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Thermonuclear reaction rate of 23Mg„p,g…

24Al
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Updated stellar rates for the reaction23Mg(p,g)24Al are calculated by using all available experimental
information on 24Al excitation energies. Proton andg-ray partial widths for astrophysically important reso-
nances are derived from shell-model calculations. Correspondences of experimentally observed24Al levels
with shell-model states are based on application of the isobaric multiplet mass equation. Our new rates suggest
that the23Mg(p,g)24Al reaction influences the nucleosynthesis in the massA.20 region during thermonuclear
runaways on massive white dwarfs.
@S0556-2813~98!06108-1#

PACS number~s!: 24.50.1g, 25.40.Lw, 97.10.Cv
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I. INTRODUCTION

Explosive stellar burning of hydrogen in the massA
.20 range is characterized by a large number of proton c
ture reactions andb decays. The resulting network o
nuclear processes is called the rp process@1#. This process
might be responsible for the energy production and nuc
synthesis in a variety of astrophysical sites with differe
temperature and density conditions. For example, in no
typical peak temperatures range fromT950.220.4 @2#, with
T9 the temperature in G K. For x-ray bursts and accret
black holes the rp process could take place at very high t
peratures in excess ofT951 @3,4#. Stellar rates of severa
proton capture reactions relevant for the rp process were
timated by Wallace and Woosley@1# and by Wiescheret al.
@5#. Recently, some of these rates were updated with exp
mental information and improved theoretical models@6–9#.

At low stellar temperaturesT9,0.1 the isotope23Mg is
synthesized in the NeNa cycle. Under such conditions thb
decay of23Mg (T1/2511.3 s! and the subsequent23Na(p,a)
reaction convert material back into20Ne, giving rise to cy-
cling of material in the NeNa mass range. If the stellar te
perature is sufficiently high the proton capture reaction
23Mg becomes faster than the competingb decay. In this
case the reaction flow breaks out of the NeNa mass re
and a whole range of heavier nuclei could be synthesiz
depending on the temperature-density conditions and the
ration of the astrophysical event. This scenario, for exam
might be responsible for the synthesis of elements such a
S, and Ar, which have been found to be overabundant in
ejecta of O-Ne-Mg novas@2#. Therefore, a quantitative est
mate of the stellar reaction rate for23Mg(p,g)24Al is impor-
tant in order to model the nucleosynthesis in the masA
.20 range. At very high temperatures aboveT951 the
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23Mg(p,g)24Al reaction is of minor importance, since th
isotope 23Mg is bypassed via the sequenc
21Na(p,g)22Mg(p,g)23Al( p,g)24Si(b1n)24Al.

The reaction rate for23Mg(p,g)24Al was previously esti-
mated by Wallace and Woosley@1#, and their calculation
was based on a single resonance only. Subsequently th
action rate calculation was improved by Wiescheret al. @5#
who considered three resonances and in addition a contr
tion from the direct capture process. The most recent e
mate was published by Kubonoet al. @10#. These authors
who investigated the level structure of24Al near the proton
threshold by using the24Mg(3He,t)24Al charge-exchange re
action, based the reaction rate estimate on their experim
tally determined24Al excitation energies and spin-parity re
strictions.

We present a reanalysis of the23Mg(p,g)24Al reaction
rate for several reasons. First, a recent experimental stud
the 24Mg(3He,t) 24Al charge-exchange reaction was pu
lished by Greenfieldet al. @11#. The excitation energies o
proton threshold levels in24Al measured by the two group
differ by about 30–50 keV. This difference might change t
resulting reaction rates appreciably. Second, the author
Ref. @10# conclude that the analog assignments of the t
lowest-lying proton threshold states in24Al are still uncer-
tain, resulting in large errors of the derived stellar react
rates. Third, the proton andg-ray partial widths of the reso
nances in question have never been measured. These qu
ties were crudely estimated in Ref.@10# by adopting ‘‘typi-
cal’’ single-particle spectroscopic factors and ‘‘averag
g-ray transition strengths from Ref.@5#.

In this work we use 24Al excitation energies recom
mended by Ref.@12# which are based on previously pub
lished experimental results. We present additional supp
for the analog assignments of the proton threshold level
24Al. Furthermore, we calculate the proton andg-ray partial
widths of astrophysically important levels by using th
nuclear shell model. In Sec. II we describe briefly the fo
malism for calculating stellar reaction rates. Experimen
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PRC 58 1799THERMONUCLEAR REACTION RATE OF23Mg(p,g)24Al
and theoretical nuclear input parameters are presented in
III. Results and astrophysical implications are discussed
Sec. IV. A summary is given in Sec. V.

II. CALCULATION OF STELLAR REACTION RATES

The proton capture cross sections onsd shell nuclei are
predominantly determined by summing the contributio
from isolated resonances corresponding to unbound c
pound nuclear states and from the nonresonant direct cap
~DC! process. In the following we briefly describe th
method of calculating the resonant and nonresonant~DC!
contributions to the stellar reaction rates.

A. Resonant reaction contributions

For the reaction under consideration here the resona
are narrow and isolated. The resonant rate contribution
be calculated from resonance energiesEi and resonance
strengthsvg i ~both in units of MeV! @13#

NA^sv& r51.5431011~mT9!23/2(
i

~vg! i

3exp~211.605Ei /T9! cm3 mole21 s21. ~1!

The resonance strengthvg for a (p,g) reaction is given by

vg5
2J11

2~2 j t11!

GpGg

G tot
, ~2!

whereJ and j t are the spins of the resonance and the tar
nucleus, respectively, and the total widthG tot is the sum of
the proton partial widthGp and theg-ray partial widthGg .

The proton partial widthGp can be estimated from th
single-particle spectroscopic factorS and the single-particle
width Gsp of the resonance by using@14#

Gp5C2S•Gsp, ~3!

whereC is the isospin Clebsch-Gordan coefficient. Spect
scopic factorsS are calculated in this work by using th
nuclear shell model~Sec. III!. Single-particle widthsGsp are
obtained from resonant scattering phase shifts generate
an appropriate folding potential~see below!. In this context,
the partial widthGsp is defined as the energy interval ov
which the resonant phase shift varies fromp/4 to 3p/4.

g-ray partial widths for specific electromagnetic tran
tions are expressed in terms of reduced transition proba
ties B(Ji→Jf ;L) which contain the nuclear structure info
mation of the states involved in the transition@15#. In the
present work, the reduced transition probabilities are ca
lated in the framework of the nuclear shell model~Sec. III!.
The totalg-ray width Gg of a particular resonance is give
by the sum over partialg-ray widths for transitions to al
possible lower-lying nuclear states.

B. Nonresonant reaction contributions

The nonresonant proton capture cross section is calcul
by using the direct capture~DC! model described in@16–18#.
The DC cross sections i

DC for a particular transition is deter
mined by the overlap of the scattering wave function in
ec.
in
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entrance channel, the bound-state wave function in the
channel, and the electromagnetic multipole transition ope
tor. Usually, only the dominantE1 transitions have to be
taken into account. Wave functions are obtained by usin
real folding potential given by@17,19#

V~R!5lVF~R!5lE E ra~r1!rA~r2!

3veff~E,ra ,rA ,s!dr1dr2 . ~4!

Here l represents a potential strength parameter close
unity, and s5uR1r22r1u, with R the separation of the
centers-of-mass of the projectile and the target nucleus.
mass density distributionsra andrA are either derived from
measured charge distributions@20# or calculated by using
structure models~e.g., Hartree-Fock calculations!. For the
effective nucleon-nucleon interactionveff we used the
DDM3Y parametrization@19#. The imaginary part of the po
tential has been neglected due to the small flux into ot
reaction channels.

The total nonresonant cross sectionsnr is determined by
summing contributions of direct capture transitions to
bound states with single-particle spectroscopic factorsSi :

snr5(
i

~C2S! is i
DC. ~5!

The astrophysicalS factor of a charged-particle-induced re
action is defined by@13#

S~E!5E exp~2ph!s~E!, ~6!

with h denoting the Sommerfeld parameter. If theS factor
depends only weakly on the bombarding energy the nonre
nant reaction rate as a function of temperatureT9 can be
expressed as

NA^sv&nr57.8333109S Z1Z2

AT9
2 D 1/3

S~E0!@MeV b#

3expF24.249S Z1
2Z2

2A

T9
D 1/3G cm3 mole21 s21,

~7!

with Z1 and Z2 the charges of the projectile and target, r
spectively, andA the reduced mass~in amu!. The quantity
E0 denotes the position of the Gamow peak correspondin
the effective bombarding energy range of stellar burning

III. EXPERIMENTAL AND THEORETICAL INPUT
PARAMETERS

In this section we present a discussion of excitation en
gies, spectroscopic factors, andg-ray partial widths which
enter in the calculation of stellar reaction rates.

Experimental excitation energies in24Al below Ex53
MeV have been compiled by Endt@21#. The energies listed
in Table 24.23 of Ref.@21# are based on24Mg(3He,t) and
(p,n) reaction studies performed prior to 1990. Three rec
charge-exchange reaction studies@10,11,23# also report24Al
excitation energies. In the present work we use theEx(

24Al)
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values compiled and evaluated by Ref.@12# which are based
on experimental information. The values measured in
(p,n) study of Kianget al. @23# have been disregarded b
cause of the superior energy resolution and counting st
tics of the (3He,t) reaction studies. Our adopted excitatio
energies~Tables I and II! differ from the results of Kubono
et al. @10# on average by about 20 keV.

Spectroscopic factors and reducedg-ray transition
strengths for the levels of astrophysical interest are ca
lated by using the nuclear shell model. This procedure
quires the identification of experimentally observed24Al lev-
els with calculated shell model states. For bound24Al states
there is a one-to-one correspondence. However, the spins
parities of experimentally observed unbound states are
known uniquely, resulting in ambiguities for the shell-mod
assignments. Level assignments based on a compariso
experimental and shell-model excitation energies alone
not useful either, mainly due to the difficulty of the she
model in producing accurateEx values. In this work we have
used a method described in Ref.@9# to which the reader is
referred for details. In brief, experimental excitation energ
of 24Na and24Mg states, for which the spins and parities a
well known, are used together with the isobaric multip
mass equation~IMME ! @24# in order to calculate excitation

TABLE I. Comparison of excitation energies~in MeV!.

24Ala 24Naa 24Al ~IMME !b 24Al ~OXBASH!c

Ex Jp Ex Jp Ex Jp Ex Jp

0.0 41 0.0 41 0.0 41 0.0 41

0.426 11 0.472 11 0.441 11 0.448 11

0.510 21 0.563 21 0.450 21 0.580 21

1.107 (123)1 1.347 11 1.073 11 1.100 11

1.130 (123)1 1.341 21 1.069 21 1.126 21

1.275 31 1.345 3(1) 1.283 31 1.374 31

1.559 (51) 1.512 51(31) 1.552 51 1.554 51

1.559 (21) 1.846 21 1.541 21 1.590 21

1.634 31 1.886 31 1.715 31 1.729 31

2.349 (31) 2.514 31 2.305 31 2.176 31

2.534 (4,5)1 2.563 41(21) 2.476 41 2.541 41

2.810 21 2.978 21(31) 2.803 21 2.837 21

2.900 (123)1 2.904 31 2.737 31 2.629 31

aExperimental values evaluated and compiled in Ref.@12#.
bCalculated by using Eq.~8!.
cCalculated by using the nuclear shell model.

TABLE II. Resonance parameters for the reacti
23Mg(p,g) 24Al.

Ex

~MeV!a Jp
ER

cm

~MeV!b
Gp

~meV!
Gg

~meV!
vg

~meV!
vg

~meV!c

2.34960.020 33
1 0.478 185 33 25 27

2.53460.013 42
1 0.663 2.53103 53 58 130

2.81060.020 24
1 0.939 9.53105 83 52 11

2.90060.020 34
1 1.029 3.43104 14 12 16

aExperimental values adopted from Ref.@12#.
bCalculated from column 1 andQpg5187164 keV @25#.
cFrom Ref.@10#.
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energies of24Al analog states:

Ex~
24Al !52Ex~

24Mg!2Ex~
24Na!12@c2c~g.s.!#. ~8!

The coefficientc is a measure for the isotensor Coulom
energy of a specific isobaric triplet and is estimated in t
work by using the nuclear shell model~see below!. Corre-
spondences between experimentally observed24Al levels
and shell model states are found by~a! minimizing the dif-
ference between measured excitation energies andEx values
calculated from Eq.~8!, and ~b! matching experimentally
determined spin-parity restrictions with shell-model quant
numbers. It can be seen from our results listed in Table I t
the experimentally observed24Al states atEx52349 and
2534 keV most likely correspond to the 33

1 and 42
1 shell-

model states, respectively, in agreement with the tenta
assignments of Ref.@10#. However, the experimental state
at Ex52810 and 2900 keV most likely correspond to the 24

1

and 34
1 shell-model states, respectively, in contradiction w

the results of Kubonoet al. @10#.
Shell-model calculations have been performed by us

the codeOXBASH @22#. The isospin-nonconserving interac
tion of Ormand and Brown@24# is employed for the calcu-
lation of wave functions and excitation energies ofT51
triplet states in the massA524 system. Coefficientsc in Eq.
~8! are estimated from theoretical excitation energies. Sh
model wave functions are used for calculating single-part
spectroscopic factors and reduced transition probabilities
M1 andE2 g-ray decays. Resulting values of the resonan
parameters are listed in Table II. It can be seen that theg-ray
partial width is much smaller than the proton partial wid
for all resonances considered. Therefore, the resona
strengthvg depends mainly on the value ofGg . Table III
displays the calculatedGg values for the24Al unbound states
of main interest in this work together with theoretical a
experimentalGg values of the corresponding24Na mirror
states. It can be seen that in the case of24Na the shell-model
g-ray widths are in excellent agreement with the experim
tal values deduced from lifetime measurements.

In Table II our resonance strengths are compared to
vious results@10#. For the first resonance the strengths a
very similar, since the experimentally measured lifetime
the 24Na mirror state was used in Ref.@10#. For the second
resonance our strengthvg is considerably smaller than th
value of Kubonoet al. @10# who adopted an ‘‘average’’g-
ray transition strength from Ref.@5#. For the third and fourth
resonance the spin-parity assignments are interchanged
pared to Ref.@10# ~see above! which explains the discrep

TABLE III. g-ray partial widths~in meV! of 24Al and 24Na
levels.

Jp Gg
SM (24Al) a Gg

SM (24Na)a Gg
exp (24Na)b

33
1 33 43 46614

42
1 53 51 .27

24
1 83 93 .27

34
1 14 15 1362

aShell-model values for the24Al- 24Na mirror pair.
bDetermined from measured lifetimes of24Na levels.
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PRC 58 1801THERMONUCLEAR REACTION RATE OF23Mg(p,g)24Al
ancy of thevg values. It should be noted that the latter tw
resonances have a negligible influence on the stellar reac
rates~Sec. IV!.

The parameters for the direct capture~DC! contribution to
the stellar reaction rates are presented in Table IV. All tr
sitions considered are displayed together with our calcula
shell-model spectroscopic factors. With this information,
total astrophysicalS factor for the direct capture process in
all bound states has been determined~Sec. II B!. For bom-
barding energies below 1 MeV theS factor can be expresse
as

S~E!522.521.131022E16.931026E2 keV b. ~9!

Our derived direct captureS factor is about 10% smaller tha
the results of Wiescheret al. @5# which were also adopted b
Ref. @10#.

IV. DISCUSSION

The recommended stellar rates of the23Mg(p,g)24Al re-
action can be parametrized for temperatures belowT952 by
the expression@5#

NA^sv&5(
i

Ai /T932 exp~2Bi /T9!1C/T923

3exp~2D/T913! cm3 mole21 s21, ~10!

where, for example,T932 stands forT9
3/2. The first and sec-

ond term in Eq.~10! represent the contributions of all narro
resonances and the direct capture process, respectively
parametersAi , Bi , C, andD are listed in Table V.

The various contributions to the total reaction rate
displayed in Fig. 1. The direct capture process determines

TABLE IV. Shell-model spectroscopic factors of24Al bound
states.

C2S
Ex~MeV! Jp p→1d3/2 p→1d5/2 p→2s1/2

0.000 41 0.39
0.426 11 0.0010 0.69 0.0031
0.510 21 0.0000 0.29 0.052
1.107 11 0.098 0.016 0.36
1.130 21 0.084 0.0001 0.30
1.275 31 0.024 0.0057
1.559 51

1.559 21 0.11 0.088 0.19
1.634 31 0.0009 0.19

TABLE V. Recommended parameters for the23Mg(p,g)24Al
reaction rate. The total stellar reaction rate is given by Eq.~10!.

Ai Bi C D

4.023103 5.56 3.723108 21.95
9.593103 7.71
8.523103 10.91
2.03103 11.95
on

-
d

e

he

e
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stellar rates at low temperatures ofT9,0.2. TheER5478
keV resonance dominates the reaction rates in the rangT9
50.2– 1.0. TheER5663 keV resonance is of importance
high temperatures aboveT951 only. The resonances atER
5939 and 1029 keV are negligible over the whole tempe
ture range. Our results are compared in Fig. 2 with previ
work @5,10#. At stellar temperatures aboveT951 the reac-
tion rates of the present work are smaller than the result
Refs. @5,10# by about 70%. In the temperature rangeT9
50.2– 0.5, important for hydrogen burning in novas~see be-
low!, the present reaction rates deviate up to a factor o
from the values given in Ref.@10#, and up to a factor of 2
from the results of Ref.@5#. The reaction rates for23Mg
1p are therefore now based on more consistent experim
tal and theoretical input parameters.

Figure 3 presents temperature and density conditions
which the proton capture reaction on23Mg and the23Mg b
decay are of equal strength. The solid line is calculated
assuming a hydrogen mass fraction ofXH50.365@2#. Recent
results of hydrodynamic studies of O-Ne-Mg novas@2# are
also shown in Fig. 3. The full circles represent temperat

FIG. 1. Total stellar rate~solid line! and individual contributions
~dashed lines! for the reaction23Mg(p,g)24Al.

FIG. 2. Ratio of the present reaction rate to previous results
Wiescheret al. @5# and Kubonoet al. @10#. The reaction rates are
based on measured24Al excitation energies~see text! which are
most likely Gaussian distributed.
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and density conditions at the peak of the thermonuclear
away for accretion onto white dwarfs of different initia
masses (1.00M ( , 1.25M ( , and 1.35M (). Our results indi-
cate that for white dwarfs of masses<1.25M ( the proton-
capture reaction on23Mg is slower than the competingb
decay and, therefore, is of minor importance for the result
nucleosynthesis. However, for accretion onto very mass
white dwarfs (1.35M ( model of Ref. @2#! the
23Mg(p,g) 24Al reaction dominates over the23Mg b decay
and will influence the nucleosynthesis in the massA.20

FIG. 3. Temperature-density boundary at which the proton c
ture reaction on23Mg and the23Mg b decay are of equal strength
assuming a hydrogen mass fraction ofXH50.365 @2#. Peak tem-
perature and density conditions achieved in the nova models of
@2# are indicated by full circles~see text!.
e
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range. Stellar network calculations are underway in orde
investigate quantitatively the implications of our new23Mg
1p reaction rates and their corresponding uncertainties.
results will be published in a forthcoming paper@26#.

V. SUMMARY AND CONCLUSIONS

Improved estimates of reaction rates for23Mg(p,g)24Al
are presented in this work. Resonance energies are de
from all available experimental information on24Al excita-
tion energies. Proton andg-ray partial widths of astrophysi
cally important resonances are estimated from single-par
spectroscopic factors and reducedg-ray transition probabili-
ties, respectively, derived from shell-model calculation
Correspondences of experimentally observed24Al levels
with shell-model states are based on application of the
baric multiplet mass equation. In the temperature rangeT9
50.2– 0.5 important for the nucleosynthesis in novas
present reaction rates deviate up to a factor of 3 from pre
ous results. Our new stellar rates suggest that
23Mg(p,g)24Al reaction will influence the nucleosynthesis
the massA.20 region during thermonuclear runaways
massive white dwarfs. Quantitative predictions have to aw
the results of large-scale stellar network calculations.
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