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row isolated resonances start to appear. For 90Zr(n,γ)91Zr (Qnγ = 7.2 MeV)
many narrow and broad resonances are apparent. The density of resonances
increases for larger neutron energies and they start to overlap strongly be-
yond an energy of ≈ 10 keV. The vastly different energy dependence of
neutron reaction cross sections compared to charged-particle-induced reac-
tions (Figs. 3.10 and 3.11) is caused by the absence of the Coulomb barrier.
The corresponding Maxwellian-averaged cross sections, 〈σv〉/vT , versus kT
are displayed in Fig. 3.31. It is apparent that neutron reaction rates are far less
temperature sensitive compared to charged-particle reaction rates.

Fig. 3.31 Maxwellian-averaged cross sections versus kT for
7Li(n,γ)8Li, 31P(n,γ)32P, and 90Zr(n,γ)91Zr. Data from Bao et al. (2000).

Problems

3.1 Consider a situation where the three species A, B and C achieve equilib-
rium at elevated temperatures via the reactions A + a ↔ B + γ and B + b ↔
C + γ (Fig. 3.7). In addition to Eqs. (3.55) and (3.56), the two conditions
λC→B > λC→C′ and λB→C > λB→B′ must be fulfilled in order for such an equi-
librium to be established. Derive an expression for λA→B→(C→C′ or B′), that is,
the decay constant of species A for consumption via the paths A → B → C →
C′ or A → B → B′.
3.2 Derive the correction factor F(τ) for nonresonant charged-particle-
induced reaction rates (see Eq. (3.90)). Start by expressing F in terms of
the new variables y ≡

√
ε − 1, β ≡

√
3/τ and ζ ≡ y/β. Then expand F(β)

into a quadratic Taylor series.
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Fig. 5.82 The reaction chain 1H↔2H↔3H↔4He in equilibrium. See
Problem 5.10.

5.12 Estimate the r-process contribution to the solar system abundance of the
s,r-isotope 125Te. Use values of N"(124) = 0.2319 and N"(125) = 0.3437 for
the number abundances of 124Te and 125Te per 106 Si atoms, respectively (Lod-
ders 2003). The Maxwellian-averaged neutron-capture cross sections at kT =
30 keV for 124Te and 125Te are 〈σ〉124 = 155 ± 2 mb and 〈σ〉125 = 431 ± 4 mb,
respectively (Bao et al. 2000).
5.13 Solve the abundance evolution of 56Fe in the s-process (see Eq. (5.178))
for an exponential distribution of neutron exposures (see Eq. (5.175)), that is,
derive the solution given in Eq. (5.180).
5.14 Derive an expression (see Eq. (5.193)) for the number abundance of an
isotope in the r-process by successive application of the Saha equation to an
(n,γ)↔(γ,n) equilibrium in an isotopic chain of a given element Z.
5.15 Find a quantitative criterion from Eq. (5.193) for predicting the location
of the abundance maximum in an isotopic chain at (n,γ)↔(γ,n) equilibrium
in the r-process. Also, choose the conditions T = 1.25 GK and Nn = 1022 cm−3

together with the Qnγ-values from Möller, Nix and Kratz (1997) in order to re-
produce the abundance maxima shown in Fig. 5.70. Disregard partition func-
tions and the spins of the heavy nuclides.
5.16 By using the waiting point and steady flow approximations of the r-
process, calculate the half-life of 130Cd from the measured half-lives (Audi
et al. 2003) of 131In (T1/2 = 280 ± 30 ms) and 133In (T1/2 = 165 ± 3 ms) and
from the observed solar system r-abundances (Anders and Grevesse 1989, Ar-
landini et al. 1999) of 130Te (1.634), 131Xe (0.946), and 132Xe (0.748). The latter
values are given relative to Si (NSi ≡ 106). Note that the measured branching
ratio for the β-delayed neutron decay of 133In amounts to Pn = 85% (Audi et
al. 2003). Disregard all other β-delayed neutron decays (see Fig. 5.71).
5.17 Explain why, during the p-process, the branch point in a given isotopic
chain has the tendency to shift to more proton-rich nuclei for increasing tem-
perature.
5.18 The location of a branch point nuclide in a given isotopic chain is spec-
ified by the condition of Eq. (5.203). The decay constants for the (reverse)
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Fig. 5.71 Schematic r-process path near
A ≈ 130 and N ≈ 82. Numbers near diag-
onal arrows represent β−-decay half-lives
(in seconds) and those near horizontal ar-
rows show branching ratios (in percent) for
β-delayed neutron decay. The quoted val-
ues are adopted from experiment or, when
preceded by “∼”, from nuclear model calcu-
lations. Stable end products of the r-process
(after freeze-out) are shown in circles and
their observed solar system r-abundances
are given in square boxes. More recent
information on nuclear properties and abun-
dances can be found in Audi et al. (2003),

Möller, Nix and Kratz (1997), and Lodders
(2003). Note that 130Cd is the neutron magic
waiting point nucleus with N = 82 that is lo-
cated closest to stability. At the next element
(indium), the r-process path branches off
horizontally toward heavier nuclei (see the
text). The nuclide 130Cd is the progenitor of
the stable isobar 130Te which is situated at
the maximum of the A = 130 peak in the so-
lar system r-process abundance distribution.
Reprinted with permission from K.-L. Kratz
et al., J. Phys. G, Vol. 14, p. 331 (1988).
Copyright (1988) by IOP Publishing Ltd.

(iii) T = 1.2 GK, Nn = 3 × 1022 cm−3, τ = 2.5 s for A = 135–195. The weights
of the components are 10 : 2.6 : 1. Note that the T–Nn values of each com-
ponent do not represent a unique set, but similar r-abundances are obtained
for all values that are located on an extended boundary in the T–Nn diagram
(see Fig. 5.72 and Fig. 12 of Kratz et al. 1993). Some of the deviations between
observed and calculated abundances (lower part of Fig. 5.73) originate from


