

For Ty > 0.11:  Na{ow)g =2.58 x 10°Ty > exp(—3.721T; '/*)
x (1 +3.96Ty + 0.116T;)

Na(ov)e=Na(ov)gs
32

Rev. ratio = 1.630 x 10'°T,’* exp( —63.749/Ty)

H(d,y)*He, O = 23.847 MeV, (3%)

Na(ov)g =42.1T, 2 exp(—4.259T; ')
X (14 0.514Ty + 0.33977 — 1.18 x 107%73)
Na(ov)e=Na{ov)es
Rev. ratio =4.488 x 10'°T;/% exp(—276.73/T5)

2H(d,n)’He, O = 3.269 MeV, (4%)

Nalov)gs =4.67 x 1087, 2 exp(—4.2597; /%)

x (14 1.079Ty — 0.1124T¢ + 5.68 x 107°T3)
Na{ov)y=Nalov)gs
Rev. ratio=1.730 exp( —37.935/T5)

2H(d,p)°H, Q =4.033 MeV, (5%)

Na(ov)gs =4.66 x 108T; % exp(—4.259T; /%)

x (14 0.759T5 — 0.0612T; + 2.78 x 107°T3)
Na{ov)y= Nalov)es
Rev. ratio = 1.732 exp(—46.797/Ty)
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2H(a, y)°Li, Q = 1.474 MeV, (4%)

Na(o0)gs = 14.82T5 22 exp(—7.435T, ') (1 + 6.572T5 + 0.076T2 + 0.024872)
+82.8T, % exp(—7.904 /Ts)
Na{ov)u=Na(ov)gs

Rev. ratio=1.531 x 10'°7>/? exp(—17.108 /Ty)

*H(d,n)*He, Q = 17.589 MeV, (8%)

Na(0v)gs =8.29 x 1017523 exp(—4.524T; ' — (T5/0.08)%)
x (14 17.2T + 175T2) + 8.12 x 108T; %72 exp(—0.506/T)
Na(ov)u=Na(ov)gs
Rev. ratio=5.506 exp(—204.12/Ty)

‘H(a, v)'Li, Q = 2.467 MeV, (5%)

Na(ov)gs =8.20 x 10°T; /* exp(—8.0817; %)
x (1 —0.389Ty + 0.134T2 — 1.81 x 107273 +9.23 x 107*Ty)
Na(ov)u=Na(ov)gs
Rev. ratio=1.113 x 10'°T/ exp(—28.629/Ty)

3He(*He,2p)*He, Q = 12.859 MeV, (2%)

Na(o0)g =5.59 x 1097, exp(—12.27775 ')

x (1 —0.135Ty +2.54 x 107272 — 1.29 x 107373)
NA(O'U>“=NA<0'U>gS
—-3/2

Rev. ratio=3.392 x 10717, % exp(—149.23/Ty)

‘He(a, y)'Be, Q = 1.587 MeV, (6%)

Na{ov)gs =546 x 10°T, 73 exp(—12.8277; /%)
x (1 —0.307Ty + 8.81 x 10727 ~ 1.06 x 107275 + 4.46 x 107*T3)
Na{ov)a=Na{ov)gs
Rev. ratio= 1.113 x 10'°T2" exp(—18.412/Ty)
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‘He(an,y)’Be'!, Q0 = 1.573 MeV, (19%)

-2 —1/3

Naloo)ae =243 x 10°T,  exp(—13.490 Ty — (T3/0.15)%) x (1 +74.5 Ty)

+6.09 x 105 2 exp(—1.054/Ty)

For Ty < 0.03: Ni(ov)e&" = Nalov)a x 6.69 x 107"
x (1 — 192Ty 4 2.48 x 10°T; — 1.50 x 10°T3
+4.13 x 10'Ty — 3.90 x 10%73)

an = Nalov)es x 242 x 1077 x (1 - 1.52log;y Ty

For Ty > 0.03: N3 alov)gs
+0.448(log,, To)? + 0.435(log, To)>)

Na{ov)y = Na{ov)gs
Rev. ratio = 5.844 x 10'9T3 exp(—18.258/T5)

‘He(aa,v)'2C, Q =7.274 MeV, (23%)

Na{o0)2B =276 x 10'Ty > exp(~23.5707; '/°

—(T5/0.4)%) x (1 +5.47T5 + 326T92)

1130775 2 exp(—3.338/To) +2.51 x 10°T; /2

exp(—20.307/Ty)
For Ty < 0.03 : Ni(m))gj"’ = Na(ov)g X NA(av)g:Be

x3.07 x 1071 x (1 — 29.1Ty + 130872)
For Ty > 0.03:  Nj(ov)gr® = Na{ov)g X NA(crv)g:Be

x3.44 x 10719 % (1 +0.01587, %%)

Na(ov)e= Na(ov)gs
Rev. ratio = 2.003 x 10%°T3 exp(—84.415/T5)

Li(p,y)'Be, Q = 5.606 MeV, (7%)
Na(ov)gs = 1.25 x 10T, exp(—8.415T; /)
x (1 —0.252Ts + 5.19 x 107272 — 2.92 x 107°T3)
Na{ov)y = Na{ov)s
Rev. ratio=1.187 x 1010T93/2 exp(—65.052/Ty)

"' The rate Na {ov)ge has no physical meaning but is convenient for the definitions of Na{ov)**" and
Na ooy,
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SLi(p,a)’He, Q = 4.019 MeV, (2%)

Nalov)gs =3.54 x 100752 exp(—8.415T; /%)

X (1 —0.137T9 +2.41 x 107272 — 1.28 x 107°T3)
Nalov)= Nalov)gs
Rev. ratio = 1.067 exp(—46.641/Ty)

"Li(p,y)®Be, Q = 17.255 MeV, (11%)

Na(ov)g =175 x 10'T; 27 exp(—8.473T; ' — (T,/0.8)2)
(1 — LATTy + 4.43T2) + 1.60 x 10°T; /% exp(~4.441/T5)
+4.32 x 10793 exp(—2.811/Tp)

Na(ov)u=Na(ov)es

Rev. ratio=6.531 x 10'°T2/% exp(—200.23/T)

"Li(p,@)*He, Q = 17.347 MeV, (6%)

Na{ow)gs =7.20 x 10°T; > exp(—8.473T,'* — (T5/6.5)%)
x (1 + 1.05Ty — 0.653T¢ + 0.185T;
=212 x 107275 +9.30 x 107*73)
49.85 x 1057876 exp(—10.415/Ty)
Nalov)a=Nalov)gs
Rev. ratio = 4.676 exp(—201.30/Ts)

Li(a,y)"'B, Q = 8.664 MeV, (17%)

2/3 -1/3

Na{ov)gs=9.72 x 10'Ty " exp(—19.163Ty /° — (T5/0.4)?)
X (1 + 2.84Ty — 7.89T2) +3.35 x 10°T, */? exp(—2.959/Ts)
+1.04 x 10T, %9 exp(—4.922/T5)

Na{ov)a= Na{ov)gs

Rev. ratio=4.015 x 10'°T,/2 exp(~100.55/Ty)
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7Li(a,n)loB, Q =—-2.790 MeV, (5%)

Na(ov)gs = 1.66 x 107 exp(—32.371/T) x (1 + 1.064Ty)
Na(ov)y=Na{ov)g
Rev. ratio=1.325exp(32.371/T5)

"Be(p,y)®B, Q = 0.137 MeV, (3%)

Na{ov)gs =2.61 x 10°T, 2 exp(—10.264T; /)
X (1 —5.11x 1072Ty +4.68 x 107 — 6.60 x 107373
3,12 x 107T3) +2.05 x 10°T, Y2 exp(—7.345/T)
Na{ov)e=Na{ov)gs

Rev. ratio=1.306 x 10'°T;/? exp(—1.594/T)

"Be(ar,y)''C, O =7.544 MeV, (17%)

—1/3

For To <2: Na{ow)e =129 x 107, exp(—23.2147, ' — (1,/0.8)%)

x (1 —6.47Ty + 19.5 T} — 19.3T3)
+1.25 x 10°T; Y2 exp(~6.498 /Ty)
+1.44 x 10T, exp(—10.177/Ty)
+1.63 x 10°T0 ™ exp(—15.281/T5)
ForTo >2: Na{ov)gs=1.41 x 10°T2*® exp(—3.015/T5)

Na(ovyy = Na{ov)gs
Rev. ratio=4.016 x 10'°7;/* exp(—87.541/To)

Be(p,y)'°B, Q = 6.586 MeV, (7%)

Nalov)g =136 x 10T, 7 exp(—~10.361T; '/* — (T5/1.5)?)

x (1 +2.71Ty — 1.95T§ + 0.594T5)
+4.80 x 10°T; ¥ exp(—3.102/Ty)
+2.75 x 10°T; " exp(—10.615/Ts)
Na{ov)y=Na(ov)g
3/2

Rev. ratio=9.734 x 10°T,’* exp(—76.424/T5)
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Be(p,n)°B, O = —1.851 MeV, (4%)

Na{o)gs =5.06 x 107 exp(—21.474/T) x (1 + 1.26Ty — 0.030275)
Na{ov)y=Na(ovU)gs
Rev. ratio=9.989 x 107! exp(21.474/Ty)

‘Be(p,d)2a, Q = 0.651 MeV, (8%)

Na{ov)gs =218 x 10Ty 3 exp(~10.361T; ' — (T5/0.42)?)
% (1 — 0.427Ty + 34.055T2) + 6.24 x 108T; /> exp(—3.446/Ty)
+3.53 x 107,92 exp(—3.889/T5)

Na(ov)u = Na{ov)gs

Rev. ratio=8.071 x ]0‘“T9_3/2 exp(—7.556/Ty)

9Be(p,a)°Li, Q = 2.125 MeV, (9%)

Na{ov)gs =2.11 x 1075 exp(—10.3617; " - (1,/0.4)%)
(1 — 0.189T + 35.2T2) + 5.24 x 1087, /? exp(—3.446/To)
+4.65 x 10°T; %2 exp(—4.396/T5)
Na{ov)n=Na(ov)gs
Rev. ratio=6.177 x 107" exp(—24.663/T5)

‘Be(a,n)'2C, Q = 5.701 MeV, (10%)

Na(ov)gs =5.00 x 1037523 exp(—23.872T; ' — (T5/0.154)%)
x (14 27.3Ty + 16327T%)
+0.70T; */* exp(—1.832/Ty)
+1.77 x 10°T; >/ exp(—4.385/Tp)
+4.12 x 107725 exp(—10.060/Ty)
Na{ov)y = Na{(oU)gs
Rev. ratio = 10.28 exp(—66.158/Ty)

1°B(p,y)!'C, O = 8.689 MeV, (13%)

Na{ov)gs = 1.68 x 10°T; > exp(~12.064T, /%)
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X (T2 = 0.0273)2 +4.69 x 1074)~!

X (14 0.977Ty + 1.87T5 — 0.272T; + 1.30 x 1072T3)
Na{ov)=Na{ov)gs
Rev. ratio=3.026 x 10'°7;2 exp(—100.83/75)

10B(p,a)’Be, O = 1.145 MeV, (8%)

For To < 0.8  Na(ow)g =2.56 x 10T, exp(—12.064T,; /%)
X (T = 0.026)% + 470 x 107%) !
x (1 + 5.95T + 29.2T¢ — 31673 + 914T;
~1085T; + 465T¢)

For Ty > 0.8:  Na(ow)g = 1.01 x 1017, 7> exp(~12.064T; /%)

X (—1 -+ 15.8Ty — 2.60T + 0.125T3)

Na(oU)y=Na{ov)gs

Rev. ratio=7.537 x 107" exp(—13.291/Ty)

UB(p,y)12C, O = 15.957 MeV, (5%)

Nal(ov)es =4.58 x 107T; 7 exp(—12.097T, ' — (T5/0.6)?)
x (1 4 0.353T, + 0.842T2) + 6.82 x 10°T, /> exp(—1.738/Ty)
+2.80 x 10°T5"% exp(—3.892/Ty)

Na{ov)n = Na(0U)gs

372

Rev. ratio=7.004 x IOIOTQ; exp(—185.17/Ty)

B(p,m)!!C, O = —2.765 MeV, (4%)

Nalov)gs =1.36 x 10® exp(—32.085/Ts)
x (14 0.963Ty — 0.285T7 + 3.36 x 10T — 1.37 x 107°T§)
Na(ov)y = Na{ov)gs
Rev. ratio=9.988 x 107" exp(32.085/Ty)

"B(p,a)2a, O = 8.682 MeV, (3%)

For Ty <2:  Na{ov)g =2.68 x 10T, exp(~12.0977, /%)
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X (1 + 1.62Ty — 1.31T% + 0.260T5)
+2.12 x 10°T; % exp(—1.724/T)

ForTy>2: Na(ow)e=5.84 x 10Ty exp(—~12.0077; /%)
x (T2 = 1.47)? 4 0.187) !

x(—1 4 0.883Ty + 0.012T2)

Na{oV)y = Na{OU)gs
Rev. ratio=3.501 x 10797, exp(—100.76/Ty)

2C(p,y)"°N, Q = 1.943 MeV, (6%)

Na{ov)gs =2.00 x 10'T; > exp(—13.692T,; '/* — (T5/0.46)%)
X (1+9.89Ty — 59.8T¢ + 266T;)
+1.00 x 10575 % exp(—4.913/Ty)
+4.24 x 10°T; % exp(—21.62/T)
Na{ov)y=Na{ov)gs

Rev. ratio =8.847 x 10°T3/% exp(—22.553/Ty)

12C(a,y)'%0, Q = 7.162 MeV, (17%)

Na{ov)gs = Na{ov)el + Na{ov)g + Na{OU)res

Na(o)e; =6.66 x 107T; 2 exp(—32.123T; '* — (Ty/4.6)?)
x (14 2.54Ty + 1.04T2 — 0.226T5)
+1.39 x 10°T; /% exp(—28.930/Ty)

Na(ov)es =6.56 x 107T; 2exp(—32.123T; '* — (T5/1.3)?)
x (149.23Ty — 13.7T% + 7.4T3)

Na{0U)ges = 19.2T5 exp(—26.9/Ty)

Na{ov)y = Na(OV)gs

Rev. ratio=5.132 x 10'°T;/% exp(—83.109/Ty)

BC(p,y)'*N, Q = 7.551 MeV, (20%)

Nalov) g =9.57 x 107T; /% (1 4 3.56Ty) exp(—13.7207; /3

+1.50 x 1087, /% exp(—5.930/To)

)
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+6.83 x 10°T; %8 exp(—~12.057/Ty)
Na{ov)u=Na(ov)g x (1 —2.070exp(—37.938/Ty))
Rev. ratio=1.190 x 10'°7;/? exp(—87.619/T5)

BC(p,n)"N, 0 = —3.003 MeV, (14%)

Na{ov)gs =1.18 x 10% exp(—34.846/T;)
x (1+0.336Ty — 3.79 x 107272 +2.02 x 107°73)
Nalov)e=Na(ov)gs x (1+ 1.131 exp(—12.892/T + 0.019Ty))
Rev. ratio=9.988 x 107" exp(34.846/T5)

13C(a,n)'%0, Q = 2.216 MeV, (9%)

For Ty <4.0: Na(ow)e=3.78 x 10T, 2 exp(—32.3331; /°

X (14 46.8Ty — 2927, + 7387T;)
+2.30 x 10"T9* exp(—13.03/T5)
For Ty > 4.0:  Na(ov)g=7.59 x 107398 exp(~12.056/T5)

~(Tp/0.71)%)

Na(ov)e = Na(ovhg x (1 +73.318 exp(—58.176/Ts — 0.198T5))
Rev. ratio=15.793 exp(—25.710/Ts)

3N(p,y) 40, Q = 4.628 MeV, (7%)
Na(ov)gs =4.02 x 107T; % exp(—15.205T; ' — (75/0.54)?)
x (14 3.81Ty + 18.6T7 + 32.3T3)
+3.25 x 10°T; ' exp(~5.926/Ty)
Na{ov)y=Na{ov)gs

Rev. ratio=3.571 x 10'°T.% exp(—53.705/Ts)

N(p,y)'50, Q = 7.297 MeV, (10%)
Na(ov)es =4.83 x 107y exp(—15.231T; ' — (15/0.8)?%)
x (1 —2.00T; + 3.4177 — 2.437T)
+2.36 x 10°T, */? exp(—3.010/Ty)
+6.72 x 103798 exp(—9.530/Ty)
Na(ov)y = Na{ov)g

Rev. ratio=2.699 x 10'°7;/% exp(—84.677/Ty)
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4N(p,n)'*0, Q = —5.925 MeV, (2%)

Na{ov)gs =6.40 x 10° exp(—~68.761/Ty) x (—1 + 8.74Ty — 0.431T3)
Na{ovU)uw=Na(ov)g X (1 + 1.206exp(0.007 /Ty + 0.046T5))
Rev. ratio=2.996 exp(68.761/T5)

4N(p,@)!!C, Q = —2.923 MeV, (19%)

Na(ov)g=3.01 x 10" exp(—31.884T,; ' — 33.920/Ty)
x exp(—1.379Ty + 0.21572 — 2.13 x 107273 + 8.00 x 107*Ty)
Na{ov)u=Na(ov)g x (1 +0.140exp(—0.275/T; ~ 0.210T5) )
Rev. ratio =2.719 x 107" exp(33.920/T5)

1YN(a,y)'8F, Q = 4.415 MeV, (5%)
For Ty <2: Na(ow)g=7.93x 10Ty exp(—36.035T; '/ — (T5/0.07)%)
+1.85 x 107197, exp(~2.750/Ty)
+2.62T; > exp(—5.045/Ty)
+2.93 x 10°T9** exp(—10.561/Ty)

For Ty >2: Na{ov)g=1.52x 10°T3 %" exp(—6.315/Tp)

Na(ov)e=Na(ov)gs x (1 —0.340exp(—26.885/Ty — 0.01275))
Rev. ratio=5.420 x 10T/ exp(~51.231/Ty)

14N(a,n)'’F, Q = —4.735 MeV, (8%)

Na{ov)gs=1.38 x 10878 exp(—55.0/To)
Na{ov)a=Na{ov)g x (1 +0.039exp(—0.012/T5 + 0.217T5))
Rev. ratio = 1.478 exp(54.943/Ts)

BN(p,y)'00, Q = 12.127 MeV, (15%)

For To < 3.5: Na(ov)g =1.08 x 10Ty % exp(—15.254T; '/*

—(Ty/0.34)%) x (14 6.15Ty + 16.4T3)

+9.23 x 10°T; > exp(—3.597/Ty)

+3.27 x 10875 exp(—11.024/Ty)

For Ty > 3.5: Na(00)gs =3.54 x 10°T5% exp(—2.306/T»)
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Nalov)y=Na{ov)g

Rev. ratio =3.622 x 10'°7,"% exp(—140.73/Ty)

SN(p,n)'30, Q = —3.536 MeV, (4%)

Na{ov)gs=1.16 x 10%exp(—41.037/Ty)
x (14 0.219Ty — 0.02972 + 1.73 x 107T3)
Na{ov)u=Nalov)gs x (14 0.387exp(—26.171/Ty + 0.11875))
Rev. ratio =9.988 x 107! exp(41.037/Ty)

BN(p,a)'*C, Q = 4.966 MeV, (13%)

For To €2.5: Na(ow)gs=1.12 x 1027, exp(—15.2537; '3
—(T5/0.28)%) x (1 4+ 4.95Ty + 143T3)
FLO1 x 10872 exp( —3.643/T)
+1.19 x 10°T, 2 exp(—7.406/Ty)

For To > 2.5:  Na{ov)g=4.17 x 10'T8"7 exp(—3.292/T5)

Na{ov)u=Na{ouv)
Rev. ratio=7.060 x 10~ exp(—57.622/T5)

I5SN(a, 7)'°F, Q = 4.014 MeV, (13%)

Nalowhg =1.10 x 10173 exp(—36.214T; ' — (T5/0.6)?)
1,65 x 10747, exp(—4.224/Ty)
+2.66Ty > exp(—6.220/Ty) + 1.56 x 10°T, ¥/ exp(—7.764/Ty)

+3.92 x 10*T, % exp(—14.522/Ty)
Na{oU)u = Na{ov)gs
Rev. ratio =5.542 x 10'°T;% exp(—46.577/Ts)

5O(p,y)’F, Q = 0.600 MeV, (10%)

Na(ov)gs =7.37 x 107 exp(—16.696T; '/*) x 7,082
Na{ov)e=Na(ov)gs x (14202 exp(—70.348/Ty — 0.161T5))
Rev. ratio =3.037 x 10°T;/% exp(—6.966,/Ts)
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160(ar,y)?°Ne, Q = 4.730 MeV, (3%)

Na(ov)gs =2.68 x 10°T; 2 exp(—39.760T; > — (T5/1.6)?)
51T % exp(~10.32/Ty) + 616,175 exp(—12.200/T)
+0.41T2%% exp(—11.900/T5)

Na{ovhy = Na(ov)gs

Rev. ratio=5.653 x 10'°7./% exp(—54.886/Ts)

170(p,y)'8F, Q = 5.606 MeV, (10%)

For Ty <3: Na(ow)e=1.50x 10875 % exp(—16.710T; ' — (T5/0.2)%)
+9.79 x 10757, 2 exp(—0.7659/T)
+4.15T, % exp(—2.083/Ty)
+7.74 x 10°T4'® exp(—6.342/T5)

For To > 3: Na(ov)gs=1.74 x 10°T3"® exp(—1.072/Ty)

Na(o0)y = Na{ov)gs x (1 —0.287 exp(—10.011/Ty — 0.062T) )
Rev. ratio=3.663 x 10]0T;’/2 exp( —65.060/Ty)

70(p,a)'*N, Q = 1.192 MeV, (11%)

For Ty <6: Na(ow)e=9.20 x 1087y exp(—16.715T; ' — (T5,/0.06)%)
x (1 — 80.31Ty + 22117%)
+9.13 x 10747, /? exp(—0.7667 /T)
+9.68T; >/* exp(—2.083 /Ty)
+8.13 x 1087, exp(—5.685 /Ty)
+1.85 x 1075 exp(—4.848 /Ts)
For To > 6: Na(ov)gs=8.73 x 10875 exp(—7.508/Ty)

Na(ov)y = Na(ow)gs x (1 +1.033exp(—10.034/Ty — 0.165T5))
Rev. ratio =6.759 x 107! exp(—13.829/Ty)
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170(a,n)®Ne, Q = 0.586 MeV, (6%)

Na(ov)g =438 x 10775 %3 exp(—39.9187, 7 — (Ty/1.1)2)
+1.73 x 10°T; ¥ ? exp(—8.55/T) + 7.50 x 10°T%3 exp(—13.8/Ty)

NA<0'U>[[ = NA (UU>gS
Rev. ratio = 18.59 exp(—6.806/T5)

180(p,y)'°F, O = 7.994 MeV, (15%)

For Ty <2: Na{ov)gs =459 x 10T, * exp(—16.732T, ' — (1,/0.15)%)
x (1 —9.02Ty + 506T; — 2400T;)
+9.91 x 10777, exp(~0.232 /Ty)
+3.30 x 10737, ¥ exp(—1.033 /Tv)
+1.61 x 10°T; " exp(—1.665 /Ty)
+1.25 x 10°T9*® exp(—5.297 /Ty)
For Ty >2: Na(ov)g =1.38 x 10*T9% exp(—5.919/T5)

Na(ov)e = Na(ov)g x (1 — 0.475 exp(—15.513/T, — 0.102T))
Rev. ratio=9.201 x 10°T/% exp(—92.769/Ty)

180(p,a)">N, Q = 3.981 MeV, (10%)
11—2/3 ~1/3 2
Na(ov)gs =5.58 x 10Ty P exp(—16.732T, ' — (T5,/0.51)%)
X (14 32T +21.8T2) +9.91 x 107 T, exp(—0.232 /Ty)

+2.58 x 10°T, % exp(—1.665 /Ty)

+3.24 x 1087, B exp(—6.395/Ty)
Na(ov)u=Na(ov)g x (1 — 1.968 exp(—25.673/T; — 0.08375))
Rev. ratio = 1.660 x 107" exp(—46.192/T5)

180(a, 7)2Ne, Q = 9.667 MeV, (19%)

For Ty < 6: Na(ow)g=195x 10737, exp(~2.069/Ty)
+1.56 x 1072,/ * exp(—4.462/Ty)
+10.17, Y exp(—6.391/Ty)
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+44.1T; % exp(—7.389/Ty)
+3.44 x 10°T; %% exp(—22.103/Ty)
For Ty > 6: Na(ov)g =3.31 x 10°T; %% exp(—24.990/Ty)

Na{ov)y = Na(ov)gs x (1 — 1.411exp(—20.533 /Ty — 0.038T5))
Rev. ratio =5.847 x 10'°T/? exp(~112.18/Ty)

180(a,n)*'Ne, 0 = —0.697 MeV, (12%)

Na(ov)gs =49.1exp(—8.085/Ty) x (—1+ 18.7T; — 85.6T; + 146.8T;)
+6.94 x 10°T2* exp(—15.444 /Ty)
Na(ov)y=Na(ov)g x (1 + 0.427 exp(—22.836/T, — 0.009T5) )
Rev. ratio="7.845 x 107" exp(8.085/Ty)

""F(p,y)*°Ne, Q = 12.843 MeV, (11%)

For Ty < 1.5:  Na(ow)g =637 x 10Ty ¥ exp(—18.116T; /%)

x (1 +0.775Ts + 36.1T2)

+8.27 x 10°T; ¥ exp(—3.752/Ty)

+1.28 x 10°T; %7 exp(—9.120/T5)
For To > 1.5:  Na(ov)e =3.66 x 10°T9 exp(—2.245/Ty)

Na{ovhe = Na{ov)gs x (1 —0.990exp(—1.207/T, — 0.0886Ty))

Rev. ratio=3.696 x 107/ exp(~149.04/Ty)

19F(p,n)'°Ne, Q = —4.021 MeV, (7%)

Na{ov)es =4.42 x 107 exp(—46.659/T)
x (1 4 1.19Ty — 0.1507¢ + 6.68 x 107T3)
Na{ov)u=Na{ov)es x (1.536 + 2.848 x exp(—0.0331/Ty — 0.943T3))
Rev. ratio=9.988 x 10! exp(46.659/T5)

I9F(p,a)'%0, Q = 8.114 MeV, (18%)

Na(ov)gs =2.62 x 10" Ty, % exp(—18.116T, " — (Ty/0.185)?2)

X (1 +6.26 x 1072Ty + 0.285T2 + 4.94 x 107°T; + 11.5T3
+7.40 x 10°TS) + 3.80 x 10°T; */% exp(—3.752/Ts)
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+3.27 x 10T, %1 exp(—6.587/Ty)
+7.30 x 1087, 0% exp(—16.249/Ty)
Na{ov)u=Na(ov)g x (1 4+0.755exp(—1.755 /Ty — 0.174Ty) )
Rev. ratio=6.538 x 107" exp(—94.154/Ty)

'Ne(p,¥)*'Na, Q0 =2.431 MeV, (12%)
Na{op) g =2.35 x 10T, # exp(—19.4517, %)
(14 10.80Ty) + 18.0T; /% exp(—4.247/Ty)
+9.83T, % exp(—4.619/Ty) + 6.76 x 10°T; % exp(—11.922/Ty)
Nalovhe = Na(ov)g x (1 —7.929 exp(—20.108/Ty — 0.327Ty))

Rev. ratio=4.637 x 10°T,/? exp(—~28.214/Ty)

ONe(p,a)''F, Q = —4.130 MeV, (6%)

Na(ov)es =3.75 x 1087, exp(—43.180T; '/ — 47.920/T)

x exp(—1.40 x 1073Ty + 3.44 x 107275 — 0.278T7 + 0.354T5)
Na{ov)y=Na(ov)gs x (5.341 — 0.549T; + 0.3637;
—0.06037T; 4 2.90 x 107°T3)
Rev. ratio=5.372 x 102 exp(47.920/Ty)

ONe(a,y)* Mg, Q =9.316 MeV, (12%)

For Ty < 1:  Na{ov)gs =8.72T9'0'532 exp(—8.995/Ty)
For Ty > 1:  Na{ov)g=3.74 x 10°T5** exp(—12.681/Ty)

Na{owhy = Nalov)g x (1 —7.787 exp(—19.821/Ty — 0.114Ty))

Rev. ratio=6.010 x 10'°7; exp(—108.11/Ty)

2INe(p,y)*Na, O = 6.739 MeV, (5%)

For Ty < 2:  Na(ov)g =4.68 x 108T, 2 exp(—19.465T, '* — (1,/0.2)%)

+8.18 x 10T, exp(~1.085/T)
+6.117,? exp(—1.399/T)

+1.34 x 10°T, /% exp(—3.009/Ty)
+1.26 x 10°T; 18 exp(~4.962/T5)

For Ty > 2: Na(ov)g =3.04 x 10*754 exp(—2.650/T5)
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Na{ov)y = Na{ov)gs x (1 —0.708 exp(—3.851/T, — 0.156Ty))
Rev. ratio = 1.064 x 10'°7./% exp(—78.205/Ts)

2INe(a,n)**Mg, Q = 2.555 MeV, (7%)

For Ty <2.5: Na(ow)e=1.00x 10T, 7 exp(—46.880T, '/ — (Ty/1.5)%)

x (1= 0.15Ty) +7.00 x 10°T, > exp(—16.9/Ty)
+3.7 x 10°7) ! exp(—20.20/Ty)
For To > 2.5: Na(00)gs=7.50 x 106735 exp(—21.764/Ty)

Na(ov)u=Na(ov)gs
Rev. ratio = 12.94 exp(—29.651/Ty)

2Ne(p,y)>Na, Q = 8.794 MeV, (12%)

For To <2:  Na(owv)g =111 x 107°T; % exp(—0.422/Ty)

+6.83 x 1077, exp(—0.810/Ty)
+9.76 x 107°T, /% exp(—1.187/Ty)
+1.06 x 1077, exp(—1.775/Ty)
+8.51 x 10*797% exp(—4.315/Ty)

For Ty > 2: Np{ov)g =6.30 x 10*T98C exp(—3.910/T5)

Na{ovya=Na(ov)g x (1 — 1.410exp(—14.651/Ty — 0.0207))
Rev. ratio=4.668 x 10°T;? exp(—102.05/Ts)

2Ne(a,y)**Mg, O = 10.615 MeV, (22%)

For To € 1.25:  Na(ow)gs =3.55 x 1079T; 2 exp(—3.927/T5)
+7.07 x 1077, 1% exp(—~7.759/To)
+1.27 x 107375 25% exp(~6.555/Tp)

For To > 1.25:  Na(ov)g = 1.76T5>? exp(—12.412/Ty)

Na(ov)e = Na(ov)gs x (1 —0.005 exp(—5.109/T + 0.373T5))

Rev. ratio=6.150 x 10'°7;/% exp(~123.18/T)
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2Ne(a,n)* Mg, Q = —0.478 MeV, (4%)

For Ty <2: Na(ow)e =7.40exp(=7.79/Ty) + 1.30 x 107*75"% exp(—5.52/Ts)
+9.41 x 10’3 exp(—11.7/Ty)
+8.59 x 1087932 exp(—24.4/Ty)

For To > 2: Na(ov)g = 1.51 x 10°TZ¥ exp(—16.717/Ty)

Na(ovye=Na{ov)g x (1 +2.674exp(—15.025/Ty - 0.321Ty))
Rev. ratio =5.440 x 107" exp(5.547/Ts)

2Na(p,y)>Mg, Q = 7.579 MeV, (11%)

For To < 11 Na(ow)g=1.12 x 107197, exp(—0.483/Ty)
+4.51 x 10777, exp(—0.715/Ty)
+2.80 x 1027, exp(—2.369/Ty)
+4.15 x 10379152 exp(—2.775/T5)

For Ty > 1:  Na(00)g =755 x 10°T97* exp(—3.299/Ty)

Na(ot)e = Nalo)g x (1 - 0.769 exp(—7.854/Ty + 0.016Ty))
Rev. ratio=3.268 x 10'°T;"” exp(—87.955/T)
BNa(p,y)**Mg, Q = 11.693 MeV, (7%)

For To <5:  Na(ow)e =9.55 x 10'T; > exp(~20.770T; ' = (T5/0.3)?)

x (1 — 10.80Ts + 61.08T7)

+8.20 x 10727, exp(—1.601/Ty)
+85.27;,  exp(—2.808/Ts)

F1.70 x 10°T; > exp(—3.458/To)
+5.94 x 10%exp(—5.734/Ty)

For To > 5: Na{ov)g =5.60 x 10°Ty'" 2 exp(~2.337/Ty)

Na(ov)y = Na{ov)g x (1 —0.560exp(—5.119/Ty — 0.050T5))

Rev. ratio=7.490 x 10'°T"% exp(—135.69/T)
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2Na(p,n)>Mg, Q = —4.839 MeV, (3%)

Na(o0)gs =2.26 x 10%exp(—56.156/Ty) x (1 +0.071Ty — 2.26 x 107372)
Na{ovhy=Na{ov)g x (1 + 1.651 exp(—0.014/Ty — 0.054T5))
Rev. ratio=9.988 x 10~ exp(56.156/T)

“Na(p,a)®Ne, Q = 2.377 MeV, (12%)

For To < 5:  Na(ov)gs =8.39 x 10°Ty > exp(—20.770T; ' — (1,/0.1)2)
x (14 45.2Ty) +3.09 x 10~ 3752 exp(~0.420/Ts)
+8.12 % 10737, exp(~1.601/Ty)
+4.37T;  exp(~1.934/Ty)
+7.50 x 10’758 exp(—3.150/Ts)
+1.05 x 1087348 exp(—~4.482/Ty)
For To > 5: Na(ouv)g =3.96 x 10°T2*" exp(—9.277/Ty)

Na(ov)e=Na(ov)s

Rev. ratio = 1.246 exp(—27.578/Ty)

2 Na(a,n)AlE, Q = ~2.966 MeV (6%)

Nalov)s, =2.74 x 105T, 3 exp(—34.440/Ty)
X (14 2.86Ty + 0.387; — 3.00 x 107273)
+1.45 x 107,136 exp(—74.00/Ts)
Nalov)g=Na(ov)¥ x (14 1.14exp(—0.0097 /Ty — 0.246Ty) )
Rev. ratio=1.196exp(34.414/T;)

PNa(a,n)®Al™, Q = —3.194 MeV (5%)

Nalov)m=5.55 x 10°T, * exp(—37.090/Ty)
X (1+ 1.80 x 10°Ty + 5.40 x 10°T5 — 1.50 x 10°T})
+1.38 x 10°74° exp(—48.00/To)
Na{ouv)y = NA<UU>’gr; X (1 + 1.14exp(—0.0097 /Ty — 0.246T))
Rev. ratio = 13.16 exp(37.062/Ty)
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ZNa(a,n)PAl, (6%)

Na(ov)iy=1.30 x 10T, exp(—34.440/Ty) (1 — 20.0T3 + 7.80T3)
+1.17 x 10779 exp(—34.350/Ty)
Nalov)y, = NA<0'U>;S x (1 + 1.14 exp(—0.0097 /Ty — 0.246T5) )

2%Mg(p,y)™Al Q =2.271 MeV, (12%)

For To < 7: Na{ov)es=5.97 x 1087, 7 exp(—22.0237,'* — (T5,/0.1)?)

+1.59 x 10°T; % exp(—2.483/Ty)
+3.33 x 10’712 exp(—3.981/Ty)
For To > 7: Na{ov)g =3.81 x 10'T5' exp(0.860/T5)

Nalov)y = NA(a'L’)fgs

Rev. ratio=3.129 x 10°7;"% exp(~26.357/Ty)

%Mg(p,a)*'Na, Q = —6.885 MeV, (5%)

Na(ov)gs =3.72 x 10'6T; 7 exp(~44.480T, > — 79.897/Ty) x
x exp(1.88Ty — 0.516T7 + 5.17 x 107°T; — 1.86 x 107°Ty)
Nalov)e = Nalov)es x (4.555 + 2.790T; — 0.127T;)
Rev. ratio=7.716 x 1072 exp(79.897/Ty)

25Mg(p,y)°Al, O = 6.306 MeV, (16%)

For To < 2:  Na{ow)g=3.07 x 10767, exp(—0.435/T)

+3.70 x 10787, 2 exp(—0.673 /To)

+1.60 x 10737, exp(—1.074/To)

+1.27 x 10°T5% exp(—3.055/Ty)
For To > 2:  Na(o0)g =8.75 x 10Ty exp(—2.997/Ty)

Nalov)g=Nalov)§ x (1 —0.352exp(=7.221/Ts + 0.068T5))

Rev. ratio=1.026 x 10"'7;% exp(—73.183/Ts)
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25Mg(p,y)?SAI™, Q = 6.078 MeV, (28%)

For Ty <2: Na(ov)gs=8.15 x 107177y exp(~0.435/Ty)
+8.68 x 107°T; 2 exp(—0.673/To)
+2.82 x 10787, exp(—1.074/Ts)
+3.48 x 10°T]*2 exp(—2.906/Ts)

For To >2: Nalov)e =3.91 x 10°T) 2 exp(—3.229/T5)

Na{o) = Nalow)™ x (1 — 0.352exp(—7.221/Ts + 0.068T5))

Rev. ratio = 1.129 x 1072/ exp(—70.535/Ty)

SMg(py)°Al', (16%)

Na{ov)g = Na(ov)§s + Nalov)g
Na{ov)y = Nalov)y x (1 —0.352exp(~7.221/Ts + 0.06875))

BMg(a,m)®BSi, Q = 2.654 MeV, (9%)

ForTo <2:  Nalov)e=3.84 x 1075 P exp(—53.415T; /%)
x(146.993 x 107'Ty — 4.538 x 10773
+8.853 x 107273 — 7.387 x 107°7y
12.276 x 107°T3)

For Ty >2: Na(ov)y =537 x 10°T3¥52 exp(-21.052/T5)

Na{ov)y=Na{ov)gs x (1 —0.397 exp(—12.153/T5 — 0.0937T5) )
Rev. ratio = 20.01 exp(—30.794/T5)

26Mg(p,y)?’Al, Q =8.271 MeV, (21%)

For Ty < 3.5: Na(ov)g =8.54 x 107127,/ exp(—0.605/Ty)
+1.93 x 10757, 2 exp(—1.044/Ty)
+9.67 x 1073T; > exp(—1.726/Ty)
+9.50 x 10*T; % exp(—3.781/Ty)
+10.275 55 exp(—2.521/Ty)
+7.07 x 10°T3H5 exp(—3.947/Ty)

For Ty > 3.5: Na(0v)gs=3.95 x 10°T) %8 exp(~4.990/Ts)

165
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Na{ow)y = Nalow)g x (1 — 1.259 exp(—20.076/Ts + 0.0697T))
Rev. ratio = 3.144 x 10°T;"% exp(—95.983/Ts)

®Mg(a,n)*’Si, Q = 0.034 MeV, (7%)
g

For Ty <2:  Na{ow)e =809 x 10T, exp(—53.505T, ' — (T5/7.3)?)

X (1 —0.17Ty + 8.9 x 107°T¢)
+2.80 x 10°Ty %% exp(—18.73/Tp)
For Ty > 2:  Na(ov)g=4.92 x 10*T5""7 exp(—20.864/Ty)

Na(ov)y=Na(ov)gs

Rev. ratio=1.678 exp(—0.396/Ts)

BAB(p,y)Y'Si, Q = 7.463 MeV, (10%)

For Ty < 0.9:  Na(ow)g=3.54 x 107°T, /> exp(—0.789/Ty)

+8.54 x 10777, exp(—1.079/Ts)

+10.3T; % exp(—2.182/Ty)

+6.12 x 10T, exp(—3.203/T»)

+1.05 x 10°T; ¥ exp(—4.213/T)
For To > 0.9:  Na{ov)g =1.63 x 10°T9** exp(—4.285/Ty)

Nalovyg=Npa(ov)gs X (1 +2.17exp(—4.616/Ty — 0.076T5))
Rev. ratio =3.459 x 10'°7;"% exp(—86.608/To)

BAI™(p,y)¥'Si, Q = 7.691 MeV, (10%)

For Ty <0.4:  NA(0U)ms=Na(oU)gs x (1 4+ 7.80exp(—0.854/Ty — 0.019T5))

Na{ovhy=Na(ov)g x (1 + 2.17 exp(—4.616/Ty — 0.076Ty))

Rev. ratio =3.459 x 10'°7;/” exp(—89.254/T)

277 Ap,y)?Si, Q = 11.585 MeV, (10%)

ForTo < 6:  Na{ov)gs=2.51 x 10717, ¥ exp(—0.839/T5)

+48.2T; % exp(—2.223/Ty)
+1.76 x 10°Ty'? exp(—3.196/Ty)
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+3.25 x 10*T93! exp(—5.805/Ty)
For Ty > 6: Na(ov)gs = 1.62 x 10°T9"* exp(—17.222/Ty)

Na(ov)y=Na(ov)gs X (1 —0.669 exp(—10.426/Ty + 0.0087T5) )
Rev. ratio=1.134 x 10"' T3/ exp(—134.440/T)

Y Al(p,@)**Mg, Q = 1.601 MeV, (11%)

For Ty < 6: Na(ov)gs =4.76 x 1097, exp(~23.265T, ' — (1,/0.15)?)
x (1 —22.3Ty + 126.772)
+9.65 x 10717,/ exp(—0.834/Ts)
+2.09 x 10737, Y2 exp(—2.269/Ty)
+1.17 x 107275 ¥ exp(—3.273/To)
+2.84 x 10* exp(—5.623/Ty) /To
4+1.38 x 10875 exp(—10.01/Ty)

For To > 6: Na(ov)g =6.02 x 10°Ty32 exp(—14.352/T5)

Na(ov)y = Na(ov)g % (1+ 3.471exp(—11.091/Ty — 0.12975))
Rev. ratio=1.809 exp(—~18.574/Ts)

7 Al(a,n) P, Q = —2.643 MeV, (3%)
Na{ov)es =8.15 x 10% exp(—30.667/To)
x (1~ 1.351Ty + 1.086T3 + 0.354T; + 0.014T — 2.13 x 107°73)
Na(ovhe= Na(ov)g x (1 + 0.227 exp(—3.588 /T + 0.0172Ty) )
Rev. ratio = 6.751 exp(30.677/Ty)

2Si(p,y)®P, Q = 2.748 MeV, (1%)
For To <3: Nalov)g =8.71 x 1087y 3 exp(—24.4537; ' — (Tp/1.1)?)
X (14 0.3017y + 0.06972)
+3.37 x 10°T; ¥ exp(—4.155/Ty)
+1.14 x 10°TS%* exp(—11.055/T)
For Ty > 3: Na(ov)gs =32.4T2% exp(—1.525/T)

Na(ov)e=Na(ov)g x (1 —23.813 exp(—22.872/T5 — 0.35315))
Rev. ratio =9.468 x 10°7;% exp(—31.889/Ts)
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Table 4. Analytical approximations of the partition functions

G(Ty) =1+ alT;'Z exp(as/Ty + agTy +115T92/])

G(Ty) = 1 for H and He isotopes, as well as for 8B and B

Isotope ay 1 az [N as

oLj 347 x 10Y —343 x 10~! —2.59 x 10! 5.58 x 1072 -

Li 5.20 x 10~! —5.75 x 1072 —5.59 % 10" 127 x 1072 -

"Be 5.16 x 107! —5.18 x 1072 —5.02 x 10° 1.20 x 1072 -

“Be 4.52 % 10" 5.29 x 102 —3.51 x 10! —3.79 x 1073 -

‘Be 173 x 1072 2.25 x 109 —1.54 x 10! —1.08 x 107! -

0B 5.04 x 107! —3.19 x 107! —8.59 x 10" 9.40 x 1072 -

"B 2.16 x 10V —1.19 x 10" —2.67 x 10! 1.74 x 10~! -

e 2.89 x 10V —1.38 x 10 —2.57 x 10 1.95 x 10~! -

2c 4.55 x 10" 1.64 x 1072 —5.13 x 10! 391 x 1073 -

e 4.44 x 107! 1.06 x 109 —3.57 x 10! —4.57 x 1072 —

N 4.68 x 1072 1.69 x 10% —2.33 x 10! —3.84 x 1072 -

N 1.23 % 109 —1.48 x 10V —2.85 x 10! 297 x 10~! -

BN 1.61 x 10° 1.60 x 10~1 —5.94 % 10 7.03 x 1072 —

Ho 3.16 x 107! 1.38 x 10° —5.75 x 10! —4.25 x 1072 -

150 2.95 x 10¢ —3.40 x 10-1 —6.04 x 10! 7.82 x 1072 —

0 2.38 x 109 5.15 x 1071 —6.87 x 10} 1.53 x 10~2 -

70 6.47 x 10! —7.03 x 10! —1.10 x 10! 1.29 x 10! -

0 8.11 x 107 —6.71 x 10! ~2.37 x 10! 1.59 x 10! —

7R 4.16 x 107! —3.07 x 1071 —6.03 x 10V 6.64 x 1072 -

I’ E 4.36 x 10" 6.46 x 1072 —1.14 x 10! 4.81 x 1072 -

YR 9.05 x 10" 1.66 x 10" —1.05 x 10" 6.81 x 10~! —2.39 x 10"
YNe 3.73 x 109 —1.33 x 107! ~2.87x 10" 761 x 102 -

20Ne 1.02 x 10! —6.02 x 10~} —1.99 x 10! 8.95 x 10~2 -

2INe 2.98 x 10" 4.86 x 107! —3.97x 10" 4.6 x 107! —1.20 x 10"
22Ne 100 x 10! —6.92 x 107! —1.57 x 10! 122 x 107! -

2INa 1.58 x 10" —2.51 x 10~} ~3.99 x 10" 8.92 x 1072 -

2Na 3.24 x 107 7.64 x 10~! —6.32 x 10" 3.87 x 1072 -

2INa 1.80 x 10" —4.17 x 107! ~5.40 x 10° 120 x 107! -

2iMg 430 x 10" 8.89 x 107! ~5.00 % 10°  6.16 x 10! —1.90 x 10"
EMg 8.23 x 10" ~4.74 x 107! —1.65%x 10" 7.87 x 1072 -

Mg 151 x 107! 6.37 x 107 ~6.07x 10" 9,59 x 1072 -

Mg 1.15 x 10! —9.90 x to~! —2.22 x 10! 217 x 107! -

Al 5.26 x 1072 —1.91 x 10° ~5.78 x 1OV ~5.96 % 107! 2.99 x 10"
2041 2.26 x 109 3.98 x 10° —1.58 x 10V 1.39 x 109 —5.09 x 10¢
Al 9.52 x 10! —4.51 x 107! —1.08 x 10! 1.69 x 10~! -

178i 9.24 x 107! —4.28 x 107! —1.01 x 10! 1.63 x 10~} -

88 9.87 x 10V ~5.50 x 10~ ~2.16 x 10! 7.73 x 1072 —

98 1.31 x 1Y 1.27 x 10~3 —1.44 x 10! 132 x 10~} —

Wi 1.87 x 10! —1.28 x 10 ~2.78 x 10! 2.38 x 107! -

2p 1.46 x 10" 2.90 x 1072 —1.59 x 10! 1.33 x 107! -

Ap 141 x 10° —5.33 x 107! —8.41 x 10" 2.36 x 10~ -

ip 4.05 x 10" —1.03 x 10 —1.57 x 10! 269 x 10~! —
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