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Figure 2.28 Illustrating schematically the two limiting kinds of nuclear reaction, compound
nucleus formation and decay, and direct reactions. The latter are represented by stripping
and knock-out occurring in the nuclear surface
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Fig. 19.5 Direct, pre-compound and compound nucleus contributions to a nuclear reaction.

sections and all the other non-elastic reactions. This shows the connections between the
different reaction mechanisms.
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Iig. 5.12. Photon cross-sections on carbon and lead [1] as explained in the text.
At low energy, LkeV < E < 100keV, photo-electric absorption dominates while
clectron-positron pair production dominates for £ 3> 2mec?. Compton scattering
dominates at intermediate energies. Photo-nuclear absorption (Fig. 3.8) is of minor
importance.
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Fig. 3.8. The cross-sections for photo-dissociation of *H and of **®*Pb [30]. The
vross-section of Pb exhibits a giant resonance typical of heavy nuclei.

0

Neutrinos Methods for calculating neutrino cross-sections will be presented
in Sects. 3.2 and 3.4. Since neutrinos are subject to only weak interactions,
their cross sections are considerably smaller than those of other particles.
l'or neutrino energies much less than the masses of the intermediate vec-
tor bosons, mwc? = 80.4 GeV and mzc® = 91.2GeV the cross-sections are
proportional to the square of the Fermi constant
2

GF 5997 % 107 m2MeV~2 . - (3.36)

(hc)*
By dimensional analysis, this quantity must be multiplied by the square of
an energy to make a cross-section. The cross-sections for several neutrino
induced reactions are given in Table 3.1. For nuclear physics, neutrinos of
cnergy Ey ~ L MeV are typical so, multiplying (3.36) by 1 MeV?, gives cross-
sections of order 10~"¥m?.
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an excited state E, in the compound nucleus B at an incident energy of Eg. The excited state E,
decays into lower-lying states with the emission of y-radiation. This process is called a resonant
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so that the interior amplitude when off-resonance is much smaller than shown here
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FIG. 9 (color online). §;7(E) vs center-of-mass energy E, for E =
1250 keV. Data points are shown with total errors, including
systematic errors. Dashed line: scaled Descouvemont (2004) curve
with §;7(0) = 20.8 eV b; solid line: including a fitted 1™ resonance
shape.

in Solar Fusion I. Total errors, including systematic errors, are
shown on each data point, to facilitate a meaningful com-
parison of different data sets. All data sets exhibit a similar
S17(E) energy dependence, indicating that they differ mainly
in absolute normalization.

Following the discussion in Sec. IX.B, we determine our
best estimate of S17(0) by extrapolating the data using the
scaled theory of Descouvemont (2004) (Minnesota calcula-
tion). We performed two sets of fits, one to data below the
resonance, with E = 475 keV, where we felt the resonance
contribution could be neglected. In this region, all the indi-
vidual S;(0) error bars overlap, except for the Bochum
result, which lies low.

We also made a fit to data with £ = 1250 keV, where the
1% resonance tail contributions had to be subtracted. We did
this using the resonance parameters of Junghans ez al. (2003)
(E, =720 keV, ', = 35.7 keV, and I'), = 25.3 meV), add-
ing in quadrature to data errors an error of 20% of the
resonance subtraction. In order to minimize the error induced
by variations in energy averaging between experiments, we
excluded data close to the resonance, from 490 to 805 keV,

Adelberger et al.: Solar fusion cross

.... II. The pp chain ...

where the S factor is strongly varying and the induced error is
larger than 1.0 eV b. Above the resonance, the data have
smaller errors. Only the Filippone er al. (1983) and
Weizmann group error bars overlap the UW-Seattle/
TRIUMEF error bars.

Figure 9 shows the best-fit Descouvemont (2004)
(Minnesota interaction) curve from the E =< 475 keV fit [to-
gether with the 17 resonance shape determined by Junghans
et al. (2003), shown here for display purposes]. Our fit results
are shown in Table VII. The errors quoted include the in-
flation factors, calculated as described in the Appendix. The
main effect of including the inflation factors is to increase the
error on the combined result by ‘the factor 1.7 for E =
475 keV, and by 2.0 for E = 1250 keV. Both the S;;(0)
central values and uncertainties from the combined fits for
these two energy ranges agree well, the latter because the
added statistical precision in the £ = 1250 keV fit is mostly
offset by the larger inflation factor.

We also did fits in which the low-energy cutoff was varied
from 375 to 475 keV and the high-energy exclusion region
was varied from 425-530 to 805-850 keV. The central value
of S{7(0) changed by at most 0.1 eVb. On this basis we
assigned an additional systematic error of 0.1 eV b to the
results for each fit region.

To estimate the theoretical uncertainty arising from our
choice of the nuclear model, we also performed fits using the
shapes from other plausible models: Descouvemont (2004)
plus and minus the theoretical uncertainty shown in Fig. 8 of
that paper; Descouvemont and Baye (1994); the CD-Bonn
2000 calculation shown in Fig. 15 of Navratil ef al. (2006b);
and four potential-model calculations fixed alternately to
reproduce the 7Li + n scattering lengths, the best-fit "Be +
p scattering lengths, and their upper and lower limits (Davids
and Typel, 2003). The combined-fit results for all these
curves, including Descouvemont (2004), are shown in
Table VIII.

We estimate the theoretical uncertainty on S;7(0) from the
spread of results in Table VIII: *£1.4 eVb for the E =
475 keV fits, and T2 eVb from the E = 1250 keV fits
(the smaller error estimate in the latter case reflects the
exclusion of the poorer potential-model fits). We note that
the estimated uncertainties are substantially larger than those
given by Junghans ez al. (2003) and by Descouvemont
(2004).

TABLE VII. Experimental S;;(0) values and (inflated) uncertainties in eVb, and y?/dof deter-
mined by fitting the Descouvemont (2004) Minnesota calculation to data with £ =< 475 keV and with
E = 1250 keV, omitting data near the resonance in the latter case.

Fit range E = 475 keV E = 1250 keV
Experiment S,7(0) o x?/dof S17(0) o x?/dof
Baby 20.2 1.4% 0.5/2 20.6 0.5% 5.2/7
Filippone 194 24 4.7/6 18.0 2.2 15.8/10
Hammache 19.3 1.1 4.8/6 182 1.0 12.5/12
Hass 189 1.0 0/0
Junghans BE3 21.6 0.5 7.4/12 215 0.5 12.3/17
Strieder 17.2 1.7 3.5/2 17.1 1.5 5.1/6
Mean 20.8 0.7 9.1/4 20.3 0.7 18.1/5

*We include an additional 5% target damage error on the lowest three points, consistent with the
total error given in the text by Baby er al. (2003a) [M. Hass, 2009 (private communication)].
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Figure 1. Energy levels of '50 relevant to the 'SN(p,y)'®O reaction at low energy -
Primary (dotted) and secondary (dashed) y-ray transitions are also shown. W gf\u/
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Broggini C, et al. 2010.
Annu. Rev. Nucl. Part. Sci. 60:53-73
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(solid line), is compared with the experimental results.
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432 ADVANCED AND EXPLOSIVE BURNING

short-lived radioactive nuclei or nuclei thermally excited to very short-lived
excited states. It is sometimes possible to bypass the problem of a radioactive
target by inverting the nuclear reaction and then using the principle of time-
reversal invariance. Of course, this technique will not work if both target and
residual nucleus have short lifetimes (chap. 5), or if excited states are involved
in the reaction processes.

Numerous experimental studies show that direct nuclear reactions are
rarely significant in the range of nuclei and at the energies that are relevant for
astrophysics, and that compound nucleus reactions dominate the processes.
The Hauser-Feshbach statistical reaction model (Hau52, Vog68) is therefore
usually adequate for a general description of these compound nucleus reac-
tions.

The statistical theory of nuclear reactions (Bla62) is based on the compound
nucleus picture of nuclear reactions. The closely spaced narrow resonances,
which are characteristic of compound nucleus processes, are individually of
interest only at low energies and for the lightest nuclear systems. At higher
energies and for the heavier nuclei, the number of resonances increases drasti-
cally; the physical interest is in nuclear cross sections averaged over these
resonances, which also is usually what is measured. The statistical theory of
nuclear reactions deals with such energy-averaged cross sections.

To a large extent, the treatment of average cross sections employs an
evaporation model with only a partial basis in nuclear reaction theory. The
model depicts the nuclear reaction as proceeding in two stages. In the first
stage a compound nucleus is formed by the collision of the projectile with the
target nucleus. In the second stage, the compound nucleus decays into one of
many possible pairs of reaction products. The evaporation model assumes that
the compound nucleus, in its decay, loses all memory of the way in which it
was formed. Thus, the decay treats all possible decay products in the demo-
cratic fashion envisaged in evaporation of a classical liquid drop. In this
evaporation model a nuclear reaction of the type

Ax, y)B

is assumed to have an energy-averaged cross section o(E), which may be fac-
tored as '

I'(y + B)
——Fw( 3 (8.3)

where the average of the cross section is over all the resonances involved. The
first factor in the above equation, which depends only on the initial pair of
particles in the entrance channel, is called a cross section for the formation of
the compound nucleus. The second term represents a branching ratio that
describes the probability of decay into the channel of interest, namely, y + B,
compared with the total decay probability, which is the decay into all pairs of
reaction products (exit channels) available to the compound nucleus. This

&(E) = Jform(x + A)

branching ratio
width T, ,. Clez
nucleus only an
exit channels. 7
the independen;

The cross sec
be a maximum;

aform(x =4

where the quar
7R? (R is the

particles, the pe
into account by

G-form(x + ¢

For both neutr:
the nuclear dor
(chap. 4) are u
through the rec
the total width
factors. These

T(E, R). The ba
section for any ¢

o(E) = n#*

If J and = are -
resonance states
to sum over thes

6(E) = —
©=a,
Here j, and Jp ar
tities T(J, n) ar
dissociation of
channel and the
The sum in -
residual nuclei t
the entrance ch,
over orbital ang
accessible excita
for which excit:
known, the sum
not known. This



ry short-lived
" a radioactive
iciple of time-
>th target and
s are involved

reactions are
re relevant for
the processes.
8) is therefore
nucleus reac-

the compound
'W resonances,
ndividually of
'ms. At higher
«creases drasti-
sed over these
tical theory of

s employs an
m theory. The
zs. In the first
jectile with the
1ys into one of
:1 assumes that
‘ay in which it
3 in the demo-

drop. In this

ch may be fac-

(8.3)

; involved. The

initial pair of
1 formation of
ung ratio that
namely, y + B,
nto all pairs of

nucleus. This

Silicon Burning 433

branching ratio is proportional to the ratio of partial width I'(y + B) and total
width T',,,. Clearly the total decay probability is a property of the compound
nucleus only and does not depend on the particular choice of the entrance and
exit channels. The factorization assumed in equation (8.3) is an expression of
the independence of formation and decay of the compound nucleus.
The cross section for the formation of the compound nucleus is assumed to
* be a maximum; that is (chap. 4),

Uform(x IF A) A e — ni’za) )

where the quantity w is the statistical factor and where for neutrons n#? =
nR? (R is the nuclear radius of the colliding pair). In the case of charged
particles, the penetration through the Coulomb barrier (chap. 4) must be taken
into account by multiplying by the penetration factor P,(E, R):

Otorm(X + A) = n42wP,(E, R) .

For both neutrons and charged particles, it is assumed that particles reaching
the nuclear domain are fully absorbed, i.e., that the reduced particle widths
(chap. 4) are unity. This assumption is also applied for the exit channels
through the reciprocity theorem. Hence all partial widths I'(y + B) as well as
the total width T',, =, T; can be replaced by their respective penetration
factors. These factors, often called transmission functions, are given by
T(E, R). The basic Hauser-Feshbach expression for the energy-averaged cross
section for any orbital angular momentum [ is then

&(E) = mtzm 7::(1)7:!(1) )
2 Ti)
If J and = are the angular momentum and parity of the compound nucleus

resonance states, the reaction can proceed through all such states, and one has
to sum over these quantities:

HE) = —— T LU, )T, 7)
v DIl s e (8.4)

Here j, and j, are the spins of the target nucleus and projectile, and the quan-
tities T,(J, n) and T,(J, m) are the transmission functions for formation and
dissociation of the compound nucleus state (J, n) via the A + x entrance
channel and the B + y exit channel, respectively.

The sum in the denominator of equation (8.4) includes all states in the
residual nuclei that are energetically accessible at the interaction energy E of
the entrance channel. Each transmission function contains an implicit sum
over orbital angular momentum and channel spin, if applicable. When the
accessible excitation energy in the residual nucleus is higher than the energy
for which excitation energies, spins, and parities of the excited states are
known, the sums will include integrals over the regions where the states are
not known. This aspect requires the development of analytic expressions for

L
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F1GURE 8.8. Comparison of Hauser-Feshbach cross-section calculations with measurements of
the *6Ti(e, m)*°Cr reaction (How74). The energy dependence of this reaction cross section is
mainly governed by the a-particle transmission functions, except very close to the neutron thresh-
old.

the density of excited states as a function of E, J, and n. The other essential

ingredients in the cross-section formula are the transmission functions, which
are commonly obtained with the use of optical-model potentials.

Many authors have contributed to the development and improvement of
statistical nuclear reaction models (Mic70, Tru66, Tru72, Man75, Hol76,
Woo078). This theoretical effort is still going on, and it is possible to hope that
a model will be produced that will predict reaction rates to better than a factor
of 2. In any case, it is imperative to check, wherever possible, these theoreti-
cally predicted reaction rates—in part as an incentive for further improve-
ments in theory. For this reason, there has been considerable experimental
effort to measure absolute cross sections, as a function of bombarding energy
(so-called excitation functions), for a wide range of silicon-burning nuclear
reactions (How74, Rio75). That the Hauser-Feshbach model gives an accept-
able description of excitation functions, even with global parameters in the
potentials, was quickly verified. Figure 8.8 shows an example. Usually, such
excitation functions are rather featureless, and they usually test the energy
dependence of only a few of the partial widths, often only that of the entrance
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channel. Many of the silicon-burning reactions have not been experimentally
measured and represent an open field for future activity in the nuclear labor-
atory.

Charged-particle-induced cross sections have been calculated for most
silicon-burning reactions, with the reaction model as then developed (Wo078).
These calculations predict cusplike behavior at neutron thresholds for many
reactions. These cusps are seen as relatively sharp drops in the cross section
for a given reaction as a second reaction channel opens up. If the incoming
flux is constant, there is a reduction in the number of reactions of the first
kind. This situation is analogous to the decrease in flow from a water faucet as
another faucet is turned on.

The first of these competition cusps, as they are now called (Bar82), was
found (Man75a) in the reaction S*Ni(p, y)®°Cu in the energy range where
thresholds for several low angular momentum states appear in the competing
reaction $*Ni(p, n)®*Cu (Fig. 8.9). The observed competition cusp is about a
factor of 3 smaller than predicted. It was immediately recognized that com-
petition cusps would provide a more sensitive test of the nuclear reaction
model than reactions without such cusps because all of the significant partial
widths must be described correctly to reproduce the observed structure. A
program to study such cusps was then undertaken in several laboratories. The
resulting improvements on the statistical reaction model are continuing
(Bar82).

The current global Hauser-Feshbach models already give acceptable predic-
tions of reaction cross sections for nuclei near the valley of stability. Thiele-
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FIGURE 8.9. Competition cusp in 5*Ni(p, y)°Cu compared with the Hauser-Feshbach calcu-
lations. The solid (dashed) line is a calculation with (without) width fluctuation corrections
(Man75a). Note that, as the successive neutron thresholds open, the (p, ) yield shows a large drop
to about one-tenth of the maximum value reached just below the first neutron threshold.
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mann (Thi80) has suggested alternative potentials and level-density
expressions, which are claimed to improve the capability of the theory to
predict cross sections involving nuclei far from the valley of stable nuclei. At
this time, there is no satisfactory way to test experimentally the extrapolation
of nuclear reaction models far from the valley of stability, sitice these nuclei are
instable (chap. 5).

8.3. The Final Bursts of Nucleosynthesis in Massive Stars

We have seen that the silicon core built up in the sequence of quiescent
burning phases will eventually contract. The resulting increase in temperature
will result in some of the silicon nuclei being broken down into a-particles.
These a-particles, in turn, are captured by the rest of the silicon and other
nuclei such as sulfur, argon, and calcium, resulting in the formation of iron
and nickel. Because of prodigious neutrino losses the energy output of silicon
burning is not very large and conversion of the material of the inner region of
the star to iron and nickel is rapid. Iron and nickel, the most tightly bound of
all nuclei, cannot participate in any reactions providing nuclear energy needed
to support the hydrostatic pressure which stabilizes the iron-nickel core and
thus prevents gravitational collapse. We have now arrived at a crucial moment
in the history of a massive star. We will pause here and examine the existing
inner structure of the star (the supernova progenitor) before going on to the
inevitable gravitational collapse and the final catastrophic evolutionary event,
a giant explosion called a supernova.

8.3.1. The Inner Structure of a Presupernova Star

By the time the iron-nickel core of a massive star forms and the core is just
beginning to collapse, the star has gone through many burning stages, and the
mantle of the star has evolved into a complex structure, an onion-shell-like
composition. The core is surrounded by many distinct layers, each consisting
primarily of a specific element. As shown in Figure 8.10, the layers, assuming a
star considerably more massive than the sun, and starting at the core, consists
of silicon, oxygen, neon, carbon, helium, and hydrogen. The envelope of the
star consists of matter similar to that in our sun, i.e., mostly hydrogen. Since
temperature and density increase as we go toward the center of the star
(Fig. 8.10), the interior boundary of each of these layers is a nuclear-burning
zone contributing newly formed heavier matter to the next interior layer. For
example, between the hydrogen layer and the helium layer, there is a narrow
zone where the temperature is high enough to fuse hydrogen nuclei into
helium nuclei. The shells are typically convective but are separated by density
gradients sufficiently large to prevent convective mixing between them. From
the surface toward the core, such a presupernova structure recapitulates the
various evolutionary stages of the star during its quiescent hydrostatic evolu-
tion. If these “ onion” shells could be ejected into interstellar space, they would
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