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1. INTRODUCTION

Under astrophysical conditions of extreme temperature and density, 
nuclear reactions can occur with rates that are comparable to a dy
namical free-fall time, i .e .  on the order of seconds. Explosive hydrogen 
burning will take place in a number of sites , most notably in cataclysmic 
binary systems (including novae and some x-ray bursts), and during 
Type II supernovae. The former objects are thought to be thermonu
clear outbursts triggered by mass accretion onto the surface of either 
a white dwarf or a neutron star. A knowledge of the relevant nuclear 
reaction cross sections is therefore critical to our understanding of the 
outburst phenomenon itself. In particular, this information determines 
the amount of energy generated to power the outburst and the inventory 
of elements produced. These results may be compared with direct ob
servations to provide a tight constraint on models of these systems. 
Much useful information can be obtained from the nucleosynthesis 
itself. For example, measurements of absolute and relative elemental 
abundances, combined with nucleosynthesis calculations ,  could yield 
information regarding the physical conditions during the explosion. 
Also, if a detectable amount of a gamma-ray emitter such as 22Na or 
26 Al is produced, then observations of the gamma-ray flux over time 
may shed some light on how the ejecta are mixed into the interstellar 
medium. The nuclei of active galaxies are thought to be powered by a 
similar mechanism, in this case mass accretion by massive black holes. 
As a result, much of what we learn by studying cataclysmic binaries 
might also be applied to models of active galaxies. In the case of su
pernovae, explosive hydrogen burning is incidental to the underlying 
explosion mechanism. However, nucleosynthetic yields are again use
ful in probing the explosion. In addition, since supernovae are major 
sources of heavy elements, explosive nucleosynthesis is responsible 
for much of galactic chemical evolution. 

The goal of this article is to review the status of the nuclear reaction 
data base used for calculations of explosive hydrogen burning. We 
begin with a brief discussion of the astrophysical sites followed by a 
general description of the relevant reaction networks and thermonu
clear reaction rates. Following this is a detailed summary of the data 
for the two primary reaction networks,  which are known as the Hot 
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CNO cycles and the r(apid)p(roton)-process. Finally, we review the 
results of recent network calculations. 

1.1 Novae 
A nova event is generally understood to result from mass transfer 
within a close-binary system. In this picture, envelope material from 
a star that has filled its Roche lobe is captured by a white-dwarf com
panion ( 1-3). The white dwarf is typically composed of CoO (with 
masses on the order of 1 Mo) or, in the case of more evolved progen
itors, O-Ne-Mg [with masses in the range 1 .2-1 .4 M0 (4)] . In a simple 
picture, the infalling material carries a great deal of angular momentum 
and builds up into an accretion disk before spiraling to the surface of 
the white dwarf. However, formation of an accretion disk does not 
always accompany mass transfer. If the orbital radius is sufficiently 
small, the two stars will share a common envelope. This can occur 
either on the way to or following the thermonuclear runaway (5, 6). 
The response of the white dwarf to mass transfer depends upon its 
mass (typically on the order of 1 M0) , its temperature (or degree of 
degeneracy) , and the rate of mass transfer, M (7). For modest mass
transfer rates (M = 10-9 M0/yr), the infalling material has an oppor
tunity to diffuse into the white dwarf, cool and achieve some measure 
of degeneracy. Eventually, the density of accreted material will exceed 
103 g cm -3, which triggers nuclear reactions on a rapid time scale (8, 
9). The course of the resulting thermonuclear runaway is determined 
by the degree of degeneracy (8). In a fully degenerate gas, the pressure 
is determined by density rather than by temperature . Under these re
actions, nuclear burning is unstable: Although the energy released by 
nuclear reactions leads to a sharp rise in temperature, there is little or 
no corresponding rise in outward pressure, which would tend to cool 
the gas. Partially degenerate material will burn violently, but will not 
be ejected from the white dwarf. Complete mass ejection, which char
acterizes a classical nova outburst, occurs if the material is degenerate 
enough to delay ejection while the thermonuclear runaway strengthens. 
Under these conditions, peak temperatures range between T = 108 and 
2 x 108 K (T9 = 0.1-0.2) for a CoO white dwarf and T9 = 0.4-0.5 for
an O-Ne-Mg white dwarf. The thermonuclear runaway occurs over the 
course of 100-200 s. During this time, the two stars will spiral apart 
in order to conserve angular momentum. However, following the ex
plosion, mass will be transferred at an accelerated rate as radiation 
heating causes the envelope of the companion star to expand (10) .  
Finally, the system will settle down into a period of low M until friction
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and/or gravitational radiation brings the stars back into close contact. 
An outburst may reoccur after an interval of 103-105 yr. 

1.2 X-Ray Bursts 
In general , the observed spectral features of x-ray bursts suggest some 
interaction involving neutron stars (11 and references therein). Some 
sources have been observed in binary systems and in these cases, it 
is believed that there is a superficial resemblance between the mech
anism responsible for an x-ray burst and that producing novae. In par
ticular, it is assumed that mass from a companion star is transferred 
to the surface of a neutron star where it is ignited under degenerate
conditions. Because this material falls through a much stronger grav
itational potential than was the case for novae, nuclear burning starts 
at a comparatively greater density (106-108 g cm -3) and produces more 
energy. A typical event may last only 5-10 s, but peak temperatures 
may be in the range T9 = 0.7-1.5. However, the strong gravitational 
potential prevents much material from being ejected, unlike the case 
for novae. Thus, x-ray bursts are not important contributors to galactic 
nucleos ynthesis. 

1.3 Supernovae 
Following core collapse in a massive star, a shock front is generated 
and expands through the stellar envelope and ultimately ejects it into 
the interstellar medium. During passage of the shock, the envelope will 
experience a dramatic increase in pressure and density that will trigger 
a burst of nuclear burning. Although the bulk of the nucleosynthetic 
yield comes from the inner silicon- and carbon-rich zones, calculations 
performed for the collapse of a 25-Mo star ( 12) indicate that the outer 
hydrogen- and helium-rich layers will also undergo some shock pro
cessing. The duration of this compression and heating is 5-10 s, during 
which time the material will experience peak temperatures of T9 
0.2-1.0 and densities of p = 102_104 g cm-3.

2. NUCLEAR REACTIONS DURING AN
OUTBURST

2.1 Reaction Networks 
The production sites considered above are characterized by temper
atures in the range T9 = 0.1-1 . 5 and densities of p = 103_108 g cm -3. 
For seed material consisting of C and 0, the nuclear reaction network
will resemble the well-known CNO cycles of hydrostatic hydrogen
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burning. However, an important difference between hydrostatic and 
explosive burning is that for the latter case, the time scales for nuclear 
reactions are comparable to or shorter than typical beta-decay life
times. Hence, following the 12C(p;y)13N reaction, the beta decay of 
13N (T1I2 = 9.97 m) will be bypassed by the 13N(p ,'y) 140 reaction, which
leads to the Hot CNO (HCNO) cycles (13-17). These cycles are dia
grammed in Figure 1. From 160, the route into the HCNO cycles is 
by the sequence 160(p,-y)17p(13 +)170(p,a)14N(p,-y) 150 at the lower tcm
peratures and by 160(p,-y) 17P(p,-y) 18Ne, etc as the temperature in
creases. While the HCNO cycles are in operation, higher-mass ma
terial, e.g. Ne or Mg will be burned via (p,-y) reactions operating near 
the line of beta stability. 

For temperatures up to T9 = 0.2, the cycle

1.  

is thought to dominate the reaction flow and would therefore be the 
energy source for classical novae. Within this main cycle, the rate of 
energy production is limited by the r3 + decays at 1 4.150 (TlI2 = 71 s
and 122 s, respectively). Therefore, in equilibrium most of the catalytic 

�T9=O.21 ( ) ( ) P,Y p,a 
15N �50 _ 
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Figure 1 The Hot eNO cycles. The dominant reaction path is denoted by the heavy 
arrows. At higher temperatures, the sequence initiated by the 140(0t,p)17F reaction be
comes important (light arrows). At stilI higher temperatures, it may be possible to leave 
the Hot eNO cycle entirely (dashed arrows). 
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material will exist as 14.150 and ultimately as 14. 15N in novae ejecta. 
In addition, the abundance of 15N will be enhanced relative to 14N 
owing to the longer half life of 1 50 versus 140. As the temperature 
approaches T9 = 0.4, alpha-induced reactions may begin to come into
play. For example, the waiting point at 140 may be bypassed by the 
sequence 140(0',p)I7F(p,'y) 18Ne(� +)18F(p ,0') 150, which will increase 
the rate of energy generation. At still higher temperatures, it may be 
possible to break out of the RCNO cycles via the 150(a,'Y) 1 9Ne, 
18F(p,'Y) 19Ne, or 1 8Ne(a,p?INa reactions. At this point, 19Ne and 21 Na 
can become the catalysts for a further series of rapid proton- and alpha
induced reactions (Figure 2) known as the rp-process (18 ,  19) .  How
ever, note that an rp-process may be triggered by a sufficient pre
explosion abundance of N e, N a, or Mg without direct feeding from the 
RCNO cycles. These reactions may be the source of the enhancements 
of Ne, Na, Mg, and Al observed in the ejecta of novae Cyg 1975 (20) , 
Aquilae 1982 (2 1 ) ,  CrA81 (22) , and Vulpeculae (23). 

The path of the rp-process lies between the line of stability and the 

ETC. 

HOT CNO CYCLES 

Figure 2 The transition from the Hot eNO cycles to the rp-process at high temperatures. 
The shaded region comprises the stable nuclei. More detailed reaction paths may be 
found in Section 5 .  
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proton drip line and is determined by a competition between charged
particle reactions and beta decay. The reaction rates have an expo
nential temperature dependence whereas the beta-decay rates are, to 
first approximation ,  temperature independent. At low temperatures ,  
these rates are comparable and so  the rp-process runs close to or  along 
the line of stability . At higher temperatures, where reactions occur 
more rapidly than beta decay, the reaction path will run close to the 
proton drip line. The flow of material toward heavier masses is gov
erned by the rates of the slowest reactions along the rp-path as well 
as by any other effects that may impede the reaction flow. These in
clude beta-decay waiting points, photodisintegration reactions, and re
action cycles . All of these effects must be taken into consideration 
when calculating nucleosynthesis within the rp-process. However, 
crude estimates of the reaction rates in the rp-process indicate that 
nucleosynthesis can occur up to or beyond the iron-peak elements and 
that energy is produced at a rate of about 100 times that of the main 
HCNO cycle (18). This rate may be sufficient to power an x-ray burst. 

Measurements of the reactions of the HCNO cycles and in the rp
process are necessary to fully understand explosive hydrogen burning. 
However, since the majority of the reactions of interest involve short
lived nuclei, these measurements have proven to be challenging. Only 
the 1 3N(p ;'Y) 140 reaction rate has been measured with reasonable pre
cision (in this case, to ± 13% accuracy) and the rate of the 150(a;y) 19Ne
reaction has been determined within an uncertainty of a factor of 2. 
The rates of many of the reactions of interest were estimated in surveys 
of explosive hydrogen burning by Wagoner et al (24) and Wagoner (25). 
An enormous amount of nuclear spectroscopy has been completed 
since then and the majority of these early estimates have been 
superseded. However, the latest estimates, based on available exper
imental and theoretical nuclear structure information, are still very 
uncertain (by factors of 5-1000). Because of these large uncertainties, 
models of cataclysmic binaries rely on rather suspect nuclear reaction 
input. 

2.2 Thermonuclear Reaction Rates 
The thermonuclear reaction rate (26-29) is the product of the reaction 
cross section (]' and the center-of-mass velocity v, averaged over the 
distribution of velocities (assumed to be Maxwellian) : ( 8 ) 1 12

J «(]'v)= 
1TJ..l 

(kT)-3/2 (]'(E)E exp(-ElkT) dE, 2. 

where J..l is the reduced mass and k is Boltzmann's constant. In general,
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a(E) will contain contributions from nonresonant direct reactions (or 
direct capture in the case of radiative reactions) and resonant capture . 
For charged-particle reactions, the energy dependence of the nonre
sonant cross section is dominated by the penetrability factor for the 
combined Coulomb and centrifugal barriers. At low energies, this fac
tor is approximately proportional to exp[ - (EGIE)1I2], where EG is a
constant defined by 

EG = (2'Tre2ZtZ2/h?fJ-/2 3. 

and Z refers to the nuclear charge. With this energy dependence for 
the cross section, the integral in Equation 2 is non negligible over a 
restricted energy region (known as the Gamow peak) . The location and 
width of the Gamow peak roughly define the region of interest for cross
section measurements. For (p;y) reactions in the HCNO cycles, this 
region spans 25 ke V to 1.1 Me V in the center of mass and 150 ke V to 
2.5 MeV near the upper end of the rp-process. It is sometimes useful 
to express the nonresonant cross section in the following simple par
ameterization 

See)
aCE) = 

E exp[ -(EGIE)1I2]. 4. 

The factor of liE arises from the }\2 term in the nuclear cross section 
and the remaining term is known as the astrophysical S-factor. The S
factor contains the nonkinematic portions of the cross section and is 
usually a slowly varying function of energy. This permits the reaction 
rate to be determined by a straightforward numerical integration of 
Equation 2 or by simple analytic approximations (26-29). 

In most cases, considerations of the level densities of the relevant 
compound nuclei suggest that the reaction rates for both the ReNO 
cycles and the rp-process are determined primarily by resonant cap
ture. If the cross section is dominated by a resonance at an energy Er, 
then a(E) takes on the familiar Breit-Wigner form 

_ 2 fafb 
aCE) - 1T}\ W 

(E _ Er)2 + f2/4 
. 5 .  

Here )\ is  the reduced Compton wavelength; w is  the spin-statistical
factor; and fa, f b, and f are the partial widths for the incoming and
outgoing channels and the total width, respectively. For a resonance 
that is isolated and narrow (i.e. iff � Er), Equation 2 may be integrated
to yield 

(2 )3/2(av) = fJ-:T h2 w"/ exp( - ErlkT) . 6.
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The factor w-y (w-y = wf af b/f) is the resonance strength. The contri
butions of individual resonances are simply summed. If, however, a 
resonance is broad, or if several resonances overlap, then the shape 
of the cross section may be appreciably different from the Lorentzian 
shape assumed in obtaining Equation 6. In this case, Equation 2 must 
be evaluated numerically in order to obtain the reaction rate. In situ
ations where many, possibly overlapping, resonances contribute to the 
reaction, the cross section will take on a statistical character. Here, 
the properties of individual resonances are less important than level 
densities,  masses and energetics.  For stable nuclei, Hauser-Feshbach 
calculations accurately reproduce these cross sections (30, 31). 

For most of the reactions of interest, a direct measurement of a(E) 
would require the production of either a radioactive ion beam or a 
radioactive target. Of these two approaches ,  the radioactive-beam 
method is preferable: In general, the radioactive-target technique suf
fers from severe background problems for targets with half-lives less 
than several hours, i .e .  for most of the targets of interest. A compli
mentary approach,  relying upon traditional nuclear spectroscopy in
volves producing the relevant compound nucleus using stable beams 
and stable targets. Measurements of excitation energies, spins and par
ities, widths, and decay branches determine all of the resonance in
formation contained in Equation 6. Both ofthese approaches have been 
brought to bear on the study of the HCNO cycles and of the rp-process. 

3. THE HOT CNO CYCLES
3. 1 Reactions Involving Stable Targets: 12C(p,y) 13N,
14N(p,yl50, 15N(p,a) 12C, and 160(p,yl7p 
Measurements of the I 2C(p,-y)13N, 14N(p ,-y)1 50, 15N(p,a)I 2C,  and 
160(p ,-y)17F reactions have been carried out at energies throughout the 
range of interest for the HCNO cycles. The relevant nuclear data may 
be found in recent tabulations (32, 33), and thermonuclear reaction 
rates derived from these data were listed by Caughlin & Fowler (34).
Overall, the data and reaction rates are well understood. However, 
there are a few ambiguities that merit some discussion. 

The 1 2C(p,-y)13N reaction has been measured over the energy range 
150 keV to 2 .5  MeV by Rolfs & Azuma (35) and the recommended
reaction rate (34) is based upon these results .  More recent work (36) 
indicates that a resonance located at a laboratory energy Ep = 1 .699
MeV in the earlier study is actually at Ep = 1 .689 MeV. Another mea
surement (37) agrees with the earlier value. However, since this res
onance is too weak to be astrophysically significant ,  there is no mean
ingful uncertainty in the reaction rate for the temperatures of interest. 
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The rate of the 1 5N(p,a) 1 2e reaction (34) is based upon an average 
of two data sets (38 , 39) and is assumed to be accurate at low tem
peratures. In contrast, the rate for T9 :;:3 1 includes uncertain contri
butions from two presumed resonances at Ep = 710 and 1050 ke V. The 
former state possesses a spin-parity r = 0 - . Consequently, alpha
particle emission to either ground state or first-excited state of 1 2e is 
parity-forbidden and this state should not be considered as a possible 
(p,a) resonance. The latter state appears to be too weak to play a role 
in the HCNO cycles. Therefore, the lower limit compiled for the
1 5N(p,a) 1 2e reaction (34) should be used in network calculations of 
explosive hydrogen burning. 

3.2 The 13N(p,y)140 Reaction 
The I3N(p ;y) 140 reaction is dominated by s-wave capture to a single 
JTr = 1 - resonance at a center-of-mass energy Ecm = 541 ± 2 keY
(corresponding to an excitation energy Ex = 5.17 MeV) (32 ,  40). The
total width of this state , f = 38 . 1  ± 1 .8 keY, was measured (40, 41 )
via the 14NeHe,t) 140 reaction. Because the radiative width, f -y, is on 
the order of a few e V and is therefore much smaller than the proton 
width, f p, the strength of this resonance is determined primarily by 
f-y. 

3 .2 . 1  CALCULATIONS OF f'Y Mathews & Dietrich (42) considered
I3N + p resonant capture as a single-particle transition on top of an
excited I 3N core. This calculation predicts fp = 34 .7 keY and f'Y = 
2 .44 eV for the state of interest in 140. Although the core-polarization 
coupling was adjusted to reproduce f'Y for 1 3N(2 .365) ,  the calculation 
overpredicts f'Y for 13e. A microscopic-potential model was used by 
Langanke et al (43) to predict rp = 40.1 keY and f-y = 1 .5 eV. This
work was extended (44) to include the effects of core excitation [spe
cifically 13N(3 . 5 1 )] in the capture process, which did not lead to much 
difference in the final results: f p = 53 ke V, f -y = 1 .6 e V. It was noted 
by Barker (45) that the mechanism for populating the resonance in 140 
should be similar to that for s-wave capture in the 1 2C(p ;y) I3N reaction 
where an R-matrix approach is known to work well. Such a calculation 
for 140 yields fp = 35.9 keY and a best value off-y = 1.2 eV (different 
channel radii lead to values of f-y in the range 1 .2-2.4 eV). Both this 
result and those of Langanke and colleagues (43 , 44) depend sensitively 
upon the choice of potential or radius parameters. With this in mind, 
Descouvement & Baye (46) employed a generator-coordinate method
that was thought to produce more realistic excited-state configurations. 
With this technique, they obtained fp = 66 keY and f-y = 4. 1 eV and 
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were able to do a reasonable job of reproducing the known l3C + n
scattering length. However, the method underpredicts the (n,'y) thermal 
cross section. 

In summary, a number of very different types of calculations indicate 
1 .2 :S;; f-y :S;; 4 . 1  e V. No single method is obviously superior to the others
and this simply underscores the difficulty involved with detailed pre
dictions of the properties of individual excited states (particularly as 
the state in question decays via an El transition) .

3 .2 .2  MEASUREMENTS OF f-y In principle, the most direct way to ob
tain the l 3N(p,'y)140 cross section is through a measurement of the 
IH(l3NI40)y reaction. Since this approach requires the use of an ac
celerated radioactive beam and since all of the relevant resonance pa
rameters except for f-y had already been measured, initial studies fo
cused upon a measurement of f .)f using indirect nuclear spectroscopy. 
The calculations summarized above predict 3 . 1  x 10 - 5 .::: f-yff .::: 1 . 1
x 10-4 . At this level, branching ratio measurements are quite difficult.
Wang (40) obtained an upper limit f-yff .::: 4 . 5  x 10-4 from a
14NeHe,t)1 40*(,40)-y recoil-coincidence measurement. Using f = 38 . 1
keY, this branching ratio corresponds to f" � 1 7  eV. Two subsequent 
measurements of the \3CeHe,n,'y) 140 reaction have produced definite 
results: The ratio of coincident gamma rays to neutrons emitted from 
population of the 5 .71 -Me V state in each case implies f-y = 2 .7  ± 1 .  3
eV (47) and 7.6 ± 3 .8 eV (48). A fourth indirect measurement (49)
involved the IH('4N, 140)n reaction. In this experiment, 140 recoils 
were detected in singles .  Therefore, in order to extract f-y from this
information, a measurement of the 14N(p,n)140o.1 cross section was
also required. A synthesis of these results is consistent with f-y = 1 2  
± 7 eV, which i s  somewhat higher than the previous two results .

Recently, two very different types of measurements were completed 
using radioactive beams . At Louvain-Ia-Neuve, an accelerated 13N 
beam was used to produce the IH(\3N, 140)"( reaction (50) . The gamma
ray branching ratio was extracted from the yield of 5 . 1 7-Me V gamma 
rays measured in coincidence with 1 3N recoils, in anticoincidence with 
cosmic rays , and in phase with the cyclotron RF. In this manner, the
effects of prompt and delayed beam-induced background were mini
mized. The resulting gamma-ray yield is consistent with f-y = 3.8 ± 
1 .2 e V. An analysis of I3N + p scattering (5 1 )  was also used to check
the excitation energy and width. A width of 37 .0 ± 1 . 1  ke V is obtained,
which is in agreement with the earlier eHe,t) result (41) . [Delbar et al 
point out that the calculated value ofDescouvemont & Baye (46) would
also be consistent with these results if the level-shift parameter had 
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been included in the calculation.] However, the resonance energy, Ecm 
= 526 ± 1 ke V is in serious disagreement with the accepted value of
54 1 ± 2 (40). The second technique involved breakup of an 140 pro
jectile in the Coulomb field of 208Pb (52). In principle , a measurement
of the breakup of 140 into \3N + P in kinematic coincidence could be
used to extract the I3N + P cross section directly (53) . However, since
the fragments have different ZIA ratios, they will undergo a differential 
Coulomb acceleration upon breakup and thus the measured kinematics 
will not represent the true breakup kinematics .  Instead, the fragment 
yield was measured as a function of opening angle and compared to a 
simple Coulomb-plus-nuclear excitation calculation. The overall nor
malization between theory and experiment implies f-y = 3.1 ± 0.6 eV.
The precision of this result reflects the fact that nuclear excitation was 
found to be negligible compared to the easily calculable effects of Cou
lomb excitation. A second measurement (54) of 140 breakup yields 
similar results,  in this case f-y = 2 .4  ± 0.9 eV.

3.2.3  RECOMMENDED REACTION RATE A weighted average of  all of 
these measurements is r'Y = 3. 1 :±: 0.4 e V. In calculating the reaction
rate, it is necessary to account for the energy dependence of the partial 
widths over the width of the resonance. This procedure is outlined by 
Fowler et al (27). We have also adopted the calculation of the direct
capture cross section from Fernandez et al (47) , which is based upon 
the measured analog reaction 13C(p,'y) 14N(2.3 1 3). At present, the un
certainty in the reaction rate is dominated by the uncertainty in f'Y and
not by the disagreement in the resonance energy. 

3.3 The Structure of 18Ne and the 140(a,pl7F and 
17F(p,-y)18Ne Reactions 
Unlike the case of the 1 3N(p,y)140 reaction, little experimental infor
mation exists regarding either the 140(U,p) 17F or the 17F(p,y)18Ne re
actions. The compound nucleus in each reaction, 18Ne, is the analog 
to 180, which by comparison is well studied. Thus , the properties of 
states in 18Ne may be inferred from those of analogous states in 1 80. 
The level structure of these nuclei, based upon information compiled 
by Ajzenberg-Selov (55) , is shown in Figure 3. As is clear from a com
parison of these level schemes, several excited states remain to be 
discovered in 18Ne and these may have some bearing on the cross 
sections under consideration. In addition, the resonance properties of 
the states that are known have not been determined because a definite 
analog correspondence remains to be established. 
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Figure 3 Level structure of the 180_18Ne analog pair. Known analog connections are 
indicated. 

3.3. 1 THE 140(a,p)17F REACTION Both projectile and target in 140 + a 
reaction are 0+ particles and therefore only natural-parity states will 
play a role in the 140(a,p)17p reaction. No such states are known to 
exist within about 1 Me V of the reaction threshold. It is possible that 
some of the undiscovered states could thus be important and efforts 
are under way to locate them via the 12C(12C,6He)18Ne and 
2°Ne(p,t) 1 8Ne reactions (K, 1. Hahn and A, E, Champagne, private
communication) . At present, the reaction rate is based upon theoretical 
treatments . 
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In their estimate of the (a,p) rate , Wallace & Woosley (18) considered
two resonances at Eern = 1 . 19 and 1 .24 MeV, which correspond to
known states at Ex = 6 .30 and 6.35 MeV, respectively. This work laid
the basis for further studies (56) that used a calculation of A = 18
Thomas-Ehrman shifts to deduce the analog correspondence between 
1 80 and 1 8Ne. In this procedure, it was noted that several of the ten
tative J'" assignments (55) are inconsistent with the analog assignments. 
With this caveat , a new state was placed at Ex = 6.13 MeV in 1 8Ne,
which is the analog to the 6.  198-MeV (J'" = 1 -) state in ISO. Proton
and alpha partial widths were obtained from measured 170(d,p)180 (55) 
and 14C(6Li,d) ISO (57) spectroscopic factors and when these were not 
available, from shell-model calculations (58). Radiative widths were 
estimated from those known in 1 80. From this information, resonance 
strengths were calculated and the nonresonant, direct-reaction com
ponent was treated under the assumption of direct capture to a-bound, 
but p-unbound states. This mechanism appears to be a relatively un
important part of the entire cross section as the reaction rate was found 
to be determined almost entirely by two J'" = 1 - resonances at Eern 

= 1.01 MeV (Ex = 6.13 MeV)andEern = 1.94 MeV (Ex = 7.06 MeV). 
Furthermore, the competing (a;y) reaction was found to play an insig
nificant role in the destruction of 140. 

Subsequent to this work, it was pointed out that the direct-reaction 
mechanism is more complicated than simple direct capture to proton
unbound levels (59). Therefore, a microscopic-potential model was em
ployed to calculate the (a,p) cross section. Included in this calculation 
were the effects of interference between resonant and nonresonant 
amplitudes .  Because the spins of states above the alpha-capture thresh
old are uncertain at best, no spin information was used to constrain 
the calculation. Consequently, the lowest r = 1 - resonance is as
sociated with the known state at Ex = 6.30 MeV rather than a new
level at 6. 1 3  Me V. Where this calculation produced results in accord 
with the previous work (56) , the same resonance parameters were cho
sen. Otherwise, calculated properties of 180 (60) were used. The final 
reaction rate differs considerably from that of Wiescher et al (56): For 
T9 :=;; 0.35,  the new rate is more than 100 times larger while for T9 ,3 
0 .6,  it is about a factor of 3 smaller. Much of the difference at low 
energy stems from the influence of a J7r = 2 + resonance at Eern = 34
keV (identified with a known state at Ex = 5.15 MeV). The contribution
from this state was treated using a narrow-resonance formalism by 
Wiescher et al (56) and found to be insignificant. In contrast, the latter 
calculation (59) accounts for the measured width of this state explicitly 
and finds a large effect. In further studies with an enlarged model space 
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(61), this enhancement is reduced by a factor of 3 .6, but the high
temperature reaction rate is essentially unchanged from that of Funck 
& Langanke (59).

3 . 3 . 2  RECOMMENDED REACTION RATE It is difficult to recommend a 
reaction rate on the basis of such conflicting results and sparse ex
perimental input. As was pointed out by Funck & Langanke (59), the
previous calculation (56) may have used an oversimplified picture of 
the reaction mechanism. The later rate relies more heavily on calcu
lated properties of 1 8Ne because of ambiguities in the nuclear data, but 
also ignores some experimental input. For example, a calculated re
duced alpha width was used for the lowest r = 1 - resonance, but an
experimental value exists for the analog state. The theoretical value is 
about a factor of 3 larger than that derived from experiment, but in 
this instance, there is little effect on the final rate. Fortunately, the 
largest disagreement among these calculations occurs for T9 � 0.35
where the (u,p) reaction is probably too slow to compete with the beta 
decay of 140. At temperatures where the (u,p) reaction predominates, 
the calculations agree to within a factor of 2. At high temperatures, 
the rate calculated by Wiescher et al (56) includes a statistical-model 
estimate of the effects of high-energy resonances, a contribution to the 
cross section that was not examined by Funck & Langanke (59, 61) .
Because the high-temperature reaction rate from Wiescher et  al  (56) 
may be the most reliable, it is used in the network calculations pre
sented in Section 5. 

3 . 3 . 3  THE 17F(p;y)18Ne REACTION In marked contrast to the situation 
regarding the 140(U,p) 17F reaction, the 1 7P(p;y) 18Ne reaction is rea
sonably well understood. A comparison of T = 1 states in the A = 18
system shows that analogous JTr = 3 + states exist at Ex = 5.38 MeV 
in 180 and at 6.16 MeV in 18F (55; see Figure 3) . However, until recently 
the corresponding state in 18Ne has not been observed. Because this 
state could be populated by s-wave proton capture, it could be an 
important (p;y) resonance. However, the possible effect of this state 
was not included in initial calculations (62). Later work predicted Ex 

= 4.33 MeV on the basis of a simple Thomas-Ehrman shift calculation 
(63). This energy would place the state in question at an astrophysically 
interesting location, 406 ke V above the 1 7p + P threshold. Because r p 

= r for this state, the resonance strength is w')' = wr 'Y. Its radiative
width was calculated using the decay of the mirror state in 180 as a 
starting point, with the result that this state was indeed the most im
portant contributor to the reaction rate over the entire temperature 
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range of interest. However, a different calculation (64), using a more 
realistic nuclear potential, placed this state approximately 200 keY 
higher in energy where it would have a lesser influence on the reaction 
rate . 

Experimental verification of this prediction is difficult because pop
ulation of unnatural-parity states via direct two-proton or two-neutron 
transfer is forbidden. Consequently ,  this state can only be observed in 
reactions such as 160CHe,n)18Ne and 2°Ne(p,t) 1 8Ne if the reaction 
mechanism is more complicated than direct transfer. U sing the CHe,n)
reaction, Garcia et al in fact observed a weak state in the region near 
Ex = 4.5 MeV (64). By a process of elimination, this state has been
associated with the missing 3 + state. A line-shape analysis yields Ex 
= 4.561 ± 6 ± 7 MeV, where the first error is statistical and the
second accounts for systematic effects. Because the resulting reso
nance energy is actually Ecm = 639 ke V rather than 406 ke V, its effect 
on the 17P(p,'y)ISNe reaction rate is much less pronounced than was 
previously believed. 

3.3.4 RECOMMENDED REACTION RATE On the basis of an experimen
tally determined location for the r = 3 + resonance, the reaction rate
reported by Garcia et al (64) is clearly superior to the earlier estimate 
(63) and is about a factor of 10 lower at the temperatures of interest.

3.4 The 18Ne(a,pllNa Reaction
Operation of the 1 8Ne(u,p?lNa reaction may provide a link between 
the HCNO cycles and the rp-process. Unfortunately, little is known 
about the structure 0[22Mg above the 18Ne+u threshold [Eth = 8.140 
MeV (65)]. However, in 22Ne there are 22 known states in the region 
of excitation between 8.14 and 10.14 Me V (65). As a rule, level densities 
;?; 10 per Me V imply that a statistical-model treatment of the cross
section is warranted (66, 67). Hence, the 18Ne(u,p)21Na cross section 
has been obtained by a Hauser-Peshbach calculation (P.-K. Thiele
mann, private communication) without detailed knowledge of the level 
structure of 22Mg. However, without this information, it is also difficult 
to make an a priori estimate for the accuracy of this result. 

3.5 The Structure of 19Ne and the 150( a, y;t9Ne, 
18F(p,a)150, and 18F(p, y)19Ne Reactions 
A second link between the HCNO cycles and the rp-process is through 
the 1 50(u,'y)19Ne reaction. Its rate was estimated by assuming dimen
sionless reduced alpha widths e� = 0.02 for all states above the 1 50 + u
threshold (18). Radiative widths were adopted from presumed analog 
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states in 19p. This basic approach was also used by Langanke et al 
(68). Since the alpha widths determine the resonance strengths for ener
gies below Ecm = 1 Me V, these widths were estimated with somewhat 
more care by using experimental or theoretical values for e� that were
not available earlier. However, the rate remained essentially un
changed. One important discovery of this work was that the direct
capture process makes an insignificant contribution to the reaction rate. 
This assertion was confirmed qualitatively in other calculations (60). 

Because the 1 50 + u cross section appears to be dominated by the
contributions of isolated resonances, it is possible to determine the 
cross section experimentally by procedures similar to those used for 
the 1 3N(p,'y)140 reaction. The experimental situation is further simpli
fied by the fact that the analog states in 19p have been identified (55) . 
Measurements of the 1 5N(u,'y) 19p reaction (55, 69, 70) have been used 
to determine e� for some of these analog pairs. After correcting for the
difference in Coulomb barriers between 1 5N and 150, these measure
ments determine fe" for states Ex "" 4.549 MeV in 1 9Ne. Four states lie
below this level and could not be treated in this manner. Of these, the 
Ex = 4.033-MeV state (Ecm = 504 keV) is potentially the most im
portant owing to its low spin (and hence low-angular-momentum trans
fer in alpha capture). The alpha width of this state was estimated from 
1 5N(6Li ,d)19p data (71) .  Pinally , the alpha decays of many of these 
states were measured via the 19PCHe,tu) 1 50 reaction (7 1). Given C", 
this measurement was used to deduce r -yo Also, with values for r-y 
inferred from 19p,  the alpha-branching ratios provided an independent 
check on r {1' An intercomparison of these results provides reasonably
accurate resonance strengths for resonances at Ecm = 1020 , 107 1 ,  and 
1 183 keV as well as an estimate for the 504-keV resonance. 

A similar approach is planned (M. Wiescher, private communication) 
in order to examine the competition between the 18p(p,U) 1 50 and 
18p(p;y) 19Ne reactions. At present, these rates are only estimated (62)
based on the locations of known states in 19Ne and possible analogs 
in 19P. Although the states involved OCCur approximately 3 MeV higher 
than those taking part in the 1 50 + u reaction, the level density is still
low enough so that isolated resonances are expected to be important . 
However, resonance parameters have only been guessed at because 
little spectroscopic information exists. 

3 .5 . 1 RECOMMENDED REACTION RATES It is interesting to note that 
the experimentally derived (71 )  1 50(u,'Y)19Ne reaction rate differs from 
the theoretical estimate (68) by no more than ± 20% at any temperature
of interest. However, the calculations do not accurately represent any 
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of the individual resonance strengths. For this reason, the experimental 
rate should be used as the basis for future calculations. Unfortunately, 
for T9 ::;:; 0.5, (where the 504-keV resonance is important) this rate is
uncertain by approximately a factor of 2. A measurement of f ",If for 
this state would be a challenge because it is expected to be quite small 
(= 10-4) . The effect of this uncertainty on nucleosynthesis calculations
depends upon what temperature and density are required for the (a,-y) 
reaction to compete with the 13 + decay of 150. This in turn is governed 
by the details of the astrophysical model. An improvement to our un
derstanding of this rate may have to await the development of a ra
dioactive beam. The resonance parameters obtained for the 18F(p,a) 150 
and 18F(p,-y) 1 9Ne reactions were based on reasonable assumptions 
about the structure of 1 9Ne (62). Unfortunately, individual resonances 
may deviate greatly from systematic behavior and thus the rates of 
these reactions are highly uncertain. Until new experimental infor
mation becomes available, these rates will have to be relied upon. 

3.6 Differences Between Laboratory Rates and Stellar 
Rates 

3 .6 . 1 CONTRIBUTIONS FROM EXCITED STATES The above discussion 
implicitly assumed that the reactions of interest involved nuclei in their 
ground states. However, in an astrophysical environment, these nuclei 
will be immersed in a hot photon bath and may instead be found in a 
thermal population of excited states. Because energy thresholds and 
centrifugal barriers will be altered for reactions on excited states versus 
those for a target in its ground state , the latter reaction may bear little 
resemblance to the stellar reaction. Also, if excited states can beta 
decay, then beta half-lives will be modified by thermal excitation. U n
less the excited state in question is isomeric (and therefore might be 
made into a beam) , a direct measurement of the reaction cross section 
is virtually impossible. Reliable estimates can be made only when an 
analog reaction can be studied. 

In equilibrium, the ratio of nuclei in an excited state to those in the 
ground state is given by the Boltzmann formula (28) 

Nx 2Jx + 1 

No = 2Jo + 1 
exp( - ExlkT) , 7.  

where the subscript "x" refers to the excited state and 0 refers to the 
ground state. For the HCNO cycles, all of the targets of interest will 
be primarily in their ground states throughout the relevant temperature 
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range. Only 17,1 8p will have any noticeable excited-state population
(0.7% and 0.2% in the first-excited state at T9 = 1 .5, respectively) . Of
course, the possibility exists that a reaction occurring on an excited 
target might be much stronger than the ground-state reaction and this 
could offset the difference in population to some degree. However, 
based upon the available spectroscopic information, there is no reason 
to expect this situation for 1 7,18p+p.

Excited states are a serious consideration for rates in the rp-process 
(where level densities are generally greater), Por example, 19Ne will 
be in its first-excited state 1 -47% of the time for T9 = 0.5- 1 .5 .  As
improved experimental information becomes available , these effects 
will need to be examined more closely. 

3.6.2 STELLAR BETA-DECAY RATES Decay via positron emission is 
largely unaffected by the astrophysical environments considered here. 
In contrast, continuum electron capture will be enhanced with increas
ing density and temperature . Por allowed and first-forbidden decays, 
the ratio of stellar to terrestrial half lives is approximately proportional 
to TI12/p (72) . Of the nuclei in the HCNO cycles, only 18p has a branch
ing ratio for electron capture [3. 1 % (55)] large enough for its stellar 
half life to depart significantly from its measured value. This difference 
will become important as densities approach 105 g cm - 3 (for T9 = l ) .
The actual magnitude of  this effect will also depend upon the mean 
molecular weight of the gas and must be examined within the frame
work of a model calculation. Again, this effect will become more im
portant with increasing mass (i .e .  in the rp-process) as electron capture 
becomes progressively more favored relative to positron decay. 

4. THE rp-PROCESS

The nuclear reactions in the CNO cycles have been determined ex
perimentally over a wide energy range and the HCNO reactions have, 
at least, been constrained by experiment. In contrast, many of the 
proton-capture rates along the suggested rp-process path (including 
those involving stable nuclei) are quite uncertain. Also, unlike the 
HCNO cycles, the path of the rp-process is a very complicated function 
of the physical conditions governing the explosion. By necessity, net
work calculations of the rp-process have employed reaction rates that 
may be highly suspect. In this section, we review our present under
standing of the few reactions that have been studied in any detail. 
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4. 1 Reaction Rates in General
Proton capture reactions on the A > 20 nuclides that lie near the line
of stability typically have fairly high Q-values,  (on the order of 5 MeV 
or more). Consequently, level densities at these excitation energies in 
the compound nuclei are probably high enough to justify reaction rates 
based on Hauser-Feshbach calculations. For proton capture reactions 
on stable nuclei, excellent agreement has been obtained between the 
calculated and the experimentally derived rates (31). However, this 
approach is not necessarily valid for capture reactions on unstable nu
clei (18). For reactions occurring near the proton drip line or near closed 
shells ,  compound nuclei are formed at very low excitation energies and 
therefore at low level densities.  In these instances, the reaction rates 
are determined by the contributions of individual resonances as well 
as by nonresonant direct capture. As was the case for reactions in the 
HCNO cycles, these rates need to be derived from a direct measure
ment of the reaction or calculated from the spectroscopic properties 
of the compound nucleus. Direct measurements of nuclear reaction 
cross sections on unstable nuclei require the use of either a radioactive 
target or a radioactive beam. While a few attempts have been made to 
measure capture reactions on long-lived nuclei by the radioactive-tar
get technique, the radioactive beam technique is, for the most part, 
still being developed (74-77). Although the first radioactive-beam mea
surements on light nuclei have succeeded, the cross sections for cap
ture reactions on the heavy nuclei along the rp-process path are sig
nificantly smaller, owing to their larger Coulomb barriers. Therefore, 
much of what we know about the rp-process is the result of indirect 
nuclear spectroscopy. 

4.2 The 19Ne(p,y)20Na Reaction 
Because the 19Ne(p;y)20Na reaction is a trigger for the rp-process, a 
great deal of effort has been spent on determining its rate . Until re
cently, little was known about the level structure of 2°Na above the 
19Ne + p threshold and this made reliable estimates of the (p;y) cross
section difficult to obtain. Wallace & Woosley (18) used the known
spectrum of states in 2°F (without any level shifts) to construct an 
analogous level scheme for 2°N a. An improved level scheme was pro
posed (68) from calculations of Thomas-Ehrman shifts. Resonance 
properties were obtained from the respective analog states. This cal
culation assumed single-particle wavefunctions appropriate for a 
square well, but constrained the magnitudes of the shifts on the basis 
of single-particle reduced widths derived from a diffuse potential. Thus 
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there is a systematic uncertainty in their final resonance energies and 
proton widths .  

Initial measurements of the excitation energies of proton-unbound 
states in 2°Na were carried out by Lamm et al (78) using the 
2°NeCHe,t)2°Na reaction. Higher-resolution studies of this reaction 
and of the 2°Ne(p,n)20Na reaction followed (79) , and the results were 
generally in agreement with the earlier work. However, some of the 
states seen in the first measurement were not observed in the second 
and have since been attributed to contaminant reactions (80). In gen
eral , there was little correspondence between the measured excitation 
energies and the predictions ( 18 ,  68). With this new information, a 
revised reaction rate was presented (79) that was approximately 100 
times that of the theoretical estimate (68) at T9 = 0.5. This dramatic 
difference was a result of the different resonance energies used in each 
case. The major contributor to this new rate was a resonance at 445 
keY (Ex = 2.644 MeV). Its spin and parity , 1'" = 1 + was deduced from
CHe,t) and (p,n) angular distributions. But resonance parameters in 
(79) were taken directly from the work of Langanke et al (68), without
correcting for the difference in resonance energies between the two
studies .  Consequently, the proton widths,  which are extremely energy
dependent, are in error in this later study.

The results of these measurements have been confirmed in three 
other studies (80-82). An implanted 20Ne target was used by Smith et 
al (82) to obtain better resolution and yields the best energies for the 
various possible resonances: Ecm = 447 ± 5, 658 ± 5, 787 ± 5, and
857 ± 5 keY. Again, the lowest-energy resonance was found to be the
most important contributor to the reaction rate . It has been assumed 
(80, 82) that this state is the 1'" = 1 + analog to the 3 . 173-Me V particle
hole state in 20p and its resonance parameters were obtained from the 
(d,p) spectroscopic factor and calculated El strength of this latter state .
For this and the other resonances , the resonance strength was deter
mined primarily by the radiative width. However, it was pointed out 
in that the systematics of particle-hole states in this mass region do not 
permit simple estimates of El decay strengths , even for cases where
the analog strength is known (82). As a result, the reaction rate may 
be uncertain by several orders of magnitude. 

More recently , the 1'" = 1 + assignment for the 447-keV resonance
has been called into question. Using a three-cluster microscopic model, 
Descouvemont & Baye (83) predict r = 1 - for the 3 . 173-MeV state
in 2°F and its analog in 2°Na (still taken to be the 447-keV resonance) . 
B .  A. Brown et al (private communication) argue that, on the basis of 
available spectroscopic information and shell-model calculations, r 



60 CHAMPAGNE & WIESCHER 

= 0 - is favored. If this assertion is correct, then the reaction rate will 
increase by at least a factor of 10 over what has been accepted (80 , 
82) because of an enhanced M l  decay strength versus a hindered El
strength for r = 1 + .

It is clear that the rate of the 19Ne(p,')')20Na reaction cannot be es
timated with any degree of confidence until r for the 447-keV reso
nance has been established. This state is not observed to be populated 
in the beta decay of 2°Mg (84) nor is its presumed analog populated in 
the decay of 2°0 (85). While these results do not allow a definitive r 
assignment, they would naturally follow from r = 0 - or 1 - .  With
the recent development of an accelerated 19Ne beam (86) , a direct 
measurement of the (p;y) cross section may be possible in the near 
future . Resonances have been observed at Ecm = 839 and 904 keY in
the I HC9Ne,p) 19Ne reaction. The lowest resonance might correspond 
to that inferred from eHe,t) studies at Ecm = 857 ± 5 keY (82). How
ever, the upper state is only seen in one of the indirect measurements 
(80) . More work will be required before these direct measurements can
be pushed down to lower energies .  It should also be remembered that
the correct astrophysical reaction rate must also include contributions
from excited states of 19Ne as well as that from the ground state.

4.3 The Early rp-Pro.cess: 2oNa(p,yf1Mg, 
22Na(p,yf3Mg, and 26AI(p,y)27Si 
4.3 . 1  THE 2°Na(p,')')2 1Mg REACTION Following the sequence
150(a,')') 19Ne(p,')')20Na, which links the HCNO cycles with the rp-pro
cess ,  the 2°Na(p,')')2 IMg reaction is expected to continue the reaction
flow to higher masses. The level structure of 21Mg has been investi
gated (87) via the 24MgeHe,6He)2IMg reaction. The level shifts in the
2 1F_2 1 Mg analog pair are larger than what had been assumed in earlier
calculations of the rp-process ( 18 ,  1 9) .  Because the states that could
play a role in the (p,,),) reaction are now shifted to lower energies than
before, the reaction rate may be two orders of magnitude smaller than
had been anticipated.

4 . 3 .2 THE 22Na(p,,),)23Mg AND 26AI(p,'y)27Si REACTIONS The rates of
the 22Na(p,,),)Z3Mg and 26AI(p,,),)27Si reactions are of particular interest
because they regulate the amount of 22N a and 26 Al produced by an
explosion. Both of these isotopes are long-lived (TII2 = 2 .61 yr and
7.2 x 105 yr, respectively) and thus may be observable as gamma-ray 
sources in the interstellar medium by satellite-based gamma-ray de
tectors such as the Compton Observatory or the Nuclear Astrophysics 
Explorer. Several observations of 26 Al have already been reported (88-
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91)  and further measurements would provide tight constraints on cal
culations of explosive nucleosynthesis, provided that the net produc
tion rates are calculable. These reactions are two cases in which the 
radioactive-target technique has been used successfully. 

Measurements of the 24MgeHe,u)23Mg (92) and 24Mg(p,d?3Mg (93) 
reactions have yielded accurate excitation energies and J'IT values (94) 
for states in the vicinity of the 22Na + p threshold[Q = 7.554 MeV (65)] .
The high density of levels observed implied that the reaction rate could 
be calculated by using a statistical model. An initial attempt to measure 
the 22Na(p,'y)23Mg directly (95) used an enriched, evaporated 22Na tar
get. However, no resonances were observed because of substantial 
target impurities and high background radiation from target activity. 
A second attempt (96) was more successful: With an implanted 22Na 
target,  the 22Na(p;y)23Mg reaction was investigated in the energy range 
0 . 1 7  to 1 .29 MeV, using high efficiency NaI and D20 detectors (97) .
Several resonances were observed at energies above 0.29 MeV and the 
resulting resonance energies are in excellent agreement with values 
derived from the transfer studies. From these results, the reaction rate 
could be calculated accurately for the temperature range 0.3 ,,;;; T9 ,,;;; 
1 . 5 .  As expected from the level density, this rate is well reproduced 
by a Hauser-Feshbach calculation (3 1) . 

The 26AI(p;y)27Si reaction was first measured directly by Buchmann 
et al (98). In this work, seven isolated resonances were discovered at 
energies 276 ,,;;; Ecm ,,;;; 893 keV. Seven additional resonances were dis
covered over a somewhat larger energy range in work by Vogelaar 
(99) . From these measurements ,  the (p;y) reaction rate is well under
stood for temperatures T9 !2! 0 . 15 .  A number of additional states have
been identified in spectroscopic studies ( 100- 102) and these may have
a large effect on the reaction rate at temperatures below T9 = 0 . 15 .  A
calculation of the low-temperature rate , based on this information and
on shell-model calculations is in progress (A. E .  Champagne, private
communication) . However, it should be noted that all of this work is
relevant only to reactions on 26AI in its ground state . For temperatures
T9 !2! 0.4,  26AI will be found in a thermal equilibrium between its ground
state and its first-excited state ( 103) and the effects of these thermal
excitations must be estimated in the final reaction rate.

4.4 The rp-Process for A = 30-60 
For temperatures T9 ,,;;; 0 .5 ,  the reaction flow in the A = 30-50 mass 
range is expected to proceed via (p;y) reactions on the T = 0 even
even nuclei 28Si ,  32S , 36Ar, and 40Ca. Because these reactions are char
acterized by low Q-values and low level densities in the compound 
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nucleus ,  they are expected to be dominated by the contributions of 
isolated resonances. These reactions have all been measured by bom
barding a solid target with a high-intensity proton beam (65 , 104, 105)
and the reaction rate has been determined accurately from the mea
sured excitation function. 

In the iron region, the reaction flow is expected to pass through 56Ni. 
This nucleus is short-lived terrestrially (T1/2 = 6. 1 days), but is essen
tially stable during the short duration of an explosion. Hence, it may 
be an important link to masses beyond Fe-Ni. Although a direct mea
surement of the 56Ni(p,'y)57Cu reaction is not currently feasible, some 
relevant information has been obtained from nuclear spectroscopy: The 
reaction Q-value (Q = 740 keV) has been obtained from recent mass 
measurements of 57CU ( 106-108). From measurements of the 
58NiCLi,8He)57Cu ( 107) and 58NiC4N, 1 5C)57CU ( 108) reactions , two pro
ton-unbound levels are observed at Ex == 1 .04 and 2.52 MeV.  Calcu
lations of Thomas-Ehrman shifts for well-known states in the analog 
nucleus 57Ni indicate that each of these 57CU states is a doublet ( l08). 
All of these states are expected to be strong single-particle states .  Pro
ton widths were calculated from estimates of the single-particle spec
troscopic factors for these states and these are found to be the major 
contributors to the reaction rate. However, this result and others de
rived from nuclear spectroscopy are uncertain by at least an order of 
magnitude. This is because the nuclear structure is not known well 
enough to permit resonance parameters to be calculated with complete 
confidence. To verify these rates, a direct measurement , using radio
active-beam techniques ,  is necessary. 

4.5 Impedance Effects 
On the basis of Coulomb barriers, Woosley (73) estimated how far rp
nucleosynthesis would proceed in charge and mass as a function of 
time. However, the reaction flow may be substantially delayed by 
impedance effects in which material is stored over a period of time 
within a certain mass range before it can be processed further. 

In principle, four impedance effects may operate within the rp-pro
cess: waiting points,  photodisintegration, bottlenecks, and reaction cy
cles.  In the mass range A = 20-40, the nuclear structure systematics 
underlying these impedance effects ;  are fairly well understood. How
ever, in the mass range A = 40-70, the lack of experimental infor
mation about the nuclei near the proton drip line makes general pre
dictions difficult . 
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4.5 . 1 WAITING POINTS Once the reaction flow gets to within one pro
ton of the proton drip line, further proton captures are not possible 
because the compound nuclei are particle unbound. Therefore these 
isotopes can only be depleted by 13+ or electron-capture decay. Nu
cleosynthesis toward heavier masses then has to wait for these decays. 
These waiting point nuclei can be identified by mapping the proton drip 
line and by measuring lifetimes. This information is essential for a 
determination of the endpoint of rp-process nucleosynthesis at high 
temperatures. For the A = 20-40 isotopes , the proton drip line has
been established at 24Si, 29S ,  33 Ar, 37Ca, 38Ca, [4ITi] , etc (65). At higher 
masses and particularly at 43V,  47Mn, 50,5 1CO, 6OGa, 55As, 59Br, and 
73Rb, various atomic-mass predictions (109) disagree as to whether 
some nuclei are proton bound or unbound. A recent systematic study 
of proton-rich nuclei in the A = 50- 100 mass region indicates that
61Ga, 65 As, and 69Br have lifetimes of at least 150 ns ( 1 10). Whether 
or not these nuclei are reached in the rp-process is governed by their 
binding energies . However, 73Rb was not observed and this implies a 
waiting point at 72Kr. Because 72Kr has a half-life of 17.2 s ,  an rp
process of less than 17 s duration will stop at this point. 

4.5.2 PHOTODISINTEGRATION Proton capture reactions on even-even, 
T = 1 nuclei, e2Mg, 26Si, 30S , 34Ar, 42Ti , 46Cr, etc) typically have very 
small Q-values (Q � 0.5 Me V) and are strongly hindered at high tem
peratures by the inverse photo disintegration of the T = 3/2 compound 
nucleus. If the photo disintegration rate is larger than the proton-capture 
rate , then further reactions are halted pending the 13 decay of the T = 
1 nucleus. Typically, the T = 1 and T = 312 nuclei will maintain an 
equilibrium abundance and therefore a second proton capture may 
bridge the T = 3/2 nucleus. The latter situation occurs during conditions 
of high temperature and density. Because of the low proton thresholds 
in the T = 3/2 compound nuclei, (p,'y) reactions will usually involve 
isolated resonances, corresponding to the first and second excited 
states,  and by the direct capture to the ground state. However, current 
experimental knowledge about the levels in T = 3/2 nuclei, including 
the excitation energies of the low-lying excited states ,  is very limited. 

As an example, the first excited level in 23 AI ,  which is relevant to 
the 22Mg(p;y)23 Al reaction, was observed via the 24MgCLi, 8He)23 Al 
reaction ( 1 1 1) at an excitation energy of 460 ± 60 ke V (corresponding
to Ecm = 360 ± 60 ke V). The spin and parity for this level were adopted
from the mirror state in 23Ne, and the single-particle spectroscopic 
factor and B(E2)-strength for "y decay to the ground state were cal-
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culated in terms of the Brown-Wildenthal sd-model ( 1 12) .  However, 
experimental verification of these level parameters would seem to be 
warranted. 

4 .5.3 BOTTLENECK REACTIONS The reaction Q-values for proton cap
ture on even-odd T = 1 12 nuclei e3Mg, 27Si, 3 1 S ,  35Ar, 39Ca, 43Ti, 55Ni) 
are also usually low (Q :s;: 2.0 MeV) and again the reaction rates are
determined by the influence of isolated resonances and by nonresonant 
direct capture. Clearly , the Hauser-Feshbach approach is not justified 
here. Because they represent the only possible reaction link towards 
heavier elements for temperatures below T9 = 1, these reactions are 
referred to as bottlenecks . Their reaction rates therefore limit the over
all reaction flow, and small rates may lead to a substantial delay for 
further reactions. 

The 3 1S(p;y)32CI reaction (Q = 1 .574 MeV) is an important branch 
out of the SiP-cycle to heavier nuclei. Three states have been located 
in the energy region between threshold and Ecm = 1 Me V via
32SeHe,t)32CI studies ( 1 13 ,  1 14) . The excitation energies from these 
two measurements disagree by about 20 ke V. However, the latter re
sults are in excellent agreement with the energies obtained from a mea
surement of the beta-delayed ,,! decay of 32 Ar. Resonance parameters 
were obtained from the properties of the well-known analog states in 
32p (65). The reaction rate for temperatures characteristic of explosive 
hydrogen burning appears to be entirely determined by the contribution 
of the d-wave resonance at 568 keV (Ex = 2 . 1 42 MeV, r = 3 + ). At
these temperatures and for densities of p :s;: 106 g cm - \ the 13 decay
of 3 1S  is significantly faster than the proton capture reaction. There
fore, this reaction is a bottleneck in the route to higher masses. Again, 
it must be stressed that a measurement of the level parameters or a 
direct study of the resonance strength is highly desirable. 

4.5 .4 REACTION CYCLES For temperatures T9 :s;: 0.4, unstable even
odd T = 1 12 nuclei such as 23Mg, 27Si, 3 1S ,  35Ar, 39Ca, and 43Ti will 
most likely 13 decay to the odd-even T = 1/2 nuclei 23Na, 27 AI, 3 1p ,  
35CI, 39K,  and 43SC, respectively, rather than undergo further reactions. 
For proton capture on these decay products, both (p,,,!) and (p,a) re
action channels are open. The (p,,,!) branch will continue processing 
toward higher masses, whereas the competing (p,a) reaction will com
plete a cyclic reaction sequence, e.g. NeNa, MgAI, SiP, SCI, ArK, 
and CaSc cycles .  Depending on the reaction branching, b = (p ,a>/(p ,,,!>,
the reaction flow is hindered by the storage of material in the cycle 
over b cycle-times T and the cycle acts as a flow impedance with a
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temperature-dependent time constant b·T.  To study the time scales in
explosive stellar burning processes it is therefore important to deter
mine the cycle times (which at low temperatures are determined by 
the proton capture rates and at high temperatures by the f3 + decay 
rates) and to study the various (p ,ex)-(p,y) reaction branching b.  

In all cases, the proton capture populates a T = 0 compound nucleus 
at fairly high excitation energies (Ex = 8-12 Me V). Because of the high 
level density in this region of excitation, and because all populated 
resonances can decay into the f-y channel, a Hauser-Feshbach ap
proach should be applicable for the (p,y) reaction rate . In contrast, the 
competing (p,ex) reaction channel is open only for natural parity, T = 
o levels. The density of these levels may not be high enough to allow
a reliable calculation of the reaction rate by the Hauser-Feshbach ap
proximation. This restriction requires that we investigate the T = 0
nuclei in order to determine the level density of natural parity states ,
and the energies and resonance strengths in the (p ,ex) reaction channel.

Measurements of reaction branching for the NeNa, MgAI, and SiP 
cycles have recently been reported ( 1 15- 1 19): Competition between 
the 23Na(p,,),)24Mg and 23Na(p,ex)20Ne reactions was examined by pop
ulating 23Na + p resonances directly and measuring both reaction chan
nels simultaneously ( 1 15, 1 16). The resulting reaction-rate ratio indi
cates that for T9 ;3 0 .2 ,  a large fraction of the NeNa material is recycled 
via the 23Na(p,ex)20Ne reaction. 

A similar measurement has been carried out for the MgAI cycle 
where the 27 AI(p,,),)28Si reaction competes with the 27 Al(p,ex?4Mg re
action ( 1 17). A careful search for low-energy resonances in the (p,ex) 
channel produced restrictive upper limits on the strengths of several 
resonances that are known to be strong (p,,),) resonances. These results 
were confirmed by a fundamentally different technique in which the 
27 AteHe,d)28Si reaction was used to populate the states of interest and 
decay protons and alphas were detected in coincidence with deuterons 
( 1 1 8) .  In contrast to the NeNa cycle, these results indicate that the 
MgAI cycle actually cycles only 0 . 1-1% of the time for T9 = 0.2 and 
about 10% of the time at higher temperatures .  Thus, most of the ma
terial in the MgAI cycle is processed to higher masses. 

The closure of the SiP cycle was investigated by measuring the 
3 Ip(p,,),)/(p,ex) branching ratio ( 1 19) in a manner similar to the previous 
measurements ( 1 1 5- 1 17). While several resonances have been ob
served in the 3 IP(p,,),)32S reaction at energies above 250 keY, only a 
single strong resonance was identified (at 383 keY) in the 3 IP(p,exf8Si 
reaction. The reaction rates for both reaction channels can be calcu
lated reliably for T9 ;3 0 .4. At lower temperatures ,  some uncertainty 
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results from the unknown spin of the Ex = 9.060-MeV (r = 0- -2 - )  
state observed i n  transfer reaction studies .  For natural parity ( 1 -) ,  the 
3 1P(p ,a) channel is expected to dominate ; for unnatural parity (0 - , 2 - )  
the a channel is  closed and only in 3 Ip(p;y) channel i s  a strong reso
nance expected. 

5. NETWORK CALCULATIONS

Nucleosynthesis in the rp-process can be described via a large-scale 
network calculation ( 18 ,  19,  3 1) ,  in which the net reaction flow Fij 
between two nuclei, i and j, is defined by

Fij = J [ Y(i � j) - Y(j � i)] dt, 8.  

where hi � J) is the change in the isotopic abundance Yi (Y  = X/A,
i .e .  mass fraction divided by atomic number) with time, induced by all 
reactions converting nucleus i to j. The total time evolution of the 
isotopic abundances is calculated from all depleting and producing re
action rates Ai as a function of temperature and density

Y; = � Aj l} + � Aj,dj Yk• j j,k 9. 

The first term in the equation includes 13 + decays and photodisinte
gation of all nuclei j to i, while the second term describes two-particle 
reaction processes between nuclei j and k leading to i. 

Recently, reaction network calculations have been performed to in
vestigate the reaction flow in the rp-process up to the mass range A

= 80 for various conditions of temperature and density ( 1 14,  120). In 
these calculations , the reaction network used by Wallace & Woosley
( 18) for reaction flow up to the mass range A = 40 has been updated 
and extended. The new network contains 216  stable and unstable nuclei 
and 946 nuclear interactions-including 13 + electron capture weak in

teraction processes, as well as (p,-y), (p,a) , (a ,-v) , and (a,p) reactions 
and the various inverse reactions. 

The reaction flow of the rp-process will be discussed in the following 
for three temperature, density and time-scale conditions: T9 = 0 .3 ,  p 
= 103 g cm- 3 ,  calculated over a period of t = 10  s; T9 = 0.4, p = 104
g cm - 3 ,  calculated over a period of t = 1000 s; and T9 = 1 .5 ,  P = 106
g cm - 3, calculated over a period of t = 10  s. These parameters rep
resent the peak conditions of explosive hydrogen burning in the su
pernova shock wave, in the thermal runaway in novae and in the ther
mal runaway in x-ray bursts ,  respectively. All calculations have been 
performed for constant temperature and density conditions. For the 



EXPLOSIVE HYDROGEN BURNING 67 

initial elemental-abundance distribution , solar isotopic abundances 
have been used ( 121) .  

5 . 1 Low Temperatures and Densities 
Figure 4 shows the reaction flow pattern in the mass range A = 20-

60, calculated over a period of t = 10 s for temperature and density 
conditions of T9 = 0. 3 and p = 103 g cm - 3 .  The connecting lines
indicate the time integrated reaction flux Fij •  Clearly indicated is the 
reaction flux in the HCNO cycles that leads to an enhancement in the 
abundances of the waiting-point nuclei 14, 150 and 18Ne by two proton 
captures on the initial isotopes 1 2, \3C and 160, However, there is no 
connection between the HCNO cycles and the NeNa region,  This in
dicates that an rp-process will occur only if there is preexisting A � 
20 material. In the NeNa mass region, the flow pattern indicates the 
hot NeNa cycle 

2°Ne(p,y)21Na(p, 'Yf2Mg(J3 + vf2Na(p , 'Y)23Mg(J3 + vf3Na(p,u)20Ne. 

T9 = 0.3 
3 3 

P = 1 0  g /cm 

) 

S I--l-+-Rd-'kt' 

10 
12 14 

32 
30 

24 26 28 
2 2  

1 8  20 

1 6  

10 .  

34 

Figure 4 The rp-process reaction path, calculated for T9 = 0.3 and p = 103 g cm - 3. 
Stable nuclei are shown as shaded squares. The solid line indicates the main reaction 

flow, integrated over a period of 10 s. The dashed line indicates additional processing 

after a period of 100 s. 

36 
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The flow towards heavier masses passes through the two bottleneck 
reactions 23Mg(p;y)24AI and 24Mg(p;y?5 AI. Because of the large time 
constant for breakout from the NeNa cycle, the bulk of the material 
will stay confined in the NeNa region over the time period of the cal
culation. A continuous reaction sequence 

24Al(p;y?5Si(/3 + V?5 Al(p;y)26Si(/3 + V)26 Al(p ;y)27Si(p ;y?8p(/3 + v)28Si 

1 1 .

leads into the Si,P,S region. Here the flow pattern is characterized by 
the hot SiP cycle 

28Si(p;y)29P(p;y)30S(/3 +v)30p(p;y)3 1 S(/3 + v)3 1p(p,u)28Si. 1 2 . 

A significant percentage of this material is processed toward higher 
masses via the reaction sequence 3 IP(p;y)32S(p;y)33CI . Only a weak 
flux characterizes further reactions up to the endpoint, 40Ca. 

Figure 5 shows the abundances of various isotopes along the process 
path as a function of time. The initial 2°Ne is processed mainly into 
22Mg, where it remains confined because of its long half-life (T1I2 = 
3 .86 s) . Preexisting 24Mg and 28Si are processed into 26Si (T1/2 = 2.23
s) and 30S (T1/2 = 1 . 1 8 s). The decay of these isotopes leads to an

I- -- - - �oN e22 - 2  - - - - - - Mg10  � 32 .-.-. 5
I- __ 40C a 

� 

Tg = 0 . 3  _ 
d e n sity = 1 03 g /cm3

_ 

I O '°L-____ � ____ � ____ -L ____ -L ____ � 

1 0-3  1 0- 2  1 0- 1  1 0° 
t i me ( sec ) 

Figure 5 The time evolution of 2°Ne, 22Mg, 32S, and 40Ca for T9 = 0.3 and p = 103 g 
cm - 3. Solar abundances ( 1 2 1 )  have been used for initial values. 
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enrichment of 3 1S  (T1I2 = 2 .57 s). As the reaction-flow calculations
show, 3 1S  primarily decays to 3 1p, which is recycled by a (p,a) reaction 
to 28Si where it essentially remains distributed in the SiP region e1S) .  
The time constant for the reaction cycle (which impedes further pro
cessing) is determined by the lifetime of 3 1S  and the 3 1P(p;y)/(p,a) re
action rate ratio, "TSiP = "TeI S)(p,y)/(p ,a). Because the production rate
for 32S via the 3 1P(p,y) reaction is approximately three orders of mag
nitude larger at these temperatures than the 32S depleting reaction 
32S(p;y)33Cl, processing with each cycle by the 3 1P(p;y)32S branch leads 
to a final enhancement of 32S. The nucleus 32S, therefore is the endpoint 
of nucleosynthesis for initial material in the mass range A = 20-32
after a burning time of 10 s. For a longer burning period, an endpoint 
is reached at 40Ca. It should be pointed out that this result differs from 
previous network calculations based on the old 32S(p,y)33CI rate by 
Wallace & Woosley ( 1 8) ,  which was predicted to be two orders of
magnitude larger than the rate recently measured by Iliadis et al ( 104) . 

5 . 2  Intermediate Temperatures and Densities 
For typical novae, peak temperatures will be near T9 = 0.2 and hy
drogen burning will be dominated by the primary HCNO cycle. How
ever, for energetic novae (T9 = 0.4),  rp-process nucleosynthesis will 
also be important. Network flow calculations , appropriate for extreme 
nova peak conditions ,  T9 = 0.4,  p = 1 X 104 g cm -3 ,  are shown in
Figure 6. These calculations have been performed for a burning period 
of I:!.t = 100 s. The flow pattern indicates a considerable flux of material
from the CNO region towards the mass region A "'" 20 via the reaction
sequence 

13 .  

At the "waiting point" 22Mg, the flow branches into two sequences 
bypassing the NeNa and the MgAI cycles .  The first is initiated by the 
22Mg(p,y)23Al reaction, 

22Mg(p,'Y)23 AI(p,'Y)24Si(13 + ,v)24AI(p, 'Y?5Si(13 + ,V)25 AI(p,'Y)-

26Si(l3 + ,v?6Al(p,'Y?7Si, 14 .  

and the second follows the 13 decay of 22Mg,

15 .  

A further series of  reactions runs close to  the proton drip line, feeding 
the SiP mass range by 27Si(p,'Y)28p(p,'Y)29S(I3 + v?9P(p,'Y)30S. The mass
region A "'" 40 is characterized by a sequence of three reaction cycles,
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Figure 6 Same as Figure 4 but for T9 = 0.4 and p = 104 g cm- 3• 

34 
32 

the SiP, SCI, and the ArK cycles, which branch into each other via 
the bottleneck reactions 3 1 S(p;y)32CI, 35 Ar(p;y)36K. Progress towards 
A > 40 is channeled via two weak proton-capture reactions, 
39Ca(p;y)40Sc and 40Ca(p,'y)41 Sc ( 1 22) , into the CaSc cycle. This stage 
of nucleosynthesis is reached after approximately 20 s of burning. In 
the A = 50 region, the reaction flow leaks out of the CaSc cycle via 
43Ti(p ,),)44Y(13 + V)44Ti(p;y)45y and 43Sc(p ,)')44Ti(p,)')45y . Further re
actions lead to an endpoint at 52Fe . 

Figure 7 shows the corresponding time evolution of isotopic abun
dances along the process path. At this temperature , the original 2°Ne 
is depleted within the first second of the process and converted into 
22Mg(3 . 86 s) . Because 22Mg can be destroyed by a (p,'y) reaction, its
effective half-life is shorter, TI/2eff = 2.4 s, and within that time period, 
material is converted into the waiting-point nuclei 34Ar and 40Ca. The 
abundances of these nuclei reach an equilibrium value between pro
duction and decay after 10 s. However, since the production flow will 
cease, the net abundances drop. Also during this period, 40Ca will be 
significantly enhanced owing to its very weak depletion reaction 

36 
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Figure 7 The time evolution of 2oNe, 22Mg, 34Ar, 40Ca, and 52Pe for T9 = 0.4 and p = 
104 g cm -3. 

40Ca(p,'y)4ISC. Further processing will completely convert 40Ca into 
52Fe. Because of its long j3-decay half-life (T1/2 = 8.28 h) , and its weak
depletion rate via the 52Fe(p,'y)53Co reaction, 52Fe is the endpoint of 
the rp-process under these conditions. 

5 . 3  High Temperatures and Densities 
The third calculation deals with nucleosynthesis during an x-ray burst 
where the temperature and density are chosen as T9 = 1 .5 and p = 
1(1' g cm- 3 .  These conditions are expected to last for 10 s or less ( 1 1) .
The reaction flux (Figure 8) shows a continuous flow from 4He to 73Kr, 
which is the endpoint of the reaction network. At the start of the out
burst, 12C is produced by the triple reaction and then quickly converted 
to 140. The light waiting-point nuclei, 140, 18Ne, 22Mg, 28Si, 30S , and 
34Ar are bridged by a sequence of (n,p) reactions [known as the np
process (73)J . Beyond A = 38 , the rp-process path is characterized by
proton-capture reactions and p decays along the proton drip line, up 
to the Ni region. Because of an increasing Coulomb barrier, further 
(n,p) reactions will be too slow to compete with 13 decay. The nucleus 
54Ni is predicted to be particle unbound ( 123),  consequently the re-
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action flow is channeled along the path 

53Co(13 + )53Fe(p, -y )54CO(p;y)55Ni(p , -y )56Cu(13 + )56Ni(p, -y )57CU. 16 .  

The (p,-y) reactions on 55,56Ni have low Q-values (Q = 0.459 and 
0.767 Me V,  respectively) and will be hindered by photodisintegration 
( 120) . Reactions will continue up to 64Ge(63 .7 s) , which is essentially
stable during the course of the outburst. If 65As is proton unbound,
then 64Ge will terminate the rp-process during an x-ray burst. However,
if 65 As is stable against proton decay, then the reaction path will con
tinue along

65 As(p,-y)66Se(13 + )66 As(p,-y)67Se(13 + )67 As(p, -y)68Se 

and 

1 7 .  

68Se(p, -y )69Br(p, -y fOKr([3 + fOBr(p;y fl Kr(13 + f I Br(p, -y f2Kr, 18 .



(I) 
(J 
c: 
C 

"0 
c: 
:::J 

.0 
C 

1 0° 

1 0- 2

1 0- 4

1 0- 6

1 0- 8

EXPLOSIVE HYDROGEN BURNING 73 

T9 = 1 . 5 
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provided that 69Br is also particle stable . Since recent measurements
indicate that 73Rb is particle unbound (1 10),  the rp-process will ter
minate at 72Kr07.2 s). 

Figure 9 shows the resulting isotopic abundances along the process 
path. After 0.5 s, preexisting CNO and NeNa material is converted 
into 34Ar. After 1 s, the (ap-process will produce 38Ca. The abundances 
of 55,56Ni will reach a maximum at 1 .5 s, and after 5 s, the bulk of the 
original material will reach 64Ge. The abundance of 64Ge will decrease 
slowly because both destruction processes , 64Ge(p;y)65 As and 
64Ge(13 + )64Ga are weak. Ultimately , 64Ge will be converted into 72Kr, 
which will reach a maximum abundance after 20 s .  

6. CONCLUDING REMARKS

Although an impressive amount of effort has been devoted to under
standing nucleosynthesis during explosive hydrogen burning, a great 
deal of work remains to be done. The reactions described in this review 
are only a few of the reactions of interest. All are uncertain to some 
degree. Reactions that have not been mentioned may be equally im
portant but have rates that are essentially unknown. Impressive net-
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work calculations have been performed, but based on our knowledge 
of reaction rates ,  it is fair to ask if we have not built a house of cards. 
There is no substitute for measured rates and this effort will require 
the continued development of radioactive beams as well as old-fash
ioned nuclear spectroscopy. Nuclear spectroscopy will also be impor
tant as a source of other necessary nuclear input such as masses, life
times, etc. However, in order to push these measurements to the proton 
drip line, radioactive beams will be required. We look forward to con
tinued progress in this field for some time to come. 
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