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ABSTRACT

NEUTRON CAPTURE RATES FOR STRONGLY INTERACTING

NEUTRONS

Bryn Knight
University of Guelph, 2020

Advisors:
Professor Liliana Caballero

At the low temperature and high density conditions of a neutron star crust, neu-

trons are degenerate. In this work, we study the effect of this degeneracy on neutron

capture rates by several rp-process ashes and neutron-rich nuclei within accreting

neutron stars. We consider strongly interacting asymmetric nuclear matter and its

effect on the neutron chemical potential and therefore on the capture rates. We inves-

tigate variations in the mass model, optical potential and gamma strength functions

used to calculate the cross section and their effects on the reaction rate in the con-

text of degenerate neutron capture. Lastly, we generalize the reaction rate behavior

of exothermic and endothermic neutron capture reactions when compared to their

Maxwellian counterparts. Our results provide an insight to abundances’ evolution of

rp-process ashes and energy generation in the neutron star crust.
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Chapter 1

Introduction

1.1 Accreting Neutron Stars

Neutron stars are like a laboratory for theoretical physicists. It’s composed of matter

unlike anything that can be found on earth, whether it be neutron rich nuclei or

theorized phases of matter such as quark-gluon plasma. It has a structure similar to

any planetary body; there is an atmosphere, a crust, and core. However, unlike most

stellar bodies a neutron star contains 1 to 3 solar mass’s worth of matter, condensed

into a structure only 10 to 25 km in diameter. This incredible density is a result

of a massive (greater than 10 solar masses !), dying star collapsing onto itself. The

immense gravitational force pushes its contents into itself, while the protons and

electrons of the collapsing star squeeze together to form neutrons and neutrinos. The

neutrinos are free to escape the gravitational pull of the star, so all that remains

are neutrons being packed closer and closer together. The addition of a companion

star makes this spectacle all the more interesting. The neutron star will pull matter

from this companion star, forming an accretion disc that feeds hydrogen and light

elements into the atmosphere of the star. This accreted matter, composed of hydrogen
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(protons) and helium, is captured by the nuclei found in the outer regions of the

neutron star. Here, the neutron star matter captures protons from the stellar accreted

matter. This proton capture occurs so expeditiously, the resultant nuclei is unable

to β-decay into a more stable nucleus, which begins the rapid proton(rp) - capture

process. The accreted matter therefor will change the composition of the crust, shown

via [1, 2, 3]. The accretion process is attributed to the unstable heating and cooling

of the stars crusts, which results in massive bursts of energy. In the form of x rays,

these bursts exist for long periods, with super bursts lasting up to two days.[4, 5, 6].

In addition to these factors, the spin of the neutron star is connected to its accretion

rate [7]. If one can observe gravitational waves and detect signature behavior of

the accretion rate then bounds can be set on the crust composition. In this regard,

gravitational waves provide insights into the physical properties of the neutron star;

such as the mass, and angular momentum. These properties let us constrain the

initial conditions of the outer crust, setting the stage for further neutron captures in

the inner crust. There reaches a point when the nucleus physically cannot sustain

more protons, leading to rapid beta decay and the formation of a stable nuclear

“ash” that is pulled deeper into the crust [8, 9, 10]. These rp-process ashes set the

initial conditions for further nuclear reactions; which can have a dramatic change in

the heavy element abundances in the crust accretion rates as they will have a direct

effect on these sorts of measurements. One path way for the reaction to proceed is

by capturing the abundance of free neutrons found within the crust. However, due to

the increasing star density, and relatively low temperature, these free neutrons can be

degenerate themselves. Furthermore, electron captures on rp-process ashes such as

40Mg can cause the target nuclei to emit neutrons[11] that may be further captured

by other ashes.
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1.2 Degeneracy Correction

Astrophysical reaction rates are not a new concept; reaction rate data for all sorts

of nuclei are accessible from current libraries [12, 13, 14], and can be predicted using

theoretical parameters[15, 16]. These calculations have been performed under ex-

plosive, low density conditions where the use of Maxwell-Boltzmann(MB) statistics

are an excellent approximation. However, within the crust of a neutron star there

is an abundance of free neutrons that are subject to the Pauli exclusion principle.

On top of this, the temperature conditions of the neutron star crust are low relative

to its density. As a rough indicator, the thermal wavelength of a neutron gas at a

temperature of 0.01 MeV is ∼ 160 fm, while for a number density of 0.0001 fm−3

the neutron spacing is ∼ 20 fm; illustrating the need for a quantum level correction.

This degeneracy correction has proven to have a substantial affect on capture rates,

shown by Shternin et al [17]. The degeneracy effect on the capture rate is determined

on a case by case basis, with nuclei such as 46Mg changing by 10 orders of magnitude

and 62Ca changing by 2. The works by Shternin et al [17] used a power-law fit to

the cross section, allowing a straightforward calculation by obtaining analytic results

for the capture rates. In recent works, Lau et al [11] used this technique for an ex-

tensive study on reactions in the accreted crust. However, the power-law fit results

in a greater uncertainty in the capture rate (as shown in [18] and discussed in chap-

ter 3) and thus for this work the neutron capture cross sections will be numerically

integrated over a range of temperatures and chemical potentials found in the star’s

crust.
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Chapter 2

Neutron capture rates in

degenerate matter

In order to discuss the capture rates properly, there are two main components to

discuss; the capture cross section, and the reaction rate itself - which utilizes the

cross section. In what follows, the capture rate is defined for a simplistic cross section,

followed by an examination into how these cross sections are determined, as well as

simplifications that can be made.

2.1 Astrophysical reaction rates

To start the discussion of capture rates, first let us assume we have the nuclear reaction

X + n→ Y + γ, where n is the neutron projectile, X is the target nucleus, Y is the

resultant nucleus (Y = X + 1) and γ is an emitted gamma ray. We can define the

cross section for this reaction by

σ(v) =
rnX

nXnnv
(2.1)
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where rnX is the number of reactions per second, nn is the number density of

neutrons, nX is the number density of the target and v is the relative velocity between

X and n. We can then say that the number of reactions per volume per unit time is

rnX =

∫ ∞
0

∫ ∞
0

σ(v)|vn − vX |d3nnd3nX (2.2)

where d3nn and d3nX are respectively the number of projectiles and targets per

unit volume. In an astrophysical process (like ours), the number of particles in a

given state will follow a distribution function i.e.

d3nj
nj

=
1

N
e

−mjv
2
j

2kT d3vj (2.3)

where j = n or X, N =
∫∞
0
e

−mjv
2
j

2kT d3vj is the normalization for the distribution

function, T is the temperature of the system, k is the Boltzmann’s constant and mj is

the mass of the particle. Substituting equation 2.3 into 2.2 , we arrive at an expression

in terms of the velocity of the target and projectile. Defining 〈σv〉 = rXY
nXnY

;

〈σv〉 =
1

N

∫ ∞
0

∫ ∞
0

σ(v)|vn − vX |e
−mnv2n−mXv

2
X

2kT d3vnd
3vX . (2.4)

From here, we may perform a transformation into the center of mass frame with

velocity V plus a relative velocity term ν for the combined system. Using the Jacobian

Matrix to change co-ordinates and integrating out the center of mass term

〈σv〉 =
1

N

∫ ∞
0

σ(ν)νe
−µν2
2kT d3ν (2.5)

where µ = mXmn
mX+mn

≈ mn is the reduced mass of the target-projectile system, and by

finally replacing the velocity with the non-relativistic energy E = 1
2
mnν

2 we arrive

at an expression for the reaction rate:

〈σv〉 =
1

N

√
2

µ

∫ ∞
0

σ(E)Ee
−E
kT dE (2.6)

5



where N, after performing the appropriate transformation, is still the normaliza-

tion constant of the distribution:

N =

∫ ∞
0

√
Ee

−E
kT dE (2.7)

Generalizing this to include different distribution, the reaction rate coefficient can

be written as:

〈σv〉 =
1

N

√
2

mnX

∫ ∞
0

σ(E)Ef(E, T )dE (2.8)

such that f(E, T ) is the distribution function that describes the accessible states for

the incident particle. For our case, the incident particles are neutrons and will follow

a Fermi-Dirac distribution.

2.2 Cross Section

The cross sections themselves are obtained assuming a Hauser-Feshbach model of a

compound nucleus [19]. Within this model, it is assumed that when a projectile is

absorbed by a target nucleus, it will reach thermodynamic equilibrium, and decay into

a final state independent of the absorption reaction. A compound nucleus formation

is an appropriate model here, as many of the incident neutrons will be of lower energy,

against heavier targets thus ignoring direct reaction effects. The partial cross section

for a reaction that assumes a neutron projectile n, target nucleus Xa, a resultant

nucleus Y b and an ejectile gamma ray (X(a) + n→ Y (b) + γ), with a and b denoting

energy levels of the target and residual nuclei respectively, is expressed as

σab(E) =
π

k2

∑
c

gc
gngX

T cn,aT
c
γ,b

T ctot
, (2.9)
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where T cn,a, T
c
γ,b, are partial transmission coefficients, T ctot =

∑
o,ν T

c
o,ν is the total

transmission coefficient, of the compound nucleus in level c, into all energetically

accessible levels ν and exit channels o, k the neutron wave number, and gc, gX and

gn are the statistical weights of the compound nucleus in level c, the target nucleus

in level a, and the neutron, respectively. This cross section is only one contribution

to the astrophysical reaction rates. In stellar environments, the thermal energy can

exceed the first excited state energy of a target nucleus, altering the transmission

coefficients to satisfy conservation of energy for the system; thus changing the cross

section for excited nuclei. To account for the non-zero probability of a thermally

excited nucleus, a Maxwellian term is included to describe the state of the target

cross section:

σ∗(E) =

∑
a ga exp(−E(a)

X /T )
∑

b σab(E)∑
a ga exp(−E(a)

X /T )
, (2.10)

where E
(a)
X is the energy of the level a, gX is its statistical weight, and σab is the partial

cross section for the reaction X(a) + n → Y (b) + γ. However, our relevant regions of

the neutron star’s crust have temperatures that are lower than the first excited state

of most target nuclei, ie E1
x > T . Thus, if the temperature of the neutron star is

below a typical excitation energy, then we can assume all captures are on ground

state nuclei σ∗(E) = σ(E). The transmission coefficients of 2.9 for each permitted

channel is determined by solving the Schrödinger equation with an optical potential

for the neutron-nucleus reaction.
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Chapter 3

Calculation technique

Fermi-Dirac integrals can often pose as a challenge for numerical integration, due to

the step function behaviour at low temperatures. The first step to obtaining a reaction

rate is to determine the reaction cross section. The nature of our problem leads

us to theoretical calculations, as many stellar nuclei lack the required experimental

information. Within this chapter, the methods to obtain the values for equations 2.9

and 2.6 are expanded upon. Also, the choice of numerical integration will be justified

and contrasted with other commonly used techniques for obtaining the reaction rate

coefficients.

3.1 TALYS

The cross sections are obtained via the nuclear reaction code TALYS 1.9 [20, 21].

TALYS allows us to test how different theoretical models can alter the degeneracy

correction relative to the classical calculations. In TALYS it is possible to determine

the cross sections choosing among several nuclear models for masses, optical model,

level energy densities, etc, as input. In chapter 5 we discuss the baseline nuclear input
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and the variations in models we take from that. Comparing each model has some

subtleties, especially when considering the impact on degenerate neutron capture. To

make this comparison more demonstrative, we follow the same practice as Shternin

et al [17] and introduce a ratio between the capture rates assuming two different

distributions:

R =
〈σv〉FD
〈σv〉MB

, (3.1)

where 〈σv〉FD(MB) is the averaged cross section from equation 2.6 over the Fermi-

Dirac (Maxwell-Boltzmann) distribution function. TALYS also has the benefit of

including experimental data when available, and when relevant we compare results in

R based on such data to theoretical predictions. Additionally, for some nuclei, there

exists a set of nuclear physics input parameters in TALYS, labeled as “best” input,

that closely reproduces cross section experimental data (when available). To actually

obtain a cross section, TALYS takes in an array of incident energies, and outputs the

corresponding cross sections for the particular reaction. For our purposes, we chose

an array of energies with a logarithmic spacing, biasing the number of points near

and below ≈ 5.00 MeV, including values up to 100 MeV. This bias is chosen to ensure

reasonable data resolution near the most sensitive data regions.

3.2 Numerical Integration

Previous work on degenerate neutron capture rates proposed that the neutron capture

cross section could be approximated as power law, σ(E) = σp(E − E0)
η [17], where

η is the power law index, E0 is the reaction threshold, σp is a normalization constant

irrelevant when calculating the ratio R in equation 3.1, and is valid over a range of

9



energies E0 ≤ E ≤ Emax. This approximation will maintain astrophysical relevance

so long as max(E0, µn) + T ≤ Emax where µn is the neutron chemical potential. The

benefit of this approximation is it allows an analytic expression of 3.1. However, Emax

is determined somewhat arbitrarily, and this ambiguity can lead to different power

indices. Figures 3.1, 3.2, and 3.3 show the X + n → Y + γ cross sections for 58Ni,

39Mg, and 46Mg. The solid black lines are the cross section results from TALYS, the

dotted red lines are power indicies using our own fit, and the dashed green lines are

the fits determined by Shternin et al [17]. The difference in the power law indices

are a result of different Emax values, which have an ambiguous level of interpretation

that hinders the analytic benefits of the approximation. For 46Mg and 58Ni, the power

fit appears to predict the low energy cross sections reasonably well. However, 39Mg

presents a challenge. For our fitting domain, the value of Emax was chosen to be 2

MeV, while Shternin et al set Emax to be 0.2 MeV; resulting in a significant different

in the overall fit.

In our previous work [18], we showed that small changes in the power law index

η, would produce noticeable changes in the ratio R, even for nuclei with well known

cross sections, such as 58 Ni. Figures 3.4, 3.5, and 3.6 show the neutron capture rate

results for 58Ni, 39Mg, and 46Mg when we adopt the power law indexes η considered

in [17] and in [18] (green-dashed lines). We also provide the capture rates when we

directly integrate the cross sections from TALYS with degenerate neutrons (black-

solid lines) and non-degenerate neutrons (red-dotted lines). For comparison purposes

10



Figure 3.1: Power law fit for 58Ni neutron capture cross section

we have added neutron capture rates from the REACLIB data base, a compilation of

experimental and theoretical reaction rates, when available [13].

The capture on 58Ni at low temperatures can be two times smaller when a power-

law fit is used, compared to a numerical integration, and in the case of 39Mg five times

larger when using two different power-law indexes. The captures on 58Ni and 39Mg

are exothermic reactions, while the capture on 46Mg is endothermic. The power-law

fit would work better for endothermic reactions. The reasons for the discrepancies
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Figure 3.2: Power law fits for 39Mg neutron capture cross section

between direct integration and the assumption of a power-law fit were already dis-

cussed in [18] and the breakdown of the power-law approximation in [17]. Therefore,

it suffices here just to say that the discrepancies arise because, at low temperatures,

there will be a few (but still some) degenerate neutrons with energies slightly above

the neutron chemical potential, available for captures (unlike the case of classical

particles with almost zero occupation number). Therefore, variations in σ, caused by

changes in the power-law index, at energies close to the chemical potential result in

large changes in R. For reactions with threshold energies larger than the chemical

potential (as is the case for 46Mg), the power-law approximation for the low-energy

behaviour of σ is accurate as there are no neutrons with sufficient energy for captures

12
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Figure 3.3: Power law fits for 46Mg neutron capture cross section

to take place. In view of these results we adopt TALYS cross sections and perform

numerical integration of the rates.
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Figure 3.4: Neutron capture rates using a power law cross section on 58Ni.

14



Figure 3.5: Neutron capture rates using a power law cross section on 39Mg.
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Chapter 4

Strongly Interacting Neutrons

The cross section will predict the probability of capture for a certain velocity, how-

ever the distribution function f(E, T ) of equation 2.6 predicts the probability of an

incident neutron having a certain velocity. Thus, the thermodynamic conditions of

the neutron star crust will dictate how the cross section is sampled. Within accreting

neutron star crusts, nuclear burning and crust transport properties generate energy,

which will change the temperature and pressure of the star. A detailed calculation

of matter evolution with degenerate neutrons would be incredibly valuable. For this

work however, a much simpler approach is considered: a range of temperatures and

chemical potentials are selected in order to provide insight into the cold crust condi-

tions.

4.1 Temperature

This work uses temperature as a free parameter, with the highest value being 1 MeV,

and going as low as 10 keV. This range is based on three factors: The first, and

most important is that it is astrophysically relevant to our system. This domain of

17



temperatures encompasses a typical neutron star with an accretion disk at the outer

crust to inner crust transition point. Second, the degeneracy effects start to dwindle

with increasing temperature, so little is realized by going beyond this temperature.

Lastly, once the temperature starts to increase past the first excited state of the target

nucleus, the assumption that our target nucleus is in the ground state starts to break

down, and the calculated reaction rates quickly diverge from reality.

4.2 Chemical Potential for strongly interacting neu-

trons

The outer crust is composed mainly of relativistic electrons and ions. The transition

to the inner crust, where neutrons are more abundant, poses an interesting challenge

as the composition is not only neutron rich nuclei, but a gas of neutrons responsible

for such large neutron numbers. Additionally, the abundant amount of neutrons in-

teract with the remaining protons within the crust (whether they’re part of the bulk

nuclear matter or bound to a nucleus) which should be accounted for. Due to the

high density and low temperature, neutrons in the crust are expected to be strongly

correlated. Quantum Monte Carlo simulations of low density pure neutron matter

show that interactions are important for particle densities as low as 10−6fm−3 [22].

With all of this in mind, we look for restraints to the neutron chemical potential µn

that can account for the conditions listed above. The calculation itself uses an empir-

ical energy per baryon parametrization between pure neutron matter and symmetric

matter proposed by Hebeler et al [23]. The relation starts with a kinetic energy term,

and includes an interaction energy that is quadratic in neutron excess:

18



E(n̄, x)

A
= T0

[
3

5

(
x5/3 + (1− x)5/3

)
(2n̄)2/3

− ((2α− 4αL)x(1− x) + αL)n̄

+ ((2ηo − 4ηL)x(1− x) + ηL)n̄4/3

]
.

(4.1)

where n̄ = n/n0 is the particle number density relative to saturation density

n0 = 0.16fm−3, n is the total baryon(proton+neutron) density, np the proton density,

x = np/n is the proton fraction and T0 = (3πn0/2)2/3/2m = 36.84 MeV is the Fermi

energy of symmetric nuclear matter at saturation density. α and ηo are parameters

fit to the symmetry energy and symmetry pressure, while αL and ηL are fit to the

energy and pressure of pure neutron matter. This expression is also consistent with

ab-initio calculations in the framework of chiral effective field theory including 3-

nucleon interactions by Drichler et. al. [24]. Here, the same values are adopted as

[24] of α = 5.87, αL = 1.33, ηo = 3.81 and ηL = 0.88 ; the median of the allowed

values to stay consistent with observation. By converting it to an energy density

ε = E/V , and differentiating with respect to neutron number nn, i.e.

µn =
∂ε

∂nn
(4.2)

results in an expression for the chemical potential(excluding the rest mass contri-

bution) as a function of crust density and proton fraction:

µn = T0

[(
x(1− x)2/3 + (1− x)5/3

)
(2n̄)2/3

− ((2α− 4αL)x+ 2αL)n̄

+
1

3
((2ηo − 4ηL)x(4− x) + 7ηL)n̄4/3

]
.

(4.3)
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Figure 4.1: Chemical potential µn for strongly interacting neutrons as a function of
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Equation 4.3 allows us to find the neutron chemical potential for varying proton

fractions, and baryon density which correspond roughly to crust matter densities of

∼ 109g/cm3 to 1013 g/cm3 ; a range similar to that considered by Lau et al [11].

It should be noted that the energy expression by Hebeler et al [23] is better suited

for the inner crust to outer core transition where densities are close to or exceeding

saturation density, but it is nonetheless reassuring to see that it reproduces what is

expected at the low density regime; the interacting gas approaching the limit of a

free gas. The parameter x is matched to the different density profiles of the crust.

Accordingly, for densities lower than n = 0.01fm−3, the proton fraction varies between

x ∼0.07 and 0.1. This range covers the extreme possibilities of having all the neutrons
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bound into heavy clusters and the neutrons forming a Fermi gas. Near neutron drip,

6× 10−4fm−3 (or, ∼ 6× 1011 g/cm3), the neutron chemical potential when x = 0.1 is

about 1.5 times smaller than that of a pure free gas. At higher densities increasing

the proton fraction reduces the neutron chemical potential compared to a free gas

model. However, if the neutron density surpasses saturation density (not shown), the

chemical potential for the interacting particle will increase dramatically over its free

gas counterpart.

Figure 4.2 depicts the influence of the neutron chemical potential on R, and for

the capture rates on 58Ni, 68Ge and 105Cd. 68Ge and 105Cd are rp - process ashes [35]

, while 58Ni is an abundant and well known nuclei making it an ideal for exemplary

purposes. The neutron chemical potential at which the rate reaches its upper limit,

µmaxn , is indicated for each nucleus and the corresponding results are shown with solid

blue lines. The red dotted line in the middle panels show Maxwellian averaged capture

rates for comparison. The bottom panel shows the corresponding cross sections.

In the upper and middle panels the dashed black line corresponds to µn=0.2 MeV

and the dotted-dashed green line to 2.0 MeV. This µn range is consistent with the

results of figure 4.1 for the outer crust and the transition to the inner crust. An

interesting feature is that the capture rates are not always increasing with larger

chemical potential, as one might expect more contributions to the integral of equation

2.6. Most capture cross sections start to decrease for some energy (physically, at high

energies the neutron is no longer being captured but rather it is scattered) and if the

chemical potential reaches this energy, it’s expected that the capture rates will start

to decrease. In the case of the nuclei shown in figure 4.2, this condition is met for all

three nuclei denoted by µmaxn in solid blue. Despite the increasing energy, the average

decreases by introducing more neutrons that have a lower probability of capture. The
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values µmaxn at which the upper bound is found are 1.6, 2.5 and 0.15 MeV for 58Ni,

68Ge and 105Cd respectively. For these nuclei, the variations on the neutron capture

rate due to the neutron chemical potential, in the range of densities considered, are

between a factor of ∼ 2-3.
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Figure 4.2: R ratio vs T (upper panel), neutron capture rates vs T (middle panel) and
capture cross sections vs E (bottom panel) for 58Ni (left), 68Ge (center) and 105Cd
(right) at different neutron chemical potentials µn (in MeV).
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Chapter 5

Nuclear physics input and

degeneracy

Determining neutron capture rates is subjected to theoretical predictions of the reac-

tion cross sections. The complex character of the nuclear force and the intractability

challenge posed by the nuclear many-body problem have result in a variety of meth-

ods and models that predict nuclear properties. TALYS allows the implementation of

different theoretical models needed for reaction calculations, making the comparison

between such nuclear physics input possible. Studies of the effects of such input for

classical free neutron gases have been presented by Beard et al [25], Bertolli [26], and

Deniseenkov et al [27]. The differences in neutron capture rates for stable isotopes,

when different Hauser-Feshbach codes (including TALYS) were used, was discussed

in [25]. There, Maxwellian-Averaged neutron capture cross sections were found to

have significant dependence on the implementation of the level density model. Also

these authors found that nuclei near the valley of stability had greater deviations

between the different Hauser-Feshbach frameworks (in some cases, larger than a fac-

tor of three). Deniseenkov et al [27] used TALYS neutron capture rates to study

23



the impact of nuclear uncertainties related to the γ-strength function and the level

density models (which are elaborated on in chapters 5.2 and 5.3 respectively) in the

i-process nucleosynthesis at a temperature of 0.0017 MeV. The i-process is a clas-

sification of reaction pathways that are permitted with an intermediate number of

incident neutrons. Their findings emphasize how different parameters can alter the

reaction rates by a factor of 10, or larger, depending on the combination of model

parameters used. Bertolli et al [26] demonstrated the importance of including cor-

relations between nuclear physics models uncertainties in nucleosynthesis studies of

the i process. These works use Maxwellian statistics for their calculations. In what

follows we study the impact of different nuclear models on the capture of degenerate

neutrons for nuclei synthesized during the rp-process within accreting neutron stars.

In this section, a neutron chemical potential of 1.00 MeV is used, in conjunction with

a range of temperatures between 0.001 and 1 MeV (further lowering the temperature

does not provide any ”new” information for model comparison).

In order to compare the effects that different models have on the reaction rate ratio

R, several baseline parameters are established: The nucleon optical model potential

from Koning and Delaroche [28], the Hartree-Fock-Bogoliubov mass model HFB-17

[29], the level densities from the microscopic model of Goriely et. al. [30], the gamma-

ray strength functions as in Ref [31] and there is no inclusion of pre-equilibrium effects.

For each reaction, these parameters are used as a reference point and in each section

we substitute different models from this baseline. For the target nuclei, we pick

rp-process isotopes, and because iron group nuclei are expected to be abundantly

produced in accreting neutron stars, we select 56Fe and 75Fe throughout this chapter

[10].
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5.1 Nuclear mass models

For reactions outside experimental reach, a nuclear mass model is a dominant factor

for cross section calculations. One major effect is on the neutron separation energy

Sn, which is determined by the mass energy difference between the initial and final

nuclei, i.e. SN = MY −MX −MN = −Q where X is the target nucleus, Y = X + 1

is the resultant nucleus after neutron capture, and Q is the energy released for the

neutron capture reaction. The neutron separation energy will ultimately determine

if the reaction is endothermic (energy is absorbed from the surroundings, Q < 0) or

exothermic (energy is released to the surroundings, Q > 0).

Figures 5.1, 5.2, and 5.3 demonstrate the effect that different mass models have

on the relative neutron capture R for 56Fe, 75Fe, 91Ge, 100Ge, 104Sn and 140Sn, respec-

tively. For these calculations, we use: the Finite Range Drop Model (FRDM; dot-

ted red line)[32], Hartree-Fock-Bogoliubov with Skyrme forces (HFB-Skyrme; dashed

green line)[29], Hartree-Fock-Bogoliubov with Gogny forces (HFB-Gogny; Solid blue

line)[33], and for comparison purposes the experimental masses when available (black

dotted-dashed line) [34].

While most mass models predict similar R values (at least, for the nuclei presented

in this chapter), the case of 100Ge is dramatic. The solid blue line in the right

panel of Figure 5.2 shows that the HFB Gogny-D1M model changes the reaction

rate by well over 18 orders of magnitude if the neutrons are treated as fermions at

low temperatures. The cause of this is a non zero threshold energy, E0 = 0.291 MeV

(corresponding to a negativeQ-value) predicted by the Gogny-D1M mass model, while

the other models predict positive Q-value, with zero threshold energy. A threshold

energy for reaction means that no neutron can be captured until its incident energy is

larger than the threshold. This behaviour is also observed in the endothermic reaction
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n+46Mg→47Mg producing large R [17, 18]. If there is a non zero threshold energy

for the reaction, the abundant low energy neutrons following a Maxwell-Boltzmann

distribution will have no contribution, resulting in a very small capture rate. By

treating the neutrons as fermions with a chemical potential of 1 MeV this threshold

can be overcome, e.g there will be an amount of neutrons (small, but non zero) with

energies larger than the threshold energy and that are available for capture. Thus

the Fermi-Dirac statistics results in a capture rate that could be orders of magnitude

higher than the rate calculated with a mass model predicting a zero threshold energy.

This difference between large degenerate and small non degenerate capture rates

increase the ratio R significantly. As expected, as we approach the experimental

limit of known nuclear masses (the mass of 90Ge is experimentally known, but not

that of 91Ge) the different models predict smaller variations of R between them,

a consequence of the experimental data these mass models were based upon, and

therefore having better predictive power for unknown nearby nuclei (also observed

for the Fe and Sn cases).

For the Tin and Iron isotopes each model predicted zero for the threshold energy

of the reaction, and thus while there are still non-zero differences between them, the

degeneracy effects stay on the same order of magnitude. Although for the chosen

Fe and Sn isotopes variations due to mass models are not as dramatic as for 100Ge,

they still are non-negligible. For example at T=0.01 MeV, for the experimentally

well known 56Fe, the variation between the Gogny and FRDM models is 13%; while

comparing the results for R using the experimental mass with the Gogny model (the

largest variation at such T ) results in a change of 9%. Similarly, for 75Fe the largest

difference between models is 60% and compared to the experimental mass result

is 25%. In figure 5.3 a similar calculation is shown for 104Sn and 140Sn. Tin has
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Figure 5.1: Variable mass model R calculations for 56Fe (left) and 75Fe (right).

been identified as an ending point of high accretion and low metallicity rp-process

[35]. We find that among different mass models the changes in R can be ∼20%

(and larger at lower temperatures) and about 14% compared to a calculation using

the experimental mass; while for 140Sn the changes between models are as large as

130%. Lastly, when comparing the mass models, we see that overall the HFB-Skyrme

model best reproduces the R value corresponding to the cross section determined with

experimental mass data.
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Figure 5.2: Variable mass model R calculations for 91Ge(left) and 100Ge(right).

5.2 γ-strength functions

In radiative neutron capture reactions, in order to conserve energy, gamma rays must

be emitted from the compound nucleus. In this channel the transmission coefficients

in equation 2.9,correspond to all possible gamma decay modes. The gamma-ray

strength function fXl(Eγ), relates to the gamma transmission coefficients via

TXl(Eγ) = 2πfXl(Eγ)E
2l+1
γ , (5.1)

where Eγ is the gamma energy, and l is the multi polarity of the type of radiation

X (magnetic X = M or electric X = E). γ-strength functions are important to

describe the average electromagnetic decay properties of excited nuclei, and impact
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Figure 5.3: Variable mass model R calculations for 104Sn(left) and 140Sn (right).

the nucleosynthetic outcome in neutron-rich environments. For example, Larsen and

Goriely have shown that enhancements of the γ-strength function, at low energies and

close to the neutron-drip line, increase neutron capture rates by one to three orders

of magnitude [36]. While the prospects of experimental determination of fXl for

neutron-rich nuclei are promising [37, 38], for our calculations we rely on theoretical

predictions.

To study the impact of the gamma-strength function on degenerate neutron cap-

tures we explore the different models provided by TALYS. Figures 5.5 and 5.6 show

results for three models: Kopecky-Uhl generalized Lorentzian (solid black line)[39],

Brink-Axel Lorentzian (dotted blue line)[40], and the corresponding prediction for

the γ-strength function based on HFB calculations (dashed green line) [31]. The
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Brink-Axel and Kopecky-Uhl models are phenomenological models aiming to repro-

duce giant dipole resonances, while the HFB are microscopic calculations based on

Skyrme Forces. Other models for the strength function are also available in TALYS,

e.g. Hartree-Fock BCS tables, Goriely’s Hybrid model [41], Goriely’s temperature de-

pendent HFB [42], a temperature dependent relativistic mean field model, and Gogny

D1M HFB+QRPA [43]; however, we find that, for the nuclei studied here, the values

of R fall between the shown three models and we exclude others from our figures for

clarity. The γ-strength functions need to be normalized, this being a source of uncer-

tainty, particularly for nuclei lacking experimental information on resonance widths.

We choose to normalize the gamma strength transmission coefficients by finding the

factor that multiplied by the average radiative width, reproduces the s-wave width.

Figure 5.5 demonstrates how different models affect the capture rate ratio R for

two iron isotopes, 56Fe and 75Fe; while figure 5.6 shows the results for two nickel

isotopes, 50Ni and 79Ni. The variations in the cross sections caused by different gamma

strength function models occur at energies higher than our typical chemical potential,

and therefore are not sufficiently sampled by the neutron distribution, demonstrated

in figure 5.4 for 75Fe. Thus, changes due to the γ-strength function model are less

significant compared to those caused by the mass model.

As in our previous subsections, if we consider T=0.01 MeV, we find that the differ-

ences between predictions of R are 11% and 16% apart for 56Fe and 75Fe respectively,

while for 50Ni the discrepancies are about 25% and for 79Ni 19%. While there are

changes with different temperatures, the differences are minimal and stay roughly

constant.
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Figure 5.4: Effects of different strength functions on the cross section for 75Fe.

5.3 Level density models

A level density model is key in determining the possible nuclear states excited and

accessible for gamma decay, whenever the experimental information on excited levels

are unknown. The model will affect the transmission coefficients in equation 2.9,

and when integrating through possible channels this can change the probability of

decay and thus the overall cross section. The level density models used here are the

microscopic calculation based on Skyrme forces provided in Goriely et al [30](green

dashed line), the constant temperature plus Fermi gas model [44, 45, 46] (black solid

line), and the phenomenological back shifted Fermi gas model [47] (blue dotted line).

Note that the last model depends on the density level parameter a which is mass
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Figure 5.5: Effects of different strength functions on R for 56Fe (left) and 75Fe (right).

model dependent. Figures 5.7 and 5.8 show our R results for Iron and Tin isotopes

respectively. For the conditions we have considered of low temperature, neutron

chemical potential of 1 MeV, and target nucleus in its ground state, we find that the

density level model does not have a considerable affect on the ratio R. The difference

between models are about 5% for 56Fe and for 75Fe and 7%; while we obtain changes

of 9% and 12% for 104Sn and 140Sn respectively at T ∼0.01 MeV.

5.4 Optical model

The phenomenological nucleon optical model potential from Koning and Delaroche

is the default option in TALYS [28]. It comprises local and global parametrizations,
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Figure 5.6: Effects of different strength functions on R for 50Ni (left) and 79Ni (right).

so if experimental information exists for a specific nucleus then the local -nucleus

specific- parametrization is used, otherwise a global parametrization is applied. These

parametrizations depend on the neutron and proton separation energies, and therefore

for a given nucleus for which there is no experimental data, the potential would depend

on the mass model chosen. In this section, we have explored variations in R due to

the choice of different optical models for Iron and Cadmium isotopes (figures 5.9

and 5.10) with experimentally known masses. The local plus global parametrizations

(Default) are shown with the green dashed lines. The results for R using exclusively a

global model are shown with red thin lines. A semi-microscopical model based on the

Jeukenne-Lejeune-Mahaux (JLM) optical potential model, [53, 54], is also presented
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Figure 5.7: Changes in R produced when different level density models are used in
the neutron capture cross section of 56Fe (left) and 75Fe (right).

with two different prescriptions of the radial matter density of the target nucleus:

HFB-Skyrme (black solid lines) and HFB-Gogny (blue dotted lines) calculations.

Changes in R among different models for 56Fe at T=0.01 MeV are about 5% and can

be as large as 16% at T∼0.04 MeV. Smaller changes not exceeding 9% are observed

for the neutron-rich Fe isotope for the temperature range considered. Variations are

about 50% for 105Cd and 5% for 120Cd. Out of the degeneracy regime, when T > µn,

the optical potential models tend to converge. This is in agreement with Beard et

al who state that radiative capture reactions are not very sensitive to the target

matter density description [25]. However, at lower temperatures there are noticeable

changes with the choice of optical potential model, particularly for the case of 105Cd.
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Figure 5.8: Same as figure 5.7 but for 104Sn (left) and 140Sn (right).

It appears that for neutron rich nuclei, the different optical models have a smaller

variation between them.
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Chapter 6

rp-process ashes and their reaction

rates

In this section we present our results for degenerate neutron capture rates, for selected

rp-process ashes (figures 6.1 to 6.7). The ashes considered in this section are chosen

to reflect two different scenarios: X-ray bursters dominated by 68Ge, 104Cd, and 105Cd

[35] (as discussed in [10]) and super bursts 24Mg guided by [55]. Results for 106Pd are

also presented, which was considered by Haensel and Zdunik in reference [9] as the

initial composition of the crust. Carbon and Iron isotopes are abundantly produced

during accretion and so results for 12C, 56Fe and 75Fe are also presented. We selected

a neutron chemical potential of 0.54 MeV to reflect the conditions of interacting

nucleons, near a lower density neutron drip of ∼ 2.5 × 1011 g/cm3, based on the

results from chapter 4.2.

For the calculation of the cross sections we used the ”best” input parameters

provided in Talys’ database for 24Mg, 28Si, 57Fe and 106Pd. The ”best” parameters

fine tune the default models to best match experimental cross section data (when
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available). Note, however, that the 24Mg capture cross section (figures 6.2) corre-

sponds to a direct reactions and is not well described by the Hauser-Feshbach model.

However, we proceed with a compound nucleus model for comparison purposes. At

this submission time, there is no experimental data on the cross sections for 68Ge,

104Cd and 105Cd (and thus, no “best” parameters for these nuclei), we use the same

baseline model from chapter 5, except that instead of theoretical masses we use the

experimental ones. The reaction n+12C→13C+γ is also a direct reaction and we do

not attempt to reproduce the cross section using the Hauser-Feshbach model. Instead

we use the experimental cross section fit from [56].

The solid black lines are our calculations of 〈σv〉FD using the numerical integration

of the TALYS cross section and considering neutron degeneracy, while the dotted red

lines are our numerical integration but the average is over the Maxwell-Boltzmann

distribution 〈σv〉MB. We compare our results to TALYS’ built in Maxwellian averaged

astrophysical reaction rates [57], with the same input model used for the cross section

calculation, assuming the target is in the ground state (green-dashed lines), or that

excited states may be populated 〈σ∗v〉MB (blue dotted-dashed lines). Finally, the

pink dot-dot-dash lines are reaction rates taken from REACLIB [13]. Comparing

our direct integration of the cross section to TALYS’ built in astro rates, we confirm

that assuming the target is in the ground state is an acceptable approximation in the

regions where degeneracy is prominent.

There are two dividing cases for our reaction cross sections: exothermic and en-

dothermic reactions. This distictions will introduce radically different behaviour if

our incident neutrons are degenerate. Endothermic reactions have a threshold en-

ergy that degenerate neutrons can overcome much more easily; resulting in a massive

low temperature increase over the classical states. Exothermic reactions maintain
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Figure 6.1: Neutron capture reaction rate vs temperature for 12C, when the neutron
chemical potential is µn = 0.54 MeV.

a nearly constant capture rate for temperatures below the chemical potential (here

µn = 0.54 MeV). Then assuming that there is little change in the low matter tem-

perature, during the transition from the outer to the inner crust, the reaction rate

will remain independent of T and become only a function of chemical potential, i.e.

density (which one can roughly determine from figure 4.1). As expected, for temper-

atures near the neutron chemical potential the capture rates reach the Maxwellian

averaged rates. The alterations to the reaction rate once one assumes a degeneracy

depends on a case by case matter. For example, for 12C (figure 6.1) the capture rate is

increased by more than a factor of 10 at low T. Similarly, there is an overall increment

for 68Ge, 105Cd, 106Pd (although degeneracy decreases neutron captures of 105Cd for
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Figure 6.2: Neutron capture reaction rate vs temperature for 24Mg

temperatures between 0.01 and 1 MeV). However, for 24Mg, 56Fe and 75Fe the rates

decreased as a consequence of degeneracy effects.

All of the above captures correspond to exothermic reactions. The behavior of

capture rates is different for endothermic reactions, however. This is shown in figure

6.8 for neutron captures on 46Si and 60Ca (both produced after further reactions in

the crust of X-ray burst ashes [11]), and 100Ge. The reactions Q-values are -0.67,

-1.22, and -0.29 MeV respectively. Note that for Germanium we have applied the

HFB-Gogny mass model (see figure 5.2), while for the other reactions we used the

HFB-Skyrme model, as we wanted to compare among reactions with non-zero energy

thresholds. With the exception of Ca and Ge for which at very low temperatures
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Figure 6.3: Neutron capture reaction rate vs temperature for 56Fe.

the reaction rate is nearly constant, the general behaviour is a rapid increase of the

reaction rate (unlike their exothermic counterparts). This was also observed in the

46Mg(n,γ)47Mg reaction (see figure 3.6).
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Figure 6.4: Neutron capture reaction rate vs temperature for 75Fe.
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Figure 6.5: Neutron capture reaction rate vs temperature for 68Ge.
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Figure 6.6: Neutron capture reaction rate vs temperature for105Cd.
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Figure 6.7: Neutron capture reaction rate vs temperature for106Pd.
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Figure 6.8: Neutron capture reaction rate vs temperature, when the neutron chemical
potential is µn = 0.54 MeVs for 46Si (left), 60Ca (middle) and 100Ge (right). The Q-
values of the reactions are -0.67, -1.22, and -0.29 MeV respectively.
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Chapter 7

Conclusion

In this work we have studied neutron capture rates, by rp-process ashes and neutron-

rich nuclei, in degenerate interacting neutron matter. This is relevant for astrophysical

phenomena where reactions in the neutron star crust can take place, like in accreting

neutron stars. There, rp-process ashes are buried and can undergo further reactions at

low temperature and high density. For our study we have used the statistical Hauser-

Feshbach model of nuclear reactions, and have assumed that target nuclei are in the

ground state. We have studied the dependence of these rates on different models

of the nuclear mass, optical potential, level density, and gamma-strength function.

Additionally, we have studied the influence of nuclear interactions on the neutron

chemical potential and therefore on capture rates.

We calculated capture rates by numerically integrating the cross sections obtained

with TALYS. Our results show that caution should be taken when fitting such a cross

section to a power-law, because variations in the power-law index results in changes

of the capture rate, adding an avoidable uncertainty. This could have non negligible

consequences. For example, a change in the power-law index from -0.6 to -0.9 for
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the 39Mg(n, γ)40Mg cross section increases the reaction by a factor of five (consider-

ing µn ∼ 1). 40Mg is abundantly produced in the neutron star crust [11]. Such an

increment enlarges the abundance of other by-products, e.g 80Cr, produced via pyc-

nonuclear reactions, which can decay into 40Mg + 40n, producing more degenerate

neutrons that can be re-captured.

We have found that interactions between nucleons and the presence of protons

affect the capture rates by increasing the neutron chemical potential compared to that

of a pure non-interacting neutron gas. At low temperature, the effect of increasing

the chemical potential on the capture rates is dependent on the behavior of the cross

section. Considering a free neutron gas, if the cross section decreases rapidly for

energies near µn, then the chances of captures will decrease. Turning on nucleon

interactions increases the chemical potential but for a fast decreasing cross section

the combined effect is a smaller capture rate. On the contrary, if the cross section

increases or remains constant for energies above µn then increasing the chemical

potential will increase the probability (and thus, the average rate) of capture. In

summary, the effect of nucleon interactions changes in a case by case manner, is not

negligible, and should be included in the study of captures of degenerate neutrons

in accreting neutron star crusts. This is a first attempt to include such effects, and

future work strives to understand neutron captures in the transition between the

outer and inner crust where including exotic nuclear pasta phases, is required.

Our work demonstrates the implications of different nuclear models for degenerate

neutron captures. Of all tested nuclear physics inputs, the mass model has the largest

impact on the degenerate reaction rate; affecting the cross section in the critical range

of energies that are sampled by the Fermi-Dirac distribution. We find that even for

nuclei with experimentally well-known nuclear masses, such as 56Fe, variations in the
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mass model will result in changes of about 13%. We find dramatic changes (more

than 100%) for very neutron-rich nuclei where experimental information is not avail-

able and a mass model is crucial. As variations between mass model predictions can

be of several MeV for such nuclei, this can result in changing the character of the

reaction from e.g. exothermic to endothermic; the later reactions having larger rates

compared to their Maxwell-Boltzmann averaged counter parts due to neutron degen-

eracy. Variations between the optical model and gamma-strength function are the

secondary consideration in the capture rate (as much as 50% and 25% respectively).

Finally, the level density also produced changes but the largest we find here is 12%.

The difference between exothermic and endothermic reactions is important. Shternin

et al [17], argued that the effects of degeneracy mainly enhance the reactions rates.

We find, for the nuclei studied here, that for exothermic reactions, capture rates of

degenerate neutrons display a nearly constant behaviour for temperatures below the

chemical potential ( a condition that is met throughout the deep regions of the outer

crust of an isolated neutron star), and can be larger or smaller than Maxwellian av-

eraged rates. We find, as did [17], that for endothermic reactions neutron degeneracy

increases the rates, although we find that the change will not always be of orders

of magnitude. For reactions with cross sections decreasing with energy, the capture

rates have an upper bound determined by a neutron chemical potential around the

energy value at which the cross section drops more abruptly.

The exact implications of the changes due to neutron degeneracy, found in this

work, in the energy generation and composition of the neutron star crust need to be

explored using a reaction network. Here we limit ourselves to state that given that the

energy density ε is proportional to the reaction rate, ε = QnnYTNX < σv >FD, (with

Q the q-value of the reaction, nn the neutron density and YT the target abundance),
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this will be suppressed or enhanced following the behaviour of the rates as discussed

above. To bring an example, the 4.94 MeV gained per every 12C(n, γ)13C reaction

will be liberated at a rate 10 times larger in a degenerate neutron gas, for a neutron

chemical potential of 0.54 MeV. The net energy gained should take into account the

inverse (photodisintegration) reactions, which can be calculated from the < σv >FD

using detailed balance. The possible recapture of neutrons and the related hypothesis

of the synthesis of heavier nuclei [58] also deserves further exploration under the light

of our results.

It is well known that reaction rates are highly uncertain. Other factors that we

did not consider here, such as superfluidity of the neutrons, plasma effects (discussed

in [17]), and exotic states of nuclear matter should also be incorporated. We hope

that this work provides an overview on the nuclear physics input, and thermodynamic

conditions -including nuclear interactions- that affect neutron captures the most, and

serves as a stepping stone for further sensitivity and nucleosynthesis studies of reac-

tions involving the neutron star crust.
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