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Editorial on the Research Topic
Using high energy density plasmas for nuclear experiments relevant to
nuclear astrophysics

Thermonuclear reaction rates and nuclear processes have traditionally been explored by
means of accelerator experiments, which are difficult to execute at conditions relevant to
nucleosynthesis. High energy density (HED) plasmas generated using lasers, such as the
inertial confinement fusion (ICF) platform, more closely mimic astrophysical environments
in several ways, including with thermal distributions of reacting ions as opposed to mono-
energetic ions impinging on a cold target; stellar-relevant plasma temperatures and densities;
and neutron flux densities not found anywhere else on earth [1]. The most extreme
conditions can currently be achieved at the National Ignition Facility (NIF) laser in the
US, where densities of 103 g/cm3 and neutron fluxes up to 5·1027 neutrons/cm/s [2, 3] have
been demonstrated over a time period of a few tens of picoseconds. The HED platform is
emerging as an interesting complement to accelerator experiments.

This Research Topic explores the potential of this new platform for helping address
questions including nuclear rates in plasmas, plasma effects on nuclear reactions, electron
screening, and neutron reactions on excited states, with emphasis placed on how accelerator
and HED experiments can complement each other to generate answers. For example, Aliotta
and Langanke summarize the current understanding of screening effects in stellar
environments. They identify an open question in that accelerator measurements suggest
a higher screening potential than expected in the adiabatic limit, and discuss how laser
facilities hold promise for solving this problem. In particular, accelerator measurements of
charged particle-induced reactions are handicapped by the rapidly declining cross section
and the uncertainties in the screening. Thomson describes how the high neutron flux
environment in ICF plasmas opens up possibilities for second neutron scattering or reactions
on excited states at much higher energies than previously possible. To study these unique

OPEN ACCESS

EDITED AND REVIEWED BY

Jie Meng,
Peking University, China

*CORRESPONDENCE

Maria Gatu Johnson,
gatu@psfc.mit.edu

SPECIALTY SECTION

This article was submitted to
Nuclear Physics,
a section of the journal
Frontiers in Physics

RECEIVED 06 March 2023
ACCEPTED 13 March 2023
PUBLISHED 20 March 2023

CITATION

Gatu Johnson M, Hale G, Paris M,
WiescherM and Zylstra A (2023), Editorial:
Using high energy density plasmas for
nuclear experiments relevant to
nuclear astrophysics.
Front. Phys. 11:1180821.
doi: 10.3389/fphy.2023.1180821

COPYRIGHT

© 2023 Gatu Johnson, Hale, Paris,
Wiescher and Zylstra. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Editorial
PUBLISHED 20 March 2023
DOI 10.3389/fphy.2023.1180821

4

https://www.frontiersin.org/articles/10.3389/fphy.2023.1180821/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1180821/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1180821/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1180821/full
https://www.frontiersin.org/researchtopic/29357
https://www.frontiersin.org/researchtopic/29357
https://www.frontiersin.org/articles/10.3389/fphy.2022.942726/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.942726/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.917229/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1180821&domain=pdf&date_stamp=2023-03-20
mailto:gatu@psfc.mit.edu
mailto:gatu@psfc.mit.edu
https://doi.org/10.3389/fphy.2023.1180821
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1180821


reaction paths, the lifetimes of the newly accessible excited states
must be understood; he uses statistical Hauser-Feshbach decay
models to calculate relevant lifetimes.

At large laser facilities such as the NIF and OMEGA [4], stellar-
like conditions are achieved by symmetrically illuminating a target
using a large number of high-energy laser beams. This leads to
compression of the target materials, which subsequently generates
a high-density, high-temperature plasma environment. Using
deuterium and tritium as fuel in the target, this process can also
produce high neutron yields (up to 1·1018 at the NIF) over a short
(~100 ps) time window through fusion reactions. The platform has
been successfully used for studying rates of low-Z reactions, using the
reactants as fuel in the target, as reported in [5–7] and in Mohamed
et al. Future directions for this path of research are explored by Casey
et al., who lay the foundations for using this platform to study plasma
screening including discussion of practical constraints, and Wiescher
et al., who examine feasibility of studying three charged-particle-
induced reactions involving mid-Z reactants using this platform.
Despotopulos et al. review available techniques for adding small
amounts of seed nuclei of interest for stellar nucleosynthesis into
or in close proximity to the target for exposure to stellar-like
conditions or nucleosynthesis-relevant neutron fluxes.

High neutron fluxes in short time periods can also be achieved
using high-power, short-pulse lasers based on chirped pulse
amplification [8]. This path to stellar-relevant experiments is the
subject of two of the papers in this Research Topic, Jiao et al. and
Burggraf and Zylstra.

The HED platform comes with its own challenges. Rapid
gradients in space and time must be considered. In some cases,
thermalization rates may be lower than plasma confinement
times, which means standard hydrodynamic and Maxwellian
assumptions must be examined. Crilly et al. address these
challenges by theoretically investigating impact of
hydrodynamic and kinetic effects on S-factors inferred from
ICF-type experiments.

The new platform cannot be exploited without state-of-the-art
diagnostics [1, 9, 10]. Despotopulos et al. review the radiochemistry

diagnostic suite available at the NIF. Mohamed et al. review gamma
detection capabilities available at OMEGA and the NIF, and identify
a gamma spectrometer as an additional tool that would enable many
more experiments. Additional nuclear diagnostics are also available
at the various facilities, and should be exploited as research
continues (see, e.g., Refs. [11, 12]).

Broad interdisciplinary nuclear, plasma and astrophysical
expertise will be required to tap the potential of this new line
of research. The intent with this Research Topic is to advertise the
platform’s capabilities to attract the necessary expertise to this
emerging field, and to gather momentum behind the efforts to
utilize these new capabilities to answer questions previously
impossible to address in terrestrial experiments.
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Screening Effects in Stars and in the
Laboratory
Marialuisa Aliotta1* and Karlheinz Langanke2,3

1School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom, 2GSI Helmholtzzentrum für
Schwerionenforschung, Darmstadt, Germany, 3Theoriezentrum, Institut für Kernphysik, TU Darmstadt, Darmstadt, Germany

Nuclear reactions are the driver of the evolution of many astrophysical objects. In the
astrophysical environment their respective reaction rates are, however, modified due to the
presence of other charges. The effects depend on the relative importance of Coulomb
energy versus thermal energy and are distinguished between weak and strong screening.
In the extreme case of pycnonuclear reactions, fusion reactions can be induced by the
zero-point motion of nuclei in a Coulomb crystal. This paper reviews the various screening
situations and discusses important applications. We also briefly review laboratory
approaches to study screening effects.

Keywords: electron screening, stellar plasma, stellar burning, nucleosynthesis, pycno-nuclear reactions

1 INTRODUCTION

Willy Fowler liked to tease his colleagues by calling astrophysics and astronomy applied nuclear
physics. With this witty remark he pointed to the fact that the dynamics, and hence the evolution, of
many astrophysical objects is driven by nuclear reactions of charged nuclei, in this way also
producing the elements in the Universe. During their long lives in hydrostatic equilibrium stars
generate the necessary energy by fusing nuclei in their interior. When the nuclear energy source
finally ceases, massive stars collapse under their own gravity resulting in a supernova explosion
which finally liberates the produced elements to make them available for the next generation of stars
or as the building blocks of life on Earth-like planets. During the collapse, it is nuclear reactions
mediated by the weak interaction which fight against gravity [1]. Nuclear reactions are also essential
to trigger thermonuclear supernovae where carbon burning is ignited as a runaway in aWhite Dwarf
in a binary system [2].

In astrophysical environments, nuclear reactions take place in the presence of other charges that
impact the rates at which such reactions occur. The conditions of density and temperature defining
the stellar environment are usually such that atoms are fully ionized and hence the surrounding exists
as a plasma made of nuclei of different kinds and charges, and of electrons. However, there are also
important situations where atoms are only partially ionized, as is the case for heavier nuclei in the
solar interior.

The effect of the surrounding charges on the reactions depend on the competition between
Coulomb and thermal energies, which for a one-component plasma is defined by the parameter

Γ � Ze( )2
akT

(1)

where k is the Boltzmann constant, T the temperature, Ze the charge of the nucleus and a an
appropriate distance between the interacting nuclei. If Γ ≪ 1, one speaks of a “weak screening
regime” which is realized at high temperatures and/or low densities. In contrast, for high densities,
i.e., Γ ≫ 1, one encounters the “strong screening regime”, if the most effective energy for nuclear
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reactions (Gamow peak energy) is sufficiently larger than
the thermal energy, or the “pycnonuclear regime”, where, even
at T = 0 K, fusion reactions are induced by density fluctuations. In
between weak and strong regimes, one has a plasma with
intermediate screening (Γ ≈ 1). The weak screening limit
applies during stellar hydrostatic burning, while the ignition of
the nuclear runaway in a type Ia supernova falls into the strong
screening regime. Pyconuclear reactions, instead, are mainly
important for the crust evolution of neutron stars [3]. While
screening regimes are not strictly defined, Figure 1 sketches, as an
example, the ranges of temperature and densities relevant to
different screening in 12C matter.

Here, we review screening effects of nuclear reactions in these
interesting and important astrophysical scenarios, and briefly
discuss the extreme case where reactions are initiated by density
fluctuations rather than by the thermal motion of the reaction
partners. While we mainly focus on nuclear fusion reactions,
screening is also relevant for processes mediated by the weak
interaction, such as beta decay and electron capture. Important
examples are the electron captures on 7Be during solar hydrogen
burning and generally on nuclei during core-collapse of massive
stars leading to a type II supernova. While most of the work
related to screening has been based on progress in modelling,
recent years witnessed also advances in experimental approaches
to study screening effects in laboratory plasmas made possible by
laser facilities, and in measurements of low-energy nuclear
reactions. In the latter case the experimentally observed effects
are somewhat larger than theoretically predicted.

2 STELLAR FUSION REACTIONS

Nuclear fusion reactions in stars occur at thermal energies E well
below the Coulomb barrier between interacting nuclei. Thus the

energy dependence of the fusion cross section σ(E) is dominated
by the tunnel probability and is usually written as [6]:

σ E( ) � S E( )
E

exp −2πη E( )[ ] (2)

Here, η = Z1Z2e
2/Zv is the Sommerfeld parameter and v the

relative velocity. The astrophysical S-factor S(E) accounts for
nuclear effects and is a function usually mildly varying with
energy. The astrophysical fusion rate is then given by folding the
energy- (i.e. velocity-) dependent cross section with the stellar
velocity distribution of the reaction partners, which is usually
given by a Boltzmann distribution [6]. The product of the
Boltzmann distribution and the tunnel probability has a
pronounced peak at an energy (the Gamow peak energy)
where the reaction occurs most effectively. The Gamow peak
energy is noticeably larger than the thermal energy, but
significantly smaller than the Coulomb barrier [6].

However, in the astrophysical environment the fusion
reactions occur in the presence of other charges which modify
the Coulomb barrier and hence have an impact on the
astrophysical fusion rates. Starting with the pioneering work of
Salpeter [4, 7], it has been customary and often possible to
describe these screening effects by an enhancement factor Fsc
which multiplies the bare nuclear reaction rate, yielding a
screened rate:

Rsc � FscRbare (3)
While Rbare depends on the temperature via the Boltzmann

distribution, the enhancement factor is also a function of plasma
properties such as density, temperature, degeneracy and
composition. The factorization of Eq. (3) allows to treat the
problem as two distinct parts and is a very efficient way to
incorporate the screening effects into astrophysical
simulations. The screening factor Fsc is customarily given in
the form of an exponential function for weak and strong
screening as discussed below.

In the weak screening case, in which the average interaction
energy between the reaction partners is much smaller than their
kinetic energy, the nuclei are surrounded by a screening cloud,
such that they are attracted by the electrons and repelled by the
nuclei in the partner’s cloud. Due to the effect of the screening
clouds, the reaction partners with charges Z1, Z2 feel a screened
Coulomb potential

Usc r( ) � Z1Z2e2

r
exp −r/RD( ) (4)

rather than the Coulomb repulsion of bare nuclei, Ub(r) = Z1Z2e
2/r,

where the parameter RD (Debye length) is given by ζRD � ( kT
4παρ)1/2

with the fine-structure constant α and the number density of
nucleons ρ [8]. The parameter ζ depends on the composition of
the plasma and its degree of degeneracy [4, 8]. Salpeter’s model of
weak screening is equivalent to the Debye-Hückel theory of dilute
solutions of electrolytes [9].

The tunnel process occurs at radii which are significantly
smaller than the Debye radius. Thus, the exponential in the
screened Coulomb potential (Eq. (4)) can be expanded to first

FIGURE 1 | Temperature-density diagram covering the various
screening regimes for 12C matter. The diagram follows the definition by
Salpeter [4] and subsequent work by Gasques et al. [5] (for the definition and
treatment of screening in the intermediate thermo-pycnonuclear and T-
enhanced pycnonuclear regimes the reader is referred to [5]).
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order, exp (−r/RD) ≈ 1 − r/RD. . .. Hence, the effect of screening is
a reduction of the Coulomb barrier by a constant screening
energy Usc = (Z1Z2e

2)/RD. Equivalently, the partners in the
plasma fuse with a slightly increased energy (E + Usc) and the
enhancement factor in Eq. (3) reduces to Fsc = exp (−Usc/kT).

The screening enhancement factors are incorporated in the
stellar evolution codes. For the solar plasma, the Debye radius is
of the order 10–11 m and the screening enhancement of nuclear
reactions at the relevant solar energies is relatively small, about
5% for the important proton-proton reaction [10]. Special care
has to be taken for resonances as the modification of the Coulomb
potential lowers the resonance energy compared to the reaction
threshold. Hence, the resonance lifetime is increased due to
screening. If screening is sufficiently strong, the resonance
might get bound in the astrophysical environment; we will
mention an example below. The theory for resonant screening
has been discussed for example in Ref. [11].

The Debye-Hückel theory of screening, as adopted by Salpeter,
is based on a mean-field approach. Hence, it depends on the
distance between the reaction partners, but not on their velocity.
It has been argued that such a static approach would not be
appropriate for the solar plasma [12]. In fact, studies of dynamical
screening performed within themolecular dynamics approach for
a proton plasma [13–15] indicate that fast moving protons which
might not be accompanied by their full screening cloud [15]
experience less screening than slow moving ones. These studies
suggest that the static screening overestimates the enhancement
of nuclear reactions in stellar plasmas, as fast moving particles
with energies around the Gamow peak dominate the reaction
rates. This view has, however, been disputed by Bahcall and
collaborators who argued that Salpeter’s screening approach is
valid also at the Gamow peak energy due to the nearly perfect
thermodynamic equilibrium present in the solar plasma [16].

At high densities, where Γ ≫ 1, the bulk of the nuclei form a
lattice (or quantum fluid). If the Gamow peak energy is
significantly larger than the thermal energy, the main
contribution to the reaction rate will come from fusing nuclei
with energies around the Gamow peak. Again, Salpeter laid out
the basis for the treatment of this situation of “strong screening”
[4]. He showed that electrons can be treated as a uniform
background and derived an enhancement factor assuming that
the fusing nuclei move while being surrounded by a uniform
cloud of electrons that neutralise the nuclear charge. In this
approximation, the enhancement factor can again be written
as Fsc = exp (−Usc/kT) and the screening energyUsc is given by the
difference of electrostatic energies between the fused system with
combined (Z1 + Z2) charge and that of the two individual nuclei
with charges Z1 and Z2.

An improved treatment of strong screening is obtained by
determining the pair correlation function g(r) which is a measure
for the probability for a given nucleus to find a reaction partner at
distance r in the plasma. (In multicomponent plasmas g carries
indices defining the partners.) The calculation of g(r) is identical
to determining the mean potential of the plasma w(r), with g(r) =
exp (−w(r)/kT).

Defining g and g0 as the pair correlation functions with and
without screening, the enhancement factor can be approximated

as Fsc = g (0)/g0 (0), where one considers that the ratio is quite
insensitive to r at nuclear distances. The enhancement factor is
usually split into a “classical” and a “quantum” part [17, 18], Fsc =
exp (h0 + h1). The classical part is approximately related to the
difference of free energies ΔF for the many-body system before
and after the fusion reaction [19], leading to exp (h0) = exp (ΔF/
kT). The parameter h0 can also be calculated using Monte Carlo
techniques. A parametrized form of h0 as a function of the
Coulomb coupling parameter Γ and valid for 1 < Γ < 170 is
given in [20]. The quantum contribution exp (h1) considers that
the potential is not constant during the tunnel process. It has been
calculated in different approximate ways (by path integrals [21],
within the WKB approach [22, 23], and directly by Monte Carlo
techniques [24, 25]) and found to be small compared to the
classical contribution.

An important astrophysical application of strong screening
occurs for carbon fusion reactions which are believed to trigger
type Ia supernovae in degenerate White Dwarfs in the so-called
single-degenerate scenario [2]. Under these degenerate
conditions carbon burning occurs as a thermonuclear runaway
where the reaction rate is enhanced by many orders of magnitude
due to screening effects. The different approximations to the
quantum effects lead to noticeable differences in the
enhancement factors, which, however, are small compared to
the total enhancement. Hence the differences are not expected to
be too relevant [5]. A convenient parametrization for the
screening of the carbon fusion rate can be found in [5].

At high densities and sufficiently low temperatures the nuclei
settle into a Coulombic lattice, for which usually a body-centred-
cubic (bcc) structure is assumed [26]. At very high densities the
lattice is destroyed due to the zero-point motion of the nuclei and
the system rather becomes a quantum fluid. However, due to its
strong dependence on charge, this transition occurs at such high
densities that it is usually irrelevant for astrophysical purposes
[27]. An exception is 4He, as we will see below. The energy scale of
the zero-point motion can be estimated by the ion plasma
frequency [7] and allows to tunnel the Coulomb barrier,
which is significantly modified due to the interaction with
other ions and the neutralising electron background. Such
density-induced reactions are called pycnonuclear reactions [7]
and they are the reason why no Coulomb crystal exists at
arbitrarily large densities.

The pyconuclear reaction rate Rpyc for a one-component
crystal can be expressed (in s−1cm−3) as [5]:

Rpyc � ρXiAZ
4S Epk( )Cpyc10

46λ3−Cpl exp −Cexp/
�
λ

√
( ) (5)

where ρ is the density in g/cm3, Xi, A, Z are the mass fraction,
mass number and charge of the fusing nuclei and the
astrophysical S-factor S is evaluated at the energy Epk of the
plasma frequency (see [5] for details). Above (below) the neutron
drip density at 4 × 1011 g/cm3, Xi < 1 (Xi = 1) due to the presence
of free neutrons. The parameter λ is defined as λ � Z2

mZ2e2(ni/2)1/3
with nucleon mass m and number density ni. The three
parameters (Cpyc, Cpl, Cexp) in Eq. (5) have to be calculated
using amodel for the tunnel process. Various values are presented
in [7, 24, 27].
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Beyond the static approximation to the rate given in Eq. (5),
effects related to the polarization of the surrounding Coulomb
lattice were discussed by Schramm and Koonin [27]. They found
that these dynamical effects, which are non-negligible per se,
cancel each other. It is estimated that pycnonuclear reaction rates
can be uncertain by a few orders of magnitude [26].

Pycnonuclear reactions play a role in the structure of isolated
neutron stars which accrete matter from the interstellar medium
[28]. Due to the accretion, the original matter of the neutron star
crust is successively pushed to higher densities and hence
undergoes a series of double electron captures which make the
matter more neutron-rich. These captures produce free neutrons
above the neutron drip density, until the system finally reaches
densities at which nuclei become able to fuse by pycnonuclear
reactions. In the pioneering work of [3, 29], where the original
composition of the crust was assumed to consist purely of 56Fe,
pycnonuclear fusion is expected to occur for 34Ne nuclei at
densities slightly exceeding 1012 g/cm3. Dynamical studies of
the neutron star crust evolution encompassing a large reaction
network are presented in [30]. These authors also find that the
uncertainty in the pyconuclear reaction rates have only a modest
effect on the crust evolution.

Special care has to be taken for 4He matter at high densities. Of
particular interest is the triple-alpha rate, by which 4He is
transformed into 12C. During helium burning in normal stars,
temperatures are sufficiently high that the process occurs in two
steps via the formation of an intermediate 8Be resonance (the
ground state) at 92.2 keV above the α + α threshold [31]. InWolf-
Rayet stars, temperatures are lower and the triple-alpha reaction
is enabled via the low-energy wing of the 8Be resonance [32, 33].
Finally, in accreting neutron stars, temperatures might be so low
that the triple-alpha process occurs via pycnonuclear fusion [34].
At the relevant densities (ρ > 3 × 108 g/cm3), zero-point motion
transforms 4He matter into a quantum fluid. Under these
conditions, the triple-alpha fusion rate was calculated in [35].
However, because of the low energy of the 8Be resonance, the
nuclear α-α potential must also be included in addition to the
Coulomb interaction. As it was pointed out in [36], screening in
4He matter becomes strong enough around 3 × 109 g/cm3 to
transform it to bound 8Be matter. This phase transition was
confirmed in a study which described the 4He quantum fluid
within the hypernetted chain approach taking higher-order
correlations into account [37]. The study also showed that
these correlations are strong enough to transform 4He matter
into 12C at densities lower than the critical density for the phase
transition to 8Be matter. The latter is then probably not realised in
nature.

For screening effects of very strong magnetic fields on
thermonuclear reactions the reader is referred to Refs. [38, 39]
and references therein.

3 REACTION MEDIATED BY THE WEAK
INTERACTION

Although reactions mediated by the weak force are usually slower
than competing time scales, they can be significantly altered by

their astrophysical surroundings often with interesting
consequences. For example, temperature can change the
effective half lives of nuclei due to thermal population of
excited nuclear states. In s-process nucleosynthesis this occurs
at certain branching points making the rates for beta decays and
neutron captures competitive. As a consequence, the matter flow
branches at these nuclei allowing to determine the neutron
density or the temperature of the astrophysical environment
from the observed abundances [40, 41]. An extreme change in
half life occurs for 180Ta where a long-lived excited state with half
live comparable to the age of the Universe is thermally mixed with
the ground state which lives only a few hours [42, 43]. Other than
by s-process nucleosynthesis [44, 45], 180Ta can also be made by
neutrino nucleosynthesis [46–48]. Finite-temperature effects also
modify inelastic neutrino-nucleus cross sections, in particular at
low and modest neutrino energies [49]. Inelastic neutrino
scattering off nuclei had been discussed as a potential source
for thermalization of neutrinos with matter during the collapse of
massive stars [50, 51], but turns out to be rather
unimportant [52].

The plasma density has important effects also on beta decays,
as the presence of electrons blocks final states for the decay. This
Pauli blocking effect at finite density reduces the rate and has to
be accounted for in the derivation of stellar beta decay rates [53,
54]. As a consequence of this reduction, beta decays are basically
prohibited during final collapse of a massive star, but play an
interesting role during silicon burning where beta decay and

FIGURE 2 | Rates for electron capture on 20Ne (solid) and beta decay
(dashed) of 20F for densities typical for a collapsing NeMg core of an
intermediate mass star and two relevant temperatures (T = 4 × 108 K (top) and
109 K (bottom)). The rates have been calculated with and without
screening corrections (red and blue lines, respectively). Due to screening, the
densities at which both rates become identical are shifted to higher values.
Figure reprinted with permission from [61].
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electron capture rates are comparable and contribute significantly
to the cooling of the stellar core without changing the electron-to-
nucleon ratio [55]. The blocking of beta decays allows the
collapsing core to get successively more neutron-rich by
continuous electron captures on nuclei [1, 56, 57]. These
electron captures accelerate the collapse as they reduce both
the pressure of the relativistic electron gas and the entropy of
the core matter. The latter effect is responsible for the fact that
nuclei survive the collapse. Coulomb corrections are important
for the thermodynamic properties of the high density plasma
[58], but they also modify the weak interaction rates [59].
Screening contributes to these rates in two different ways.
First, it changes the threshold energy between initial and final
states. Second, the electron energy is reduced by the presence of
the background compared to the unscreened case. Refs. [60, 61]
present a formalism on how screening corrections can be
incorporated into the stellar electron capture and beta decay
rates. In general, electron capture rates are slightly reduced due to
screening, while beta decay rates are enhanced [61], as shown in
Figure 2.

This result has important consequences for the URCA process
which is essential for the cooling of NeMg cores in the final
evolutionary stages of intermediate mass stars as it shifts the
operation of the URCA process to higher densities [61–63].
Significant experimental and theoretical progress in
determining stellar weak interaction rates has recently been
reviewed in [64].

Electron captures on selected nuclei occur also during
hydrostatic stellar burning. At such conditions screening
cannot be treated as caused by a degenerate relativistic
electron gas like during core collapse, but rather as due to an
ideal electromagnetic plasma. A particularly interesting and
important case is the electron capture on 7Be which, in
competition with proton capture, determines the rate of high-
energy neutrinos produced in the Sun. In the laboratory the half
life of 7Be is about 53 days. As the electron density at the nucleus
in the solar plasma is reduced compared to the atomic case, the
half life is longer in the Sun. Under solar conditions, 7Be has a
non-negligible probability, which also depends on screening
effects, of having a bound K-shell electron. Therefore, a
consistent treatment of 7Be ions embedded in the solar
surroundings is required. Such studies have been performed
on the basis of two quite distinct methods, a mean-field
approach [65] and a density matrix formalism [66], yielding,
however, nearly identical results for the solar 7Be half life (about
81 days).

4 EXPERIMENTAL APPROACHES TO
STUDY SCREENING EFFECTS

The strategy to determine nuclear reaction rates for astrophysical
applications is a two-step process: at first one derives the cross
section (astrophysical S-factor) for bare nuclei, which is then
modified to account for environmental effects. The measurement
of the bare cross section is, however, an experimental challenge, as
the astrophysically most important energy region (around the

Gamow peak energy) lies far below the Coulomb barrier, where
the cross sections are extremely small and their direct
measurement in the laboratory is difficult with presently
available techniques. Therefore, one measures the cross
sections down to energies as low as possible and then
extrapolates the data to the relevant energy region. It was
generally believed that the uncertainty in the extrapolation
procedure could be reduced by steadily lowering the energies
at which data are taken in the laboratory. This approach,
however, might be problematic as at very low energies the
experimentally measured cross section does not represent the
required case for bare nuclei: the cross section is enhanced due to
screening effects connected with the electrons present in the
target (and possibly in the projectile) [67].

The 3He (d,p)4He reaction is probably the best studied case for
the experimental observation of laboratory screening, as the
available low-energy data [68–71, 73] are the most definitive
in this case.

In the laboratory the cross section was measured by shooting
an ion beam of (bare) deuterons onto an atomic 3He gas (with two
electrons per atom). At the lowest accessible energies, the
separation of target and projectile during tunnelling is much
smaller than the atomic radius; thus, the two electrons, originally
bound to 3He, are now attracted by the joint charge of projectile
and target, corresponding to 5Li. The gain in electronic binding
energy (about ΔE ≃ 120 eV) between the fused 5Li and the well-
separated (d+3He) systems should be transferred to the relative
motion so that the fusion process occurs with a slightly enhanced
energy compared to the case of bare nuclei. Analogue to Eq. (3)
the measured cross section should be increased by an exponential
factor which can be expresses as fsc ≈ exp (πη(E)ΔE/E),
considering that ΔE is much smaller than the relative energy E

FIGURE 3 | Low-energy S-factor for the d (3He,p)4He reaction, obtained
by accelerator experiments [68, 70, 71] and high-power laser measurements
(“this work” from [72]). The crosses represent results obtained with the Trojan-
Horse Method (THM) [73]. The dashed curve shows the bare nuclear
S-factor obtained from a fit to the data at higher energies. The exponential
enhancement in the S-factor at low energies, observed in the data by Aliotta
et al. [70], is attributed to screening effects. Figure reprinted with permission
from [72].
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of the fusing nuclei [67]. Such an exponential enhancement is
indeed experimentally observed [69, 70], as shown in Figure 3.
However, the screening energy Usc obtained by fitting the data to
the exponential parametrization for fsc is larger than the adiabatic
limit ΔE, i.e. the difference in binding energies. Yet, the
applicability of the adiabatic limit was confirmed within a
Time Dependent Hartree-Fock (TDHF) calculation of the
electron dynamics in the fusion reaction [74]. In addition, a
noticeably smaller experimental screening energy was observed in
an experiment performed in inverse kinematics using a molecular
deuteron target [75]. A TDHF study of screening effects for
proton scattering on a molecular hydrogen target shows a strong
sensitivity of the enhancement factor to the orientation of the
molecule [76]. It is smaller if the proton has to pass the spectator
nucleus before the fusion process occurs. No isotopic dependence
of the screening effect has been found, as expected [77, 78]. The
use of possibly incorrect stopping powers, which the fusion
energies have to be corrected for, has also been suggested in
[79] as a possible solution of the difference between experimental
results and adiabatic limit. Indeed, theoretical calculations [80,
81] of stopping power for the same systems mentioned above
using dynamic calculations do not agree with extrapolations to
lower energies, thus corroborating the findings in [79].

Differences between experimental and adiabatic screening
energies have been found also for other nuclear reactions [82].
In some cases, clustering configurations (e.g., d ⊕ α in 6Li) in the
interacting nuclei could potentially explain the large screening
potentials observed experimentally, as suggested in [83].

In general, an obvious source of uncertainty are the bare nuclear
cross sections required to determine the experimental screening
value. To eliminate this uncertainty experimental approaches like
the Trojan Horse Method (THM) [84, 85] have been developed,
which allow for an indirect determination of the bare nuclear cross
sections also at very low energies. Figure 3 includes bare nuclear
cross sections obtained via the THM [73] that are consistent with
the extrapolation of the cross sections from higher energies. The
S-factor has also been determined by an experiment where a
molecular deuteron target was bombarded with intense and
ultrafast laser pulses [72]. The discrepancy between observed
and expected screening enhancement for gaseous targets is still
not explained.

Large screening enhancements were also found for the low-
energy d + d fusion reaction in deuterated metals [86–88]. Here the
low-energy S-factor shows an exponential enhancement, but the
deduced screening energy for metals can exceed the value obtained
for a gas-target experiment bymore than an order of magnitude [88,
89]. Importantly, if the deuterons are implanted into semiconductor
or insulator materials, the screening energy is consistent with the
gas-target result. This observation led to the proposal that the
classical Debye theory might be applicable to describe the
screening enhancement in metals [90]. The Debye model predicts
a characteristic temperature dependence of the screening
proportional to T1/2 which was tentatively observed in [91].
Considering the ion-momentum distribution and inhomogeneous
screening effects beyond the Debye model reduced the gap between
prediction and observation [92, 93]. TheDebyemodel was, however,
questioned in [89]. These authors argued that the screening in

deuterated metals requires a dynamical treatment of the deuteron
density which indeed reproduced the dependence of the screening
energy on the charge of the host material. But also this improved
model predicts screening energies which are about a factor of 2
smaller than the observed values [89, 94]. A quantum-mechanical
model for the screening effects was presented in [95], but has not yet
been fully applied due to computer limitations.

The unresolved discrepancy between theoretical and
experimental screening energies for atomic or molecular targets is
an obstacle to reducing existing uncertainties for nuclear reactions
with light ions. The problem would, of course, become obsolete if it
was possible to measure the relevant cross sections directly for the
appropriate astrophysical plasmas. At least for interactions between
light ions in the Sun, in early stellar burning stages, or in Big Bang
nucleosynthesis, this perspective becomes possible using high-
intensity lasers. For example, a measurement of the low-energy d
(3He,p)4He S-factor is included in Figure 3 [72]. Other laser-induced
measurements of astrophysical S-factors dealt with the d(p,γ)3He
[96] and the t+3He [97] reactions, both of interest for Big Bang
nucleosynthesis. These pioneering works were, however, performed
under plasma conditions at which screening is expected to be
negligible. Such dedicated studies of plasma screening effects are
envisioned for future laser facilities, including the Extreme Light
Infrastructure ELI-NP under construction in Bucharest [98] making
use of two laser-induced colliding plasmas [99]. An alternative
approach, i.e. to measure directly the bare reaction cross section,
exploits a unique combination of experimental devices at the
CRYRING storage ring at GSI. Here, a stored beam of ions can
be made to collide with a transverse beam and the reaction products
be detected with a newly developed detection array [100]. If
successful, such measurements have the potential for significant
breakthroughs in our understanding of the electron screening effect.

5 CONCLUSION

In astrophysical environments nuclear reactions are affected by the
presence of other charges in the stellar plasma. Starting with the
pioneering work of Salpeter [4, 7] such effects have been included in
astrophysical simulations taking also into account that the relative
importance of Coulomb versus thermal energy, defined by the
Coulomb plasma parameter Γ, requires different screening
treatments under different physical conditions. The progress of
these treatments is mainly theoretical. In the case of weak
screening, as it applies for example to the solar plasma, the
enhancement of the fusion reactions is quite small (typically, a few
percent) and appears not to be a considerable source of uncertainty
[8]. Similar conclusions also apply to the electron capture reaction on
7Be, which has drawn specific attention in [101]. The uncertainty in
the enhancement factors for the strong screening case and in
particular in the pyconuclear regime remains noticeably larger.

Experimental approaches to screening are so far restricted to
studies of light-ion fusion reactions where (at the lowest energies
reachable in accelerator experiments) the presence of electrons in the
nuclear target (and possibly also in the projectile) screens the
Coulomb barrier, effectively enhancing the relative energy of the
collision partners during the tunnel process. The energy shift
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obtained from experimental data is often larger than the value
expected if the collision proceeds adiabatically. This discrepancy
is not yet fully understood and introduces some uncertainty into the
determination of astrophysical cross sections for light ion reactions.
For heavier nuclei the energies reachable in accelerator experiments
are too high for screening effects to be relevant. In the future it might
be possible to circumvent this uncertainty source by measuring the
relevant cross sections directly in a laser-induced plasma.
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Prospects for Neutron Reactions on
Excited States in High-Density
Plasmas
Ian J. Thompson*

Livermore Laboratory, Livermore, CA, United States

With the reactions of high flux neutrons, such as in a DT plasma, there is a prospect of
seeing new kinds of neutron-nucleus reactions for the first time. If neutrons excite a heavy
nucleus, for example, there is possibility of a second neutron reacting on excited states of
the residual nucleus before that nucleus has de-excited to its ground state. The possibility
of such reactions on excited states has rarely been considered. The cross section for
neutron induced fission on the isomeric state of 235U has been measured (D’Eer et al.,
Phys. Rev. C, 1988, 38: 1270–1276) and calculated (Younes et al., 2003, Maslov, 2007),
and reactions on rotationally excited nuclear states has been calculated (Kawano et al.,
Phys. Rev. C, 2009, 80: 024611). In high flux plasmas, however, a much wider range of
reactions is possible. We therefore need to consider excited states at much higher-
energies than previously modeled, and then estimate whether second neutrons are likely to
rescatter on those excited states. To determine the likelihood of such rescattering events,
we first need to know the probable time series of nuclear decays of those excited states.
The lifetimes of many low-lying states have been measured experimentally, but now we
need to know the lifetimes of the many higher excited states that could be produced from
incident 14 MeV neutrons. These are too numerous to be measured and also too
numerous to be calculated individually, so statistical Hauser-Feshbach decay models
are used. I show some lifetime calculations for 89Y, 169Tm, and 197Au targets, and
predictions for the number of rescattering events in plausible plasma scenarios.

Keywords: nuclear reactions, excited states, high-density plasma, nuclear lifetimes, rescattering

INTRODUCTION

Traditionally nuclear reactions are measured and modeled with both the projectile and the target starting
in their ground states. At high temperatures in the interior of stars, the thermal energy will keep a
statistical fraction of the nuclides in excited states, but that is difficult to reproduce in the laboratory. The
closest we come to this so far is inside the imploding capsules during inertial confinement experiments
such as those in the National Ignition Facility NIF [1]. In such locations with a high flux of neutrons, a
nuclide may receive enough energy from incident neutrons that a second incident neutron could react
with it before it stops emitting particles or gamma rays. There can then be two successive energy transfers,
and the increased amount of excitation energymay enable reactions not possible before. To date the cross
sections for neutron induced fission on the isomeric state of 235Uhas beenmeasured [2] and calculated [3,
4], and reactions on rotationally excited nuclear states has been calculated [5]. If incident 14MeV
neutrons are used that result from DT fusion, then a great many more inelastic states will have been
excited and maybe subject to a second neutron reaction.
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The first step in seeing whether this could occur is to calculate
the lifetimes of the excited states that could arise in reactions
induced by 14 MeV neutrons. The low-lying levels in nuclei will
have had their lifetimes measured in experiments, but nowwe will
need to calculate the lifetimes of the higher-lying states that are
predicted to be produced by statistical decay models following the
Hauser-Feshbach (HF) method. The HF methods work by
calculating the decay rate of excited states by summing the
rates of possible decay paths for different kinds of decays such
as by neutron, proton, alpha or gamma emissions. This is a
statistical method that ignores the quantum interferences possible
when multiple decay paths end at the same final state, and
assumes that collections of states are well characterized by
their average properties and so may be gathered into energy
groups of similar spins and parities. It needs an optical potential
for each incoming and exiting particle, as well as an equivalent
‘strength function’, as defined below, for gamma transitions. The
HF methods include higher-lying compound-nucleus states
which will have longer lifetimes than collective rotational
levels, though still with shorter lifetimes than many known
isomeric levels.

NUCLEAR LIFETIMES

The average decay rate of an excited state λ is related to thewidth Γ of
that state by Γ = Zλ, and to its lifetime by τ = 1/λ. These determine
the survival probabilities P(t) = exp (−t/τ), so the half life (the time
for an initial population to decay by a half) is T1/2 = τ ln (2) = 0.693τ.
We denote the averages of these properties over similar states by 〈λ〉
and 〈Γ〉. If there are multiple exit channels c from a given state then
each route will have its own partial width Γc, and the total width will
be ΓT =∑cΓc. The decay rates λ will add similarly, and the result will
be shorter lifetime for that state. The decays of excited states thus
depend on the branching ratios Bc = Γc/ΓT which, summing up to
unity, give the probability of a decay proceeding via channel c.

The Hauser-Feshbach method requires knowledge of the level
density ρ(E) of levels per unit energy. These are connected to the
average partial widths by physical principles that depend on the
type of channel c. If these are particle decay channels, then
information from the scattering optical potential is used to
give a transmission coefficient Tc, which is the probability that
such an incoming particle will be absorbed by typical compound-
nucleus resonances and so leave the elastic channel. By time
reversal, the same transmission coefficients apply to the emission
probabilities of those particles. From R-matrix scattering theory
[6, ch. 11], the transmission coefficients are related to the average
partial widths of levels by Tc = 2π〈Γc〉ρ(E). The decay branching
ratios calculated in the Hauser-Feshbach method are Bc = Tc/
∑cTc. If a level decays by gamma (photon) emission, then the
partial gamma widths are typically described as Γγ �
E2L+1
γ fL(Eγ)/ρ(E) in terms of a gamma strength function fL

(Eγ). The Eγ is the energy of the gamma-ray emitted, and L is
its multipolarity (sentence removed).

The other parameters of Hauser-Feshbach calculations have
been estimated by nuclear evaluators as they use these reaction
and decay models to fit the known reaction data for a 14 MeV

neutron incident on the targets 89Y, 169Tm, and 197Au we are
considering. These three materials are chosen because they have
only one stable isotope each, and so any products of neutron
capture or removal will produce experimentally distinctive decay
products. Hauser-Feshbach codes TALYS [7], EMPIRE [8] and YAHFC

[9] are all widely available to use, and include good collections of
default parameter sets. YAHFC takes discrete levels from [10],
gamma strength parameters from [7] using the functional
form of [11], and neutron optical potentials from [12]. I am
thus able to use the default parameter sets that give a reasonably
good description of how these targets are excited and
subsequently decay.

I use an instrumented version of YAHFC, wherein the Hauser-
Feshbach denominatorsD =∑cTc are saved separately for each level,
as well as specifications of the chain of intermediate states appearing
in each Monte Carlo instance of a decay path. These denominators
D=∑c2π〈Γc〉ρ(E)may be used to calculate the average total width of
each state by ΓT = ∑cTc/2πρ(E) = D/2πρ(E), and they give us its
average lifetime τ= 2πZ ρ(E)/D.Figure 1 shows the lifetimes of some
positive-parity levels in 197Au. Above the neutron emission threshold
at 6.3MeV the lifetimes become much shorter because neutrons are
emitted more quickly than gamma rays. The lifetimes are longer for
higher spin states because the wave functions for both gammas and
neutrons behave as (kr)L+1 at short distances r with wave number k
well within the range kr ≪ 1, so larger multipolarities L will give
weaker transitions and hence longer lifetimes.

For each saved instance of a decay path, we can determine how
long on average each decay process took. Each step in a Monte
Carlo instance of a decay chain generates a random time interval
of a level before it decays by sampling an exponential decay time

FIGURE 1 | Calculated level lifetimes in pico-seconds (10–12 s) from a
Hauser-Feshbach model of 197Au decay mechanisms for positive parity
compound-nucleus levels with a selection of spins. The lines end on the left at
known discrete levels, or when the level density drops below 1 level
per MeV.

Frontiers in Physics | www.frontiersin.org August 2022 | Volume 10 | Article 9172292

Thompson Reactions on Excited States

16

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


probability distribution P(t) = τ−1 exp (−t/τ). The cumulative
persistence time tp for a level is the sum of all the previous
individual level durations t in that path. Using this information,
we can determine the persistence cross sections σ01 (tp, E*) for the
population of excited states at E* for a range of times after the
initial neutron reaction.

Figure 2 show the persistence cross sections σ01 (tp, E*) on the
left 1) for levels in 197Au* after (n,n′) reactions, and on the right 2)
for levels in after (n, 2n) reactions for times up to 500 ps. The
legend of plot 1) shows at least four isomeric states in 197Au but in
the plot these do not give long-lived levels: they must have been
rarely produced in this reaction. Some energy groups at low
energies increase with time rather than decaying since they are fed
by the incoming decays from states at higher excitation energies.

CALCULATING REACTIONS ON EXCITED
STATES

During neutron pulses, the produced excited states may
undergo second reactions if there are enough neutrons
incident on them during the persistence times shown in
Figure 2. High fluxes of neutrons (many neutrons per
second per unit area) will make this more likely to occur.
The number of such reactions per second is the product of the
incident flux, the above production cross section, and the
number of targets.

Let n0 be the number of incident neutrons of energy E0 in a
pulse of duration T passing through an area A at a constant
rate, giving an incident neutron flux of j0 = n0/AT. Suppose

FIGURE 2 | Persistence cross sections σ01 (t, E*) for the population of excited states for a range of times t in pico-seconds from Hauser-Feshbach models of
14 MeV incident neutrons on 197Au nuclei. Levels are shown after (n,n′) in (A), and after (n, 2n) in (B). The decay levels at excitation energies E* are grouped in bins
0.2 MeV wide.

FIGURE 3 | Effective production cross sections σeff (T, E*) for the population of excited states for a range of pulse durations T in pico-seconds from 14 MeV incident
neutrons on 197Au nuclei after (n,n′) reactions (A), and on 169Tm nuclei after (n, 2n) reactions (B).
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there are n1 heavy target nuclei in the area A such as the surface
of a sphere inside which the neutrons are generated. The
excited states (called particle 2) are then produced at a rate
dn2(t)/dt = j0n1σ01, which when integrated gives n2(t) as their
produced population. After being produced, they persist or
decay according to curves shown in Figure 2. The needed
effective persistence cross section is the average of σ01 (t2 − t0,
E*) for both first-scattering time t0 and second-scattering time
t2 within the pulse duration. If the flow of neutrons is constant
during the pulse duration, then the second scattering rate
depends on the direct average cross section

σeff T, Ep( ) � 2
T2

∫
T

0
dt2 ∫

t2

0
dt0 σ01 t2 − t0, E

p( ). (1)

Figure 3 shows these effective averaged cross sections for
producing excited states for a range of pulse durations from
14 MeV incident neutrons on 197Au nuclei after (n,n′) reactions
(a), and on 169Tm nuclei after (n, 2n) reactions (b). Figure 3A
takes for its input the data in Figure 2A, and is similar only in
general terms because of the averaging. If the flow rate of
neutrons varies significantly over the pulse duration then an
experimentally-specific calculation will be needed.

When a second neutron rescatters on the n2(t) excited-state
targets, the products of that reaction (called particle 3) in the
pulse of duration T will be counted by

n3 T, Ep( ) � 1
2
σ02 E0 + Ep( ) n20

A2
n1 σeff T, Ep( ). (2)

FIGURE 4 | Numbers of neutron rescattering events per barn of rescattering cross section for a range of pulse durations T in pico-seconds from 14 MeV incident
neutrons on 197Au nuclei (A) and 169Tm nuclei (B) after (n,n′) reactions.

FIGURE 5 | Numbers of neutron rescattering events per barn of rescattering cross section for a range of pulse durations T in pico-seconds from 14 MeV incident
neutrons after (n,n′) reactions on 89Y nuclei (A), and after (n,p) reactions on 169Tm nuclei (B).
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This depends quadratically in the incident neutron areal density
n0/A because the first and second scatterings are both linear in
that density. The factor of 1/2 is because of the averaging the
linear time production of excited states during the neutron pulse.
The cross section to produce particle three from particle two is
written as σ02 (E0 + E*) because the incident neutron energy and
the excitation energy are added together to give that combined
energy of the compound system after the second reaction. That
would be the incident energy of a single neutron to produce the
same intermediate state.

RESPONSES IN SHORT NEUTRON PULSES

For a numerical example, consider from the experiment [13] the
number n0 = 1.73 × 1016 of neutrons passing at 14MeV energy
through the surface of a sphere of radius 25 μm taken from the
measured radius of implosion hotspot [13, Figure 5C]. We now
consider a trial calculation for these neutrons incident on 1016 heavy
target nuclei implanted in that surface. If the effective production σeff
and rescattering cross sections σ02 are given in barns, then

n3 � 1
2
σ02

n20
A2

n1 σeff � 4.44 × 108 σ02 σeff . (3)

Since we know σeff from above, but not σ02, I will in Figures 4,
5 show plots of n3/σ02 as the number of neutron rescattering
events per barn of rescattering cross section for targets of 89Y,
169Tm, and 197Au. Because I am assuming constant neutron flux
during the incident pulse, Figure 4A is simply a scaled Figure 3A.
Figures 4B, 5 show further reaction varieties with shapes
different from 197Au. Figures 4B, 5B are dominated by known
isomer states at low energies. Apart from such isomer states, the
most likely excited states to be subject to rescattering events are
between 1 and 3 MeV: much larger the 50–150 keV considered in
any of the earlier models [2–4]. Furthermore, it is encouraging
that the 2020 NIF experiment [13] has high enough flux that

rescattering cross sections even in the millibarn range ought to
produce 100 or 1,000 rescattering events.

DETECTING RESCATTERING EVENTS

To detect these rescattering events on excited states in a distinctive
manner, we would ideally want their cross sections σ02 (E0 + E*) to be
rather sensitive to the additional compound-state energy E*. Then
there might be new reactions such as (n, 3n) that would likely not
occur with only an energy of E0 from a single incident neutron. The
threshold for the 197Au (n, 3n)195Au reaction is just above 14MeV, as
shown in Figure 6. In principle, the detection of specific gamma decay
peaks in the decay spectrum of 195Au would be indicative of higher-
order reactions of the kinds described in this paper.We note, however,
that the (n, 3n) cross sections are themselves small near threshold, and
these small values are those needed to convert the quantities inFigures
4, 5 in scattering events. It will also be necessary to allow for an energy
spread in the initial neutrons around 14MeV. A more detailed
transport calculation, however, is beyond the scope of this paper.

CONCLUSION

New experimental facilities with high-fluence neutron pulses may
allow new measurements of neutron reactions on excited states. We
have the theory and modeling methods needed to calculate the
lifetimes of excited states during decay cascades. This is possible
not only for the known discrete levels at low excitation energies, but
also at the higher energies where particle emission can compete with
gammaproductionmechanisms. At the higher energies it is necessary
to use statistical Hauser-Feshbach models of the decay processes,
since the denominators of the branching ratios in those models may
be directly converted to average decay widths and hence also average
lifetimes. With that lifetime information we can model the time
progress of excitation energies, and in this preliminary study calculate
the rescattering rates on excited states during the neutron pulses.
These rescattering events would show themselves in experiments by
the decays of residual nuclei that would not otherwise be produced.
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FIGURE 6 | Cross sections for neutrons incident on 197Au in the range
12–16 MeV, from default TALYS Hauser-Feshbach calculations [7].
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Radiochemical capabilities for
astrophysics experiments at the
national ignition facility

John D. Despotopulos*, Narek Gharibyan, Kenton J. Moody,
Charles Yeamans, Carol Velsko and Dawn A. Shaughnessy

Lawrence Livermore National Laboratory, Nuclear and Chemical Sciences Division, Physical and Life
Sciences Directorate, Livermore, CA, United States

The Nuclear and Radiochemistry Group at Lawrence Livermore National

Laboratory (LLNL) has developed a suite of diagnostics and techniques that

can be used for astrophysics experiments at the National Ignition Facility (NIF).

Capabilities have been developed to add material to the outside of NIF

hohlraum assemblies as well as to the interior of NIF target capsules or the

fill gas. The ability to place very small amounts of material close to the NIF target

enables activation with very large, short-pulse neutron fluxes. The Solid

Radiochemistry Diagnostic can be used to collect solid debris from a NIF

shot within 2 h of the execution of a shot, and this can be analyzed for

radioactive signatures with or without post-shot chemical processing. The

Radiochemical Analysis of Gaseous Samples diagnostic system can be used

to collect gaseous products produced during a NIF shot. Capsule doping and

radiochemical analysis capabilities at NIF will be discussed. The application of

these techniques to astrophysical measurements will be discussed as well as

some preliminary results.

KEYWORDS

radiochemistry, NIf, diagnostics, astrophysics, targets

Introduction

The National Ignition Facility at LLNL uses an indirect drive configuration of

192 laser beams with high energy (>MJ), ns-long pulses to heat the interior of a

cylindrical hohlraum to extremely high temperatures (3.5 million K) [1–3]. This

results in a flux of x-ray photons that ablates the surface of a 2-mm outer diameter

(~1800 µm inner diameter) spherical target at the center of the hohlraum (indirect drive).

Target capsules can be manufactured out of plastic (CH), high density carbon (HDC,

diamond), or beryllium. The interior of the target is filled with a mixture of deuterium-

tritium (DT) either as a gas (in indirect drive exploding pusher capsules) or as an ice layer

with a central, lower-density gaseous zone (ignition capsules). Ablation of the ignition

capsule causes the remainder of the capsule and DT fuel to compress by a factor of 20–40,

which heats the central hot spot to 10–100 million K (~1–10 keV) with Gbar pressures. At

peak compression, a part of the fuel undergoes the D (T,n) thermonuclear reaction,

producing upwards of ~1017 neutrons (14.1 MeV) in a time span of ~100 ps [3]. For the

OPEN ACCESS

EDITED BY

Maria Gatu Johnson,
Massachusetts Institute of Technology,
United States

REVIEWED BY

Craig Sangster,
Laboratory for Laser Energetics,
University of Rochester, United States
Aidan Crilly,
Imperial College London,
United Kingdom

*CORRESPONDENCE

John D. Despotopulos,
despotopulos1@llnl.gov

SPECIALTY SECTION

This article was submitted to Nuclear
Physics,
a section of the journal
Frontiers in Physics

RECEIVED 15 May 2022
ACCEPTED 29 July 2022
PUBLISHED 02 September 2022

CITATION

Despotopulos JD, Gharibyan N,
Moody KJ, Yeamans C, Velsko C and
Shaughnessy DA (2022), Radiochemical
capabilities for astrophysics
experiments at the national
ignition facility.
Front. Phys. 10:944400.
doi: 10.3389/fphy.2022.944400

COPYRIGHT

© 2022 Despotopulos, Gharibyan,
Moody, Yeamans, Velsko and
Shaughnessy. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Review
PUBLISHED 02 September 2022
DOI 10.3389/fphy.2022.944400

21

https://www.frontiersin.org/articles/10.3389/fphy.2022.944400/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.944400/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.944400/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.944400&domain=pdf&date_stamp=2022-09-02
mailto:despotopulos1@llnl.gov
https://doi.org/10.3389/fphy.2022.944400
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.944400


exploding pusher capsules, well-characterized plasmas at even

hotter temperatures (10–20 keV) and lower densities are possible

with yields of 1012–14 neutrons [1]. The fusion burn phase of a NIF

capsule create the most intense neutron flux in the world

(Figure 1).

It is also possible to fill a capsule with deuterium-deuterium

(DD) only, which will result in a peak neutron energy at

2.45 MeV (Figure 2).

The extremely high neutron flux and short timescale of the

neutron pulse in a NIF shot allows for nuclear reactions to be

measured on radioactive species that would be impossible at

traditional accelerator facilities. Limited real-world data exists for

reactions on short-lived, excited nuclear states or multi-reaction

pathways that are important to the high energy density (HED)

plasma environment. In the absence of measured nuclear data,

the models currently used to calculate these neutron-capture

cross sections under stellar and thermonuclear reaction

conditions have large uncertainties, on the order of

100–300% [4].

No other facilities exist with the ability to study, in stellar-like

plasma conditions, charged particle- and neutron-induced

nuclear reactions, which are integral to stellar nucleosynthesis

and solar neutrino production. Decreasing reaction cross

sections as a function of energy make measurements at the

energy ranges that are found in the core of stars (<100 keV)
inaccessible with accelerator-based experiments. Due to these

very low reaction rates, it is exceedingly difficult to perform

appropriate measurements as extremely long irradiation times

would be required. Furthermore, an accelerator cannot create the

plasma environment found within a stellar interior. While some

neutron-induced and thermonuclear reaction rates of interest to

stellar nucleosynthesis and big-bang nucleosynthesis have been

studied at accelerators, these conditions are very different from

those found in stars. In accelerator experiments, target nuclei are

surrounded by bound electrons; in stars, electrons occupy mainly

degenerate states. Therefore, results from accelerator

experiments must be corrected for the differences in electron

screening between the dense, stellar interior and beam-target

experiments [5, 6].

Due to the convergence of conditions present in a NIF

capsule, performing high-fidelity measurements of stellar

reactions is possible as reaction rates are dramatically higher,

and the temperature and density conditions are closer to those in

a stellar interior. A NIF shot creates plasma conditions that are

closer to those in stars; therefore, NIF-based experiments require

less extrapolation from experimental parameters to determine

actual stellar screening conditions [5]. The high compression of a

NIF capsule dramatically increases the effective target areal

density, and the electron-free cloud in the plasma contained

within a NIF capsule is a unique condition that cannot be created

at an accelerator and contains some aspects of a stellar interior.

This unique environment makes NIF experiments excellent

opportunities for resolving gaps in theoretical calculations of

nuclear reactions in plasmas with real-world data. The Nuclear

and Radiochemistry Group at LLNL has developed several

techniques and diagnostics for measuring such nuclear

reactions at NIF. By employing radiochemical techniques

coupled with solid and gaseous debris collection systems,

nuclear reaction measurements on very small quantities of

radioactive material are now possible at NIF.

FIGURE 1
Neutron flux at various neutron sources, demonstrating the
extremely high fluxes possible formaterial placed on the hohlraum
or in the capsule at NIF. Capsule fluxes have a larger range due to
both varying neutron yields as well as capsule compressions,
whereas the hohlraum does not compress and has a range simply
based on neutron yield differences.

FIGURE 2
Neutron spectrum resulting from DD and DT NIF shots.
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Radiochemistry capabilities

Solid debris collection

Several solid debris collectors have been developed to capture

post shot debris containing the nuclear reaction products of

interest. The Solid Radiochemistry Diagnostic (SRC) consists of

2-inch diameter, 0.5–1 mm thick metal discs (typically Ta, W or

C but other materials are possible) that are contained in a cap,

which is attached to the snout of a Diagnostic Insertion Module

(DIM) with a quick release bracket (Figure 3A) [7]. A maximum

of four SRC collectors can be fielded at three different DIM

locations (0,0) (90,78) and (90,375). With the collectors

positioned 50 cm from the Target Chamber Center (TCC),

each of the SRC discs has a surface area that covers 4 × 10−4

of the 4π solid angle of the NIF chamber [7]. The Vast Area

Detector for Experimental Radiochemistry (VADER, Figure 3B)

is another solid debris collector that can be attached to a DIM

50 cm from TCC. This collector can field up to nine collectors

simultaneously as either trapezoidal foils or standard SRC 2-inch

discs mounted within a trapezoidal holder. The VADER collector

covers roughly 1% of the 4π solid angle [8]. The final solid debris

collector in use at NIF is the Large Area Solid Radiochemistry

(LASR, Figure 3C) collector. LASR consists of a 20-cm diameter

V or Ta foil and Al side foils with a 4π solid angle of ~1% when it

is fielded 50 cm from TCC. This collector may be installed on

DIMs at (90,75) or (90,315) and it is possible to position the

LASR collector closer to TCC, which increases its solid angle

coverage to roughly 5% [9].

For all solid debris collectors, the DIMs are retracted from the

NIF chamber following a NIF shot, the collectors are

disassembled from their housings, then delivered to the LLNL

Nuclear Counting Facility (NCF) for gamma-ray spectroscopy. It

is possible to have these samples arrive at the NCF within 2 h

post-shot depending on the neutron yield. The collectors can be

chemically leached or dissolved for further radiochemical

processing, if needed, to isolate the reaction products of

interest from the background activity produced via neutron

activation of the collector materials, which can enable more

accurate measurements [10].

Gaseous debris collection

The Radiochemical Analysis of Gaseous Samples (RAGS,

Figure 4) diagnostic is used for the isolation and purification of

gases produced in a NIF shot [11]. RAGS uses the NIF target

chamber (TC) turbopumps to remove gas from the NIF chamber

after a shot. The NIF TC cryopumps are closed just before the

shot to prevent the loss of gases that would freeze on their 20 K

stages. The gas is first sent through a filter cart that removes water

vapor and particulates, as well as an reactive gases such as

nitrogen and oxygen if necessary, and then to a gas collection

cart where gases collect on a cryogenic cold head that can reach

44 K. Gases that do not freeze at 44 K are held in a tank at the end

of the sampling train. The RAGS system has several advantages

including high collection efficiency (~90%) and the ability to

release known amounts of stable or radioactive tracer gases into

the TC on a shot to determine the RAGS fraction of gas

FIGURE 3
Solid radiochemical collection capabilities at NIF. The SRC (A) and VADER (B) are shown mounted on snout tubes that are subsequently
mounted to DIMs; LASR (C) is attached directly to the end of the DIM snout. The percent solid angle of the NIF chamber subtended by the collector
face is given for each collector.

FIGURE 4
The Radiochemical Analysis of Gaseous Samples (RAGS)
system installed at NIF. The system consists of two carts (center of
image). The first is to remove water vapors, particulates and
reactive gasses, while the second cart is a gas collection cart
where gasses collect on a cryogenic cold head.
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recovered. Samples can be released into sample bottles for

measurements with mass spectrometry or High Purity

Germanium (HPGe) gamma-spectroscopy at the NCF [9].

There are also in situ HPGe and LaBr3 radiation detectors for

measuring activity at various locations within the system. The

RAGS system can also be used to collect gases other than noble

gases. It is routinely used to collect 13N [12], krypton and xenon

fission products, and neutron activation products, such as 41Ar,

either of gases added to the DT fill gas at concentrations less than

one atom percent, or of gases trapped in capsules during

fabrication.

Modification of NIF hohlraum

In the NIF chamber, the hohlraum is surrounded by a

thermal-mechanical package (TMP), which positions the

hohlraum and manages the thermal environment of the

hohlraum and capsule. Materials with masses on the

milligram scale (0.5 mm thick) can be added to the outside

of the TMP and undergo neutron reactions during a NIF shot

which can be used for measuring reaction cross sections

(Figure 5) [10].

These materials can be positioned toward one of the solid

radiochemistry collectors, which enables directed collection with

a higher efficiency than can be obtained based solely on the solid

angle. The addition of extra mass to the TMP may also help

increase the collection of capsule debris as well, but the reasons

for this are unclear (see Ref. [10]). A similar method is used for

gases-aluminum foil may be ion-implanted with the gas of

interest and glued to the outside of the hohlraum. Gaseous

reaction products are collected in RAGS.

NIF capsule doping

Doping the inner surface of a NIF capsule with target atoms

is required to take full advantage of the large neutron flux and

plasma environment at NIF. Two novel systems have been

developed at LLNL to add dopants to the inner surface of NIF

capsules: Apparatus for NIF-Doping Automated Robotic

Injection System for Targets (ANDARIST) and Vacuum

Optimized Radionuclide-to-Capsule Administer for NIF

(VORCAN). Both systems use pre-made NIF capsules with a

pre-drilled fill hole and have been used successfully to dope

capsules that were subsequently fired in a NIF shot. Dopants have

included single isotopes (7Be, 152Eu, and 238U) as well as mixed

species (7,10Be, 91Y/171Tm, stable Y/stable Tm). In particular, the

dopant cocktail of stable Y/stable Tm was used in the

measurement of 89Y (n, 2n)88Y reaction. A variety of capsules

can be used with both systems including standard CH capsules,

and HDC capsules. The doping systems could also be used with

Be capsules, but this has not been performed yet.

ANDARIST (Figure 6) is based on in vitro fertilization

technology. A miniature hexapod (Figure 6B) is used to hold

and position the NIF capsule such that the pre-drilled fill hole is

facing vertically, which is determined by two digital microscopes

directed at the hexapod (Figure 6B). Once the capsule is in the

correct position, a microcapillary filled with the desired

dopant(s) is lowered through the fill hole by a three-axis

manipulator (Figure 6C), and the dopants are injected into

the capsule (Figures 6C,D small solution bubble, after 1 μL of

solution injected). After injection the fill solution, typically a

weakly acidic solution containing the target material of interest,

pools to one side due to surface tension. The capsule is

centrifuged and then dried on a hotplate, at 200°C, which

causes the solution to coat the inner surface during drying.

Finally the dried capsule is analyzed by HPGe gamma-

spectroscopy to verify the contents. The advantage of this

system is the ability to manipulate very small volumes, <1 μl,
with extremely high efficiency. This is the highest-fidelity NIF

capsule doping system and allows for rare radionuclides that

cannot be obtained in large quantities to be added to a NIF

capsule for cross section measurements. The main drawback of

this system is that the injection cocktail must be extremely clean

of all contaminates (salts, etc.) as any mass can clog the injection

capillary. Figure 6 shows the injection of dopants into a pre-

drilled 2 mm NIF capsule as well as a finished, injected capsule.

The VORCAN system (Figure 7) is used for radionuclides

that can be produced with sufficient activity in larger solution

volumes (~10 µl). This system was designed based on the vacuum

system used to fill NIF capsules with foam layers [13]. VORCAN

consists of a three-axis manipulator inside a small vacuum

chamber. A NIF capsule is suspended above a sample holder

containing 3–10 µl of a solution containing the dopants of

interest with the pre-drilled fill hole pointing toward the

solution. The chamber is evacuated with a vacuum pump and

FIGURE 5
NIF target assembly showing materials added to the outside
of the hohlraum.
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the manipulator is used to submerge the NIF capsule in the

solution. The chamber is returned to atmospheric pressure and a

known amount of solution (based on the pressure difference) is

pulled into the NIF capsule. The capsule is dried and analyzed the

same way as with ANDARIST. Unlike ANDARIST, VORCAN is

simple to use and does not have stringent requirements on

solution cleanliness due to its operational mechanism.

However, it cannot be used to manipulate few

microlitervolumes and has a lower efficiency (~10–30% of the

total solution is doped into the capsule) meaning more target

material is needed.

Capsules may also be doped with gases either through the

capsule production method or by ion implantation with

isotopically enriched gases at specific thicknesses during

capsule growth. Quantification of neutron and charged

particle reaction products helps to constrain ablator mix and

areal density (ρr). Beryllium capsules are made by sputtering

beryllium onto a mandrel in an argon atmosphere. Some of the

argon is captured during the process. The argon remaining in the

residual capsule wall when neutrons are produced will undergo

neutron reactions. In addition, 10B can be added during the initial

sputtering to create an ablator layer with about 10 atomic % that

reacts with DT fusion alpha particles (α,n) to make 13N [12].

Plastic (CH) and HDC capsules have the 12C isotope that may be

mixed into the plasma and react with upscattered deuterons

(d*,n) to make 13N.

Astrophysics experiments with
radiochemistry diagnostics and
capsule doping

As described above, radiochemistry diagnostics and capsule

doping capabilities enable the measurement of nuclear reactions

with exceedingly small amounts of material at NIF. Therefore,

work is being performed to develop experimental platforms for

stellar reaction rate measurements at NIF. To perform cross

section measurements using doped NIF capsules a tracer is

required to yield the collection efficiency for the reaction

product of interest. If possible, a known flux monitor should

also be added to the capsule along with the target material to

avoid relying on calculated neutron fluxes.

An initial investigation into developing a platform for stellar

reaction rates at NIF was performed with the goal of measuring

the 13C (n,α)10Be reaction cross-section, using 7Be as the reaction

tracer. As the use of a collection tracer is vital to interpret the data

from a NIF experiment, the first step was to determine if Be

isotopes would fractionate during the NIF shot, either after

implosion or during transit to the radiochemistry collectors.

Three CH capsules provided by General Atomics (GA) were

doped with 7,10Be using the ANDARIST system and fired in a

series of three NIF shots (N180514-001, −002, −003). The results

demonstrated that a collection tracer (7Be) would collect with the

same efficiency as the reaction product of interest (10Be). For the

cross-section measurement, GA created CH capsules with a layer

FIGURE 6
(A) ANDARIST; (B) miniature hexapod holding NIF capsule from center of system depicted in A; (C) NIF capsule being injected; (D) Filled NIF
capsule.

FIGURE 7
VORCAN system.
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enriched in 13C (10 µm from the inner surface), which would

serve as the target. The capsules were shipped to LLNL, and

ANDARIST was used to inject the 7Be tracer into the capsule

through a pre-drilled fill hole. Two shots, N18104-001 and

N190519-001, were completed successfully with these capsules

and data analysis is ongoing.

Conclusion

The Nuclear and Radiochemistry Group at LLNL has

developed a suite of diagnostics and capabilities that are well

suited to perform astrophysics measurements at NIF. Many

reaction rates in stellar systems are impossible to measure at

traditional accelerator facilities or require large extrapolations if

measurements are possible. The HED plasma environment at

NIF is far more similar to a stellar interior, and considerably less

extrapolation to stellar energies is necessary, which enables a

greater fundamental understanding of stellar reactions. Through

radiochemical techniques developed to dope capsules as well as

to collect and analyze debris from a NIF shot, measurements are

feasible on samples with 1013 atoms (ng) of material (106 atoms

on SRC collectors) enabling a broader range of measurements

than is feasible at any other facility, which would require targets

with micrograms to milligrams of target material (not always

feasible for radioactive species). The unique environment and

radiochemistry diagnostics at NIF will enable a wide variety of

astrophysical measurements that opens a new avenue for

exploring stellar reaction rates and improving our

understanding of the Universe.

Future experiments will take advantage of the unique

environment created by a NIF shot and the extensive suite of

diagnostic capabilities to measure reactions that are extremely

important to our understanding of astrophysical processes like

the hydrogen burning cycle and s-process nucleosynthesis. There

is interest in measuring (n,γ) reaction cross sections for

radioactive s-process branching isotopes, such as 171Tm or
134Cs, which would increase our understanding of the

s-process and the formation of elements [2, 14, 15]. Other

experiments made possible by the development of a NIF

platform for measuring stellar reaction rates include reactions

important to the hydrogen burning cycle, including the 14N (p,γ)
15O reaction which is used for stellar dating [2].
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Efficacy of inertial confinement
fusion experiments in light ion
fusion cross section
measurement at nucleosynthesis
relevant energies

A. J. Crilly*, I. Garin-Fernandez, B. D. Appelbe and
J. P. Chittenden

Centre for Inertial Fusion Studies, The Blackett Laboratory, Imperial College, London, United Kingdom

Inertial confinement fusion (ICF) experiments create a unique laboratory

environment in which thermonuclear fusion reactions occur within a

plasma, with conditions comparable to stellar cores and the early universe.

In contrast, accelerator-based measurements must compete with bound

electron screening effects and beam stopping when measuring fusion cross

sections at nucleosynthesis-relevant energies. Therefore, ICF experiments are a

natural place to study nuclear reactions relevant to nuclear astrophysics.

However, analysis of ICF-based measurements must address its own set of

complicating factors. These include: the inherent range of reaction energies,

spatial and temporal thermal temperature variation, and kinetic effects such as

species separation. In this work we examine these phenomena and develop an

analysis to quantify and, when possible, compensate for their effects on our

inference. Error propagation in the analyses are studied using synthetic data

combined with Markov Chain Monte Carlo (MCMC) machine learning. The

novel inference techniques will aid in the extraction of valuable and accurate

data from ICF-based nuclear astrophysics experiments.

KEYWORDS

inertial confinement fusion (ICF), nuclear astrophysics, Bayesian inference, S factor,
bare nuclear cross section, thermal reactivity, ion kinetic effects

1 Introduction

Inertial confinement fusion (ICF) experiments use implosions to reach thermonuclear

conditions with high temperatures (T ≳ 1 keV) and densities (ρ ≳ 1 g/cc). The short-lived

plasma is sufficiently hot that thermal ions can undergo fusion reactions, at typical

densities plasma screening effects are currently modelled to be at the < 1% level [1].

Recent ICF experiments [1–3] have utilised this unique environment to perform

measurements of fusion cross sections at low reaction energies. The results of these

experiments compared favourably to previous accelerator-based measurements [4, 5] and

theoretical models [6–8] (within 1-2 standard deviations), without requiring corrections
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for electron screening and beam stopping. However, ICF

experiments possess their own set of complicating factors

including the inherent range of reaction energies, spatial and

temporal thermal temperature variation, and ion kinetic effects.

We must examine how these factors affect fusion yields to better

understand both the experiments and the effect on cross section

inference.

The fusion cross section is canonically written in the

following form:

σ K( ) � S K( )
K

exp −
���
KB

K

√
[ ], (1)

where K is the reactants relative kinetic energy, S is the S-factor,

and KB is the Coulomb barrier energy. By splitting terms in this

form, the S-factor gives the nuclear physics dependent

contribution to the cross section. As the Coulombic part is

already known, cross section measurements aim to extract the

value of the S-factor as a function of reaction energy.

The probability of a reaction is proportional to the product of

the cross section and relative velocity, σv. The reactant species in

a thermonuclear plasma have a range of velocities and thus the

probability of reaction and number of fusion reactions depends

on the average σv value. Mathematically, the volumetric reaction

rate and yield of a reaction involving reactants labelled 1 and

2 are given by:

R12 � 1
1 + δ12

n1n2〈σv〉12, (2)

Y12 � 1
1 + δ12

· ∫ dV∫dt n1n2〈σv〉12, (3)

where n1 and n2 are the reactant number densities, 〈σv〉12 is the
reactivity and δ12 is a Kronecker delta to account for double

counting in homonuclear reactions. Extracting reactivity

information from a yield requires knowledge of the number

densities of the reactants and their burn time and volume.

Instead, it is preferable to perform a differential measurement

through a yield ratio. The yield ratio between reactions involving

reactants 1,2 and 3,4 is given by:

RY � Y12

Y34
� 1 + δ34
1 + δ12

· ∫dV∫dt n1n2〈σv〉12
∫dV∫dt n3n4〈σv〉34

. (4)

Generally, one of the reactions considered has a well-known

S-factor and acts as a reference from which the other target

reaction S-factor can be measured. A temperature must also be

measured to evaluate the reference reaction reactivity. The ion

temperature is typically measured using fusion product

spectroscopy [9–13]. However, in order to relate the yield

ratio and temperature measurements to the underlying fusion

cross section a number of approximations must be made. Listed

below are the set of approximations commonly used to infer

cross-sections from yield ratio measurements in ICF

experiments:

1. Maxwellian reactant ion velocity distributions

2. No species separation, ni/ntot = constant

3. Uniform static temperature, T = constant

4. Narrow Gamow peak, S(K) ≃ constant

Approximations (1) and (2) can only be violated if ion kinetic

effects are present, while approximation (3) is violated by spatial

and/or temporal hydrodynamic temperature gradients. Finally,

approximation (4) introduces errors even for a single

temperature plasma–the Gamow peak is the range of relative

kinetic energies over which the majority of fusion reactions

occur, a more detailed description will be given in Section 2.

In this work we will examine the yield ratio measurement and

the error associated with the common approximations made.

This will provide both quantitative estimates of the error but also

analysis techniques to reduce or remove the errors.

2 Gamow peak approximations

Within a local description of a plasma, ions have a range of

velocities as determined by the distribution function. Therefore,

there is an inherent range of relative velocities in the reactants.

The number density of reactions at a given relative kinetic energy

is given by:

dN � n1n2vrσ K( )g K( )dK, (5)

vr �
���
2K
m12

√

, (6)

where g(K) is the distribution of relative kinetic energy in the

reactants, vr is the relative velocity and m12 is the reactants’

reduced mass. The cross section more than exponentially

suppresses reactions a low K, while typical ion velocity

distributions are decreasing functions of K. Therefore, the

product of the cross section and vrg(K) define a peaked

window of probable reaction energies known as the Gamow

peak. For Maxwellian reactants at temperature T:

vrg K( )∝K exp −K
T

[ ]. (7)

Integrating Eq. 5 over all energies gives rise to the following

reactivity:

〈σv〉∝ ∫Kσ K( )exp −K
T

[ ]dK. (8)

Yield ratios depend on these reactivities and we wish to relate

them to the form of the cross section. Using the canonical form of

cross section, we can separate the fast Coulomb barrier

penetrability from the slow S-factor dependence. The product

of the Coulomb barrier penetrability and the reactant K

distribution is the primary determinant in the form of the

Gamow peak. Now, the S-factor is sampled across the narrow
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Gamow peak giving an opportunity for an energy-resolved

measurement. The problem is greatly simplified by working in

the natural energy unit of the Gamow peak energy [14, 15], KG.

At a given temperature, this is the most probable (modal)

reaction energy.

KG � KBT2

4
( )

1/3

, (9)

ϵ � T

3KG
� 1
τ

( ), (10)

where we include the definition of Clayton’s large dimensionless

parameter [15], τ. Using this canonical variable transformation

leads to a reactivity formula of the form:

〈σv〉 � 4
������
2πm12

√
T

3
2
∫

∞

0
S K( )exp −f K( )

ϵ[ ]dK, (11)

f K( ) � 1
3

2

���
KG

K

√
+ K

KG
( ) (12)

If ϵ≪ 1, then this reactivity formula is a Laplace-type integral and

the saddlepoint method will give a good approximation [9]. A

temperature-dependent effective S-factor can then be

constructed which takes into account the finite width of

Gamow peak, the energy dependence of the S-factor and the

innate skew of the Gamow peak [14].

Seff � 1���
4πϵ

√ 1
KG

∫
∞

0
S K( )exp −f K( ) − 1

ϵ[ ]dK, (13)

〈σv〉 � Seff T( ) · 4
3

��
2
3

√
exp −1/ϵ[ ]
ϵ

������
m12KG

√ . (14)

Figure 1 shows the saddlepoint approximation for the Gamow

peak and the ratio of effective S-factor to the S-factor evaluated at

the Gamow peak energy for a resonant and non-resonant

reaction. It is the effective S-factor which governs the

reactivity beyond that given by the Coulomb barrier

penetrability. Solar fusion reactivities are often calculated

using the effective S-factor form of reactivity [7]. Any plasma

screening effects can also be absorbed into the effective S-factor,

in this work we will assume weak plasma coupling which is valid

for typical ICF conditions [1] and therefore neglect screening

effects. Experimental yield ratio measurements are direct

measures of effective S-factors. Any microscopic cross section

measurement at a single energy must be inferred from a

measured effective S-factor. The level of approximation

determines the accuracy of this inference.

Similar to the saddlepoint approximation to the Gamow

peak, the small parameter ϵ can be used as an expansion

coefficient for the effective S-factor. This expansion will give a

formula relating the effective S-factor to the nuclear S-factor [16]:

S N( )
eff ,ϵ � ∑

N

n�0
SnK

n
GδA,n ϵ( ), (15)

Sn � d n( )S
dK n( )

∣∣∣∣∣∣∣∣K�KG

. (16)

Full expressions for δA,n are given in Supplementary Appendix

SA, these terms can be used to evaluate the accuracy of the

Gamow peak approximation. As long as ϵ is sufficiently small to

validate the expansion, these equations provide the relationship

between effective and nuclear S-factors. As shown by Eq. 15, the

value of the effective S-factor is sensitive to local behaviour of

S(K) around the Gamow peak energy, beyond just the value of

S(KG). For non-resonant reactions a linear or quadratic order

expansion of S(K) will likely be sufficient. As shown in Figure 1,

the deviation between effective and nuclear S-factors is larger for

resonant reactions and therefore more expansion terms would be

required to maintain accuracy; it is therefore preferable to use

resonant reactions as reference reactions. At higher temperatures

or ϵ, the Gamow peak will be broader and thus sample the

S-factor over a larger range of energies. Consequently, more

terms may be required for accuracy at higher ϵ.
As discussed in Section 1, yield ratio measurements are used

to infer target reaction S-factors relative to a well-known

reference reaction. If we permit ourselves to utilise

approximations (1)–(3), this inference uses the following

equation:

FIGURE 1
(A) The normalisedGamowpeak for ϵ values of 0.02 and 0.05.
The solid lines use the exact form and the dashed lines show the
saddlepoint approximation, which is valid for ϵ≪ 1. (B) The ratio of
Seff (as defined in Eq. 13) to S(KG) for the resonant D (T,n)α and
non-resonant D (D,n)3He reactions. These are evaluated using the
Bosch-Hale cross section fit [8].
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Seff , tar � Seff , refRfRGRY, (17)
where:

RG T( ) � C0 exp χ T( )[ ], (18a)
χ � 3

41/3
K1/3

B,tar −K1/3
B,ref( )T−1/3, (18b)

C0 � m12Z3Z4

m34Z1Z2
( )

1
3

, (18c)

Rf � 1 + δ12
1 + δ34

· f3f4

f1f2
, (18d)

where the target reaction involves species 1 and 2, and reference

reaction species 3 and 4. The particle charges are Zi and the

concentration fractions are fi. The exponent function χ(T) is set

by the difference in the two reactions’ Coulomb barriers. These

equations can be used to evaluate the target reaction Seff from

knowledge of the reference reaction effective S-factor. For non-

resonant reactions, we expect the effective S-factor to be closely

related to the nuclear S-factor evaluated at the Gamow peak

energy. More formally, we can define a ratio of these terms, RS,

such that:

Seff � S0RS, (19)

Accurately computing RS requires a-priori knowledge of the

S-factors’ behaviour about KG. This is unsurprising as a range of

reaction energies is sampled in a thermal plasma. Without this

a-priori knowledge, low order approximations to RS must be

made. It is worth noting that all errors associated with

approximating RS can be avoided if the effective S-factors are

used. The effective S-factor is a more natural quantity to work

with when considering fusion reactions in thermal plasmas, both

in terrestrial fusion and astrophysics. In thermal plasmas

temperature, reactivity and hence the effective S-factor have

well-defined relationships between them and thus bypass the

need to reference energy-dependent nuclear S-factors.

Comparison between accelerator S-factor data in the energy

domain and Seff in the temperature domain is non-trivial.

With sufficient accelerator data, Eq. 13 can be used to convert

from the energy to temperature domain and allow direct

comparison of accelerator and ICF inferred effective S-factors.

Within the literature, a commonly studied non-resonant

reference is D (D,n)3He—we will use this as a case study for

errors introduced by approximations toRs. Figure 2 compares a

precise numerical evaluation and various orders of the ϵ-series.
We see that an accurate approximation to RS can be found with

the N = 1 ϵ-series over the temperature range relevant to fusion

plasmas. This presents an alternative method for relating the

effective and nuclear S-factor. If we assume the nuclear S-factor is

linear over the whole Gamow peak then [15]:

S K( ) → S0 + S1 K −KG( ), (20a)

Seff � δA,0 S0 + S1
δA,1
δA,0

KG[ ]

� δA,0S KG + δA,1
δA,0

KG( )
(20b)

It is simple to show that the argument of S(K) above is the mean

energy for the Gamow peak [17], �KG. Due to the positive skew of

the Gamow peak (c.f. Figure 1), the mean is greater than the

modal energy i.e., �KG >KG for all temperatures. Rearranging the

above gives a equation for the nuclear S-factor at �KG:

S �KG( ) � Seff
δA,0

, (20c)

�KG � KG + 5
6
T +O ϵ( ). (20d)

It is important to make a distinction here between KG, �KG

and the mean reaction energy, 〈K〉. As discussed above, KG and
�KG are the mode and mean energies of the Gamow peak where

we exclude the nuclear contribution to the cross section.

Including the full cross section gives the true reaction rate

averaged reaction energy, 〈K〉. This will be close in value to
�KG for non-resonant reactions. It is worth noting that 〈K〉 can be
measured from the first and second moment of the fusion

product spectra [10].

In summary, the nuclear S-factor can be inferred from a

measured effective S-factor for non-resonant reactions with low

error. This does require additional correction factors to be

evaluated which will depend on the local behaviour of the

nuclear S-factor about the Gamow peak. This complicates the

inference as a-priori information on the S-factor is required.

Avoiding this complication by assuming S(K) is linear or

constant over the whole Gamow peak can introduce errors

from a few percent to tens of percent depending on the

temperature and reactions. It is therefore vitally important to

consider the acceptable level of approximation and when

FIGURE 2
Plot showing the ratio of effective to nuclear S-factor,
RS � Seff(T)/S(KG), for D (D,n)3He at varying levels of
approximation given by S(N)eff,ϵ as defined in Eq. 15. The black dashed
line shows a numerical evaluation of RS using the Bosch-
Hale cross section fit [8]. Literature results [1] have utilised the N =
0 approximation to Rs.
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necessary introduce a-priori information on the nuclear S-factor

to improve the accuracy of the inference.

3 Hydrodynamic plasmas

3.1 Temperature variance

In the previous section we consider reactions from an

isothermal fusion plasma. In ICF experiments the temperature

rapidly varies in space and time. Therefore, there is an inherent

range of temperatures in which fusion reactions are occurring.

The reaction-weighted temperature distribution will have a mean

temperature (T) and variance (σ2T) which we must now include

in our analysis. The reaction-weighted (or burn-average)

temperature can be inferred through primary fusion product

spectroscopy (for appropriate reactions). The temperature

variance can be inferred from multiple reactions’ burn-average

temperatures [18] or remain a free parameter with constraints on

its magnitude obtained from hydrodynamics simulations. For

reference, hydrodynamic simulation results from Casey et al. [1]

give a range of 10%–50% for the ratio of burn-weighted standard

deviation to mean temperatures. In this section we will quantify

the effect of these temperature variances on yield ratios.

Previous work by Kabadi et al. [18] derived a second order

yield-temperature relation which included the effect of

temperature variance. We can extend this work to the

effective S-factor reactivity formalism by including a

correction factor, RT, to the yield ratio formula to account for

temperature variance:

Seff , tar � Seff , refRfRGRTRY, (21a)
The second-order correction factor is then given by:

RT � 1

1 + σT
T( )

2ΓT
, (21b)

ΓT � T2

2
〈σv〉ref
〈σv〉tar

d2

dT2

〈σv〉tar
〈σv〉ref

( )

� χ2

18
+ χ

9
3s1 − 2( ) + 1

2
s2[ ],

(21c)

where s1 and s2 are functions of the target and reference reaction

effective S-factors:

s1 � Seff , ref
Seff , tar

· T d

dT

Seff , tar
Seff , ref

( ), (21d)

s2 � Seff , ref
Seff , tar

· T2 d
2

dT2

Seff , tar
Seff , ref

( ). (21e)

The temperature-dependent function ΓT can be used to

explore fusion reactions’ sensitivity to temperature variance.

As one might expect, yield ratios are sensitive to the local

behaviour of the effective S-factor when there is a range of

temperatures. As in the previous section, we must evaluate

whether this sensitivity precludes an accurate inference of the

target reaction S-factor. Separate to S-factor gradients, it is clear

that a significant correction will arise from reaction pairs with

large differences in Coulomb barrier penetrability. Figure 3

explores the temperature dependence of ΓT for the reaction

pair 3He (D,p)α and D (D,n)3He. We find that a temperature

variance correction including only the Coulomb barrier terms,

i.e., s1 = s2 = 0, provides a good estimate of the effect on yield ratio

for the reaction pair 3He (D,p)α and D (D,n)3He, for T < 30 keV.

However, the effect of temperature variance on yield ratio can be

large and therefore it is vital to include it in the analysis.

3.2 Synthetic data study

We will use synthetic data to illustrate the propagation of

errors involved with both our assumptions and typical

measurement uncertainties. We will use the non-resonant

reactions p (D,γ)3He and D (D,n)3He as our first target/

reference pair. This will allow a comparison to recent ICF-

based measurements by Zylstra et al. [3].

FIGURE 3
(A) Plot showing the temperature dependence of the
second-order yield ratio temperature variance correction, ΓT.
Including the effect of the effective S-factor temperature is shown.
(B) Plot showing the RT value for Gaussian distributions of
burn-averaged temperatures, denoted N (μ, σ) where μ and σ are
the mean and standard deviation, respectively. Numerical
evaluations are shown as black lines. Green lines show the
second-order expressions for RT using ΓT, while the blue lines set
s1 = s2 = 0.
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We will use the Bosch-Hale [8] fit for D (D,n)3He and the

Adelberger et al. [7] fit for p (D,γ)3He to create the synthetic data.

These fits use accelerator-based data down to nucleo-synthesis

relevant energies, additional modern data is available for these

reactions [21–23]. For measurement uncertainties we assume: a

10% uncertainty in the yield ratio, 0.2 keV error in the spectral

temperature [9], 1% uncertainty in the fuel fill fractions and 5%

uncertainty in the D (D,n)3He S-factor. There are additional

known unknowns which increase the uncertainty in our

inference. The spectral temperature (Ts) is inflated above the

burn-averaged temperature by fluid velocity effects [11–13], for

D (D,n)3He this is given by 2mDσ2v where σ
2
v is the fluid velocity

variance. In addition, there is an unknown amount of

temperature variance (σ2T) in the fusing plasma. For the

chosen reference and target reactions it is not possible to use

spectroscopic measurements to approximately account for these

effects [18]. Instead, in this analysis, we will introduce these

hydrodynamic effects as “nuisance” parameters with known half-

normal (> 0) priors. These are chosen such that there was a 5%

probability of σT > 0.6T and 2mDσ2v > 0.4T. To rigorously capture

the propagation of errors, we utilise Markov Chain Monte Carlo

(MCMC) to extract the posterior distribution of Seff, pD which is

consistent with the yield ratio measurement using the model

given by Eq. 21a. MCMC methods [24] create samples from the

product of likelihood and prior distributions i.e. the posterior

distribution. This is done by using an ensemble of Markov chains

which perform random walks where the probability of accepting

a given step depends on the posterior probability.

For the synthetic data study, we will also assume no a-priori

information on the target reaction effective S-factor and thus we

will drop the s1 and s2 terms in ΓT. The second part of the

analysis is to extract the nuclear S-factor from the effective

S-factor to allow comparison with accelerator data. This can

be done using a 0th or 1st order approximation forRS as defined

in Section 2. The detailed summary of input parameters,

likelihood, priors, number of steps and autocorrelation time is

given in Table 1.

Figure 4 shows the results of this synthetic data study. It is

seen that the effects of fluid velocity and temperature variance

introduce a systematic error of a similar order to the local

behaviour of the S-factor around the Gamow peak. This

systematic error will be increased for implosions with larger

TABLE 1 A table summarising the Bayesian model and MCMC sampling statistics for the two synthetic data studies in this work.

Synthetic data
study:
target/References

Input
Parameters (p)

Log Likelihood Priors Autocorrelation
time, τAC

Hydrodynamic p (D,γ)
3He/D (D,n)3He

Seff,pD, Seff,DD, fD, T,
σ2T , σ

2
v

−1
2 (RY*−RY(p)

σRY
)2

−1
2 (Ts′−Ts(p)

σTs
)2
DD

Seff ,DD/SBHeff ,DD ~ N (1, 0.05), fD ~ N (0.5, 0.01),
σT ~ N 1/2(1.62 keV), 2mDσ2v ~ N 1/2(1.08 keV)

100

Kinetic D (D,n)3He/
D (T,n)α

Seff,DD, Seff,DT, 〈TD〉DD,
θ, σ2TD

, σ2v
−1
2 (RY*−RY(p)

σRY
)2

−1
2 ∑
DT,DD

[(Ts′−Ts(p)
σTs

)2]
Seff ,DT/S

BH
eff ,DT ~ N (1, 0.05), σTD ~ N 1/2(3 keV),

2mDσ2v ~ N 1/2(2 keV)

105

A χ2 log likelihood function is used for the observables of yield ratio and spectral temperatures which have 10% and 0.2 keV errors, respectively. The starred values denote the exact

calculated values (the synthetic observable) and model values are given as functions of the input parameters, p–full details of the synthetic observable models are given in Supplementary

Appendix SB. Priors are defined with either Gaussian,N (μ, σ), or half-normal,N 1/2(σ) distribution, where μ and σ denote the mean and standard deviation. The superscript BH denotes

the Bosch-Hale evaluation [8] of the respective S-factor. For the kinetic synthetic data study, the presence of species separation precludes prior distribution estimation of fuel fractions

(instead a fixed value was used to illustrate potential error). The MCMC was performed with the Python library emcee [19] which implements Goodman and Weare’s ensemble sampler

[20]. In both studies, 32 walkers each taking 50,000 steps were used for sampling for a total chain length of 1.6 million (≫ τAC). For parameter estimation from the chain, the first 2τAC
samples were removed, and the remaining samples are down-sampled by τAC/5 giving ~80,000 random samples.

FIGURE 4
(A) Plot showing the probability distribution function (PDF) of
the inferred p (D,γ)3He effective S-factor for two different sets of
assumptions on plasma conditions. For the study: the burn-
averaged and spectrally inferred temperatures were 5.40 and
5.65 keV, respectively, the temperature standard deviation was
1.62 keV and the p/D fuel fractions were 50/50. The associated
uncertainties are given at the beginning of Section 3.2. (B) Plot
showing the inferred and “true” [7] nuclear S-factors from the
synthetic data study. The crosses denote the centroid of the PDF
and they are surrounded by the 1σ contour, all inferences exhibit ~
18% error. The zeroth order estimates (S(0)0 ) assume Seff ≈ S(KG),
while the first order estimate (S(1)0 ) uses Eqs 20a–20d. For
reference, the Gamow peak is shown in red. The MCMC was
performed with the Python library emcee [19], PDFs shown here
use ~80,000 samples, see Table 1 for more detail.
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deviations from uniform conditions or for reactions with

stronger sensitivity to temperature variance. It is also clear

that the local behaviour of the S-factor around the Gamow

peak is of equal importance. When these effects are properly

accounted for, this synthetic data study suggests the analysis

presented above can be highly accurate and remove much of the

systematic error. This synthetic data study is directly comparable

to the p (D,γ)3He measurement by Zylstra et al. [3]. Using a

uniformmodel, Zylstra et al. found a S-factor above model values

[7] and recent accelerator data [25]. Using the hydrodynamic

model described here would improve agreement between the ICF

and accelerator measurements. Improvements in experimental

uncertainties, particularly for the yield ratio measurement, will be

necessary to reduce the remaining random error in the inference.

Simulation studies could also be used to improve our priors on

temperature variance and spectral broadening by isotropic flows.

Alternatively, experiments with multiple reference reactions

could be used to measure these effects independently.

4 Kinetic plasmas

Shock-driven ICF implosions can operate in a regime where

the ion mean free path is large compared to gradient length

scales. This gives rise to ion kinetic effects which violate many of

the approximations of hydrodynamics. In the following we will

consider the effect of species separation, thermal decoupling and

non-Maxwellian velocity distributions on fusion product based

diagnostics.

4.1 Species separation

Ion kinetic effects can cause the concentration of reactants to

spatially and temporally vary. This will have an effect on the

yields by modifying the reactant number densities and therefore

the yield ratio and subsequent S-factor measurements.

It is considerably easier to consider plasmas with only two

reactants which have both hetero- and homo-nuclear fusion

reactions, for example a DT mixture. The concentration

fractions, denoted fi for species i, then satisfy

f2 � 1 − f1, (22)

simplifying the dependence down to just a single variable, f1, for

which we define:

f̂1 ≡
∫∫f1n2〈σv〉dVdt
∫∫n2〈σv〉dVdt

, (23)

α1 ≡
Var f1( )

f̂1 1 − f̂1( )
, (24)

where both f̂1 and α1 have values between 0 and 1 by definition

and Var(x) is the variance in variable x. The normalised variance,

α1, makes use of the Bhatia-Davis inequality to ensure it is

bounded between 0 and 1. In addition, the mean squared

concentration can be related to f̂1 and α1 as follows:

f̂2
1 � Var f1( ) + f̂

2

1 � f̂1 1 − f̂1( )α1 + f̂
2

1 (25)

From Eqs 22–25, one can find the lowest order effect of fuel

fractions on the associated yield ratios:

Y11

Y12
~ Rf′ ≈

1
2

f̂2
1

f̂1 − f̂2
1

� 1
2

α1
1−α1 + f̂1

1 − f̂1

⎛⎝ ⎞⎠, (26)

Y11

Y22
~ Rf′ ≈

f̂2
1

1 − 2f̂1 + f̂2
1

�
f̂1

1−f̂1
+ α1

1−f̂1

f̂1
+ α1

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠. (27)

It is clear that even if the mean concentration remains fixed,

increased variance in the concentration acts to increase the yield

ratio of homo-to hetero-nuclear reactions (Y11/Y12). For the ratio

of homo-nuclear reactions (Y22/Y11), if f̂1 < 0.5 then variance acts

to decrease this yield ratio. Conversely, for f̂1 > 0.5 variance acts to

increase this yield ratio. If all other contributions to the yield ratios

are known, these two yield ratios can be used to find f̂1 and α1.

Without full information of the other contributions, species

separation can create large uncertainties if f̂1 and α1 are

unconstrained. Species separation also modifies the spatial and

temporal dependence of the reaction rate, this has an indirect effect

on spectral measurements by altering the burn-averaging. A

quantitative study of these terms will be given later in this section.

4.2 Thermal decoupling

The second ion kinetic effect we will consider is thermal

decoupling between the reactant species. This is where the

different ion species have different temperatures but still

maintain a Maxwellian distribution of velocities. Thermal

decoupling is expected to occur as strong shocks deliver

different amounts of energy to different ion species depending

on their ion mass and charge [26, 27]. If inter-species

equilibration times are longer than the fusion burn period

then the separate species temperatures will affect fusion

reactivity and spectra.

As shown in Eq. 5, the reaction rate and reactivity is

determined by the distribution of relative kinetic energies.

First we will consider a locally uniform thermally decoupled

plasma. It can be shown [9, 28] that the reactivity forMaxwellians

with separate temperatures is equal to the single temperature

Maxwellian reactivity evaluated at a mass weighted temperature:

Tr12 � m2T1 +m1T2

m1 +m2
. (28)

Separately, the spectral temperature, which determines the

width of the fusion product spectra, depends on the average
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centre of mass kinetic energy [10]. When reactants have separate

temperatures, this introduces correlation between the relative

and centre of mass velocity. This modifies the relationship

between thermal and spectral temperature due to the cross

section weighting. The spectral temperature from a thermally

decoupled plasma is then given by:

Tth
s12 �

m1T1 +m2T2

m1 +m2

+2
3

T2 − T1

m1T2 +m2T1
( )

2

m1m2 〈K〉12 − 3
2
Tr12( ).

(29)

The second term in Eq. 29 is often neglected [29], it can

however cause a significant increase in spectral temperature for

large temperature separations. The superscript th is included to

show that this is the spectral temperature without the effect of

fluid velocity Doppler broadening. The average reaction energy,

〈K〉, can be calculated from the formula of Brysk [9] and Eq. 14:

〈K〉 � T2 d

dT
ln T

3
2〈σv〉( ) � KG + 5

6
T + T2

Seff

dSeff
dT

, (30)

where for thermally decoupled plasmas the above formula is

evaluated at the reactivity temperature, Tr12.

Thermally decoupled ICF plasmas will also have spatial

and temporally changes in temperature; potentially with

species separation as well. Therefore, the effect of burn-

averaging must also be considered. For the hetero-nuclear

reactions, the spectral width will depend on the burn-averaged

value of Eq. 29, making it non-trivial to extract reactivity

temperatures from spectral measurements. It is more

straightforward for the homo-nuclear reaction as the

spectral temperature, 〈Ts11〉, is simply the burn-averaged

temperature, 〈T1〉11, plus a fluid velocity variance term.

Kabadi et al. [18] provided a methodology to extract an

averaged temperature ratio T2/T1 using yield and spectral

measurements from both hetero- and homo-nuclear

reactions in the absence of species separation and fluid

velocity. Note this methodology requires knowledge of the

reactivities for both reactions i.e., known S-factors. We will

follow from this methodology while maintaining the species

separation terms from the previous section. First, the yield

ratio can be manipulated to the following form:

Y12

Y11
� 2

1 − f̂1
α1

1−α1 + f̂1

⎛⎝ ⎞⎠∫∫n21〈σv〉11RdVdt
Y11

, (31)

R T1, θ( ) � 〈σv〉12 θ T1( )
〈σv〉11 T1( ) , (32)

θ � Tr12

T1
� m1 · T2

T1
+m2

m1 +m2
. (33)

We will assume the thermal decoupling parameter, θ, is

approximately constant over the burn volume and time. This

allows us to use the same model as used for single temperature

plasma with T1 expanded about homo-nuclear burn-averaged

temperature, 〈T1〉11, and the species separation fuel fraction

term, Rf′ :

Seff , 12 θ〈T1〉11( ) � Seff , 11 〈T1〉11( )Rf′RG′RT′RY, (34a)

RG′ � m12Z1θ
2

m11Z2
( )

1
3

exp χ′[ ], (34b)

χ′ � 3
41/3

KB,12

θ
( )

1/3

−K1/3
B,11[ ]〈T1〉−1/311 (34c)

RT′ � 1

1 + σT1
〈T1〉11( )

2ΓT′
, (34d)

ΓT′ � χ′2

18
+ χ′
9

3s1′ − 2( ) + 1
2
s2′ (34e)

To proceed we need estimates of θ, 〈T1〉11, σ2T1
and Rf′ . If

available, information from spectroscopic measurements can be

used to constrain these parameters. However, this is non-trivial.

The measured spectral temperature for the homo-nuclear

reaction will be inflated above 〈T1〉11 by fluid velocity

variance [11–13], σ2v . The measured spectral temperatures are

given by:

〈Ts11〉 � 〈T1〉11 + 2m1σ
2
v, (35)

〈Ts12〉 � ∫∫1−f1

f1
n21〈σv〉11T1PdVdt

Y12
+ m1 +m2( )σ2v, (36)

P T1, θ( ) � Tth
s12 T1, θ( )

T1
R T1, θ( ) (37)

It is clear from the form of 〈Ts12〉 that it will be sensitive to

correlations of reactant concentration and temperature.

Quantifying this correlation will introduce additional

parameters. Instead, we consider the zeroth order effect of

reactant concentration on the burn-averaging i.e., a

multiplicative factor of Rf′ on the yield integrals. Then,

expanding P in T1 about 〈T1〉11 at constant θ yields:

〈Ts12〉 ≈
Tth
s12 〈T1〉11, θ( )

RT′
1 + ΓTs12

σT1

〈T1〉11
( )

2

( ) (38)

+ m1 +m2( )σ2v
ΓTs12 � s1′ + χ′

3
[ ] (39)

+ 〈T1〉211
Tth
s12 〈T1〉11, θ( )

d

dT1

Tth
s12

T1
( )T1�〈T1〉11,

With the approximations applied above, the derived system is

both under-determined and non-linear, with 6 unknowns (θ,

〈T1〉11, σ2T1
, Rf′ , σ2v and the target effective S-factor) and up to

3 measurables (yield ratio and two spectral temperatures). An

additional issue is the potential degeneracy of thermal decoupling

and fluid velocity variance. If m2 >m1, then increased T2 over T1

has the same effect on the spectral temperatures as increased σ2v .

One approach to tackle this would be to further expand the

system and constrain the problem by introducing additional

spectral information such as the isotropic mean shift [13, 30, 31].
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However, very small errors (< 5 keV) are required on these

measurements to isolate the fluid velocity variance effect from

the spectral temperatures—for DT neutrons this corresponds to a

< 9 km/s error on the isotropic velocity which is outside the

current capabilities [30, 31]. Alternatively, priors on the

magnitude of fluid velocity and temperature variance are

necessary—this is the approach which was used in Section 3.2.

Separate to these effects, it is worth noting that the species

separation term only affects the yield ratio measurement

i.e., it is not constrained by additional spectral measurements.

Therefore, an external estimate on Rf′ is required to infer the

target S-factor value.

A synthetic data study can be used to explore S-factor

inference in the presence of species separation and thermal

decoupling. The reference reaction is taken as D (T,n)α and

target D (D,n)3He such that neutron spectral measurements can

be included in the analysis. While both of these reactions are well

known, this study serves to test the efficacy of the model when

complete spectral information is available. To provide a suitably

generic set of test conditions, we consider a multivariate normal

distribution of reaction rate weighted temperatures and

concentrations:

n2〈σv〉DDdVdt � AN μ ,Σ( ) dTDdTTdfD, (40)

μ �
TD − 〈TD〉
TT − 〈TT〉
fD − 〈fD〉

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, (41)

Σ �
ς2TD

CTD,TTςTD
ςTT

CTD,fDςTD
ςfD

CTD,TTςTD
ςTT

ς2TT
CTT,fd

ςTT
ςfD

CTD,fDςTD
ςfD

CTT,fd
ςTT

ςfD
ς2fD

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦, (42)

A � ∫∫ n2〈σv〉DDdVdt (43)

on the domain TD, TT ∈ [Tmin, ∞] and fD ∈ [0, 1], where Tmin is

chosen to be 0.5 keV. We expect strong positive correlation

between TD and TT as the ion species are heated by the same

processes and exchange energy through collisions. Correlations

between species concentration and temperature are more

difficult to predict. Thermo-diffusion models [32] suggest a

negative correlation between the lighter species concentration

and temperature in a “saturated” state. It is worth noting that the

above model does not have constant value of θ. Given these

physical insights, in this study the following fixed parameters are

chosen for the model defined in Eqs 40–42:

〈TD〉 � 10keV, 〈TT〉 � 15keV, ςTD
� 2keV, ςTT

� 3keV, CTD,TT � 0.9, CTD,fD � CTT,fD � −0.2,

while 〈fD〉 and ςfD
are varied to investigate the effect of species

separation. Given a yield ratio and two spectral temperature

measurements, we can infer the product Rf′ Seff ,DD, c. f. Equation
34a. Without further information, these terms cannot be separated.

For the purpose of inferring a nuclear S-factor we will assume the

“hydrodynamic” valueRf′ � 2 i.e., one that is set by the initial fuel

fractions of 50/50 DT. This assumption will cause a systematic error

in the presence of species separation. As in Section 3.2, MCMC will

be used to find the distribution of inferred S-factors given the model

outlined in this section. The same prior distributions for fluid

velocity and temperature variance as given in Section 3.2 will be

used in this analysis, although scaled to the D (D,n)3He spectral

temperature. Figure 5 shows the results of the synthetic data study

and details of the Bayesian model are given in Table 1. It is shown

that the spectral measurements can infer accurate temperature

information when both species separation and thermal

decoupling are in effect. However, species separation creates a

large systematic uncertainty in the S-factor measurement. This is

especially true when the mean concentration of reactants is altered.

A possible resolution to this would be to have use two reference

reactions. In the most straightforward application, this would utilise

both of the homo-nuclear reactions to avoid the need for additional

reactants with their own species separation effects. With known

FIGURE 5
For all subplots: blue data includes no species separation (SS),
orange data includes species separation with 〈fD〉 = 0.5 and ςfD =
0.1 and green data includes species separation with 〈fD〉 = 0.6 and
ςfD = 0.1. (A) Plot showing the probability distribution
functions (PDFs) for the inferred D (D,n)3He burn averaged
deuteron temperature. The long tail arises from the unknown fluid
velocity variance contribution to the spectral temperatures. (B)
Plot showing the inferred ratio of triton to deuteron temperatures.
(C) Plot showing the PDFs of the inferred product of effective
S-factor and species separation term. (D) Plot showing the inferred
and “true” [8] nuclear S-factors from the synthetic data study. The
crosses denote the centroid of the PDF and they are surrounded
by the 1σ contour. In inferring the nuclear S-factor fromRf′Seff , we
use the “hydrodynamic” value Rf′ � 2 which is set by the initial 50/
50 DT fill. The MCMC was performed with the Python library
emcee [19], PDFs shown use ~80,000 samples, see Table 1 for
more detail.
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S-factors, the above analysis can be used to infer a value ofRf′ and
thus the magnitude of the species separation effect. As an example,

in a DTmixture one could use D (T,n)α andD (D,n)3He tomeasure

species separation and thermal decoupling effects, this could then

aid in the inference of the T (T,2n)α cross section.

4.3 Non-Maxwellian velocity distributions

Once the reactant velocity distributions are non-Maxwellian we

must revisit the definition of reactivity and the Gamow peak.

Without a-priori knowledge of the form the velocity

distributions, we have no known relationships between the yields,

spectral measurements, effective S-factor and Gamow peak energy.

This makes it difficult to relate the cross section to yield ratios. One

possible approach is to introduce a model which can predict the

kinetic ion velocity distributions in the experiment [33, 34].

Synthetic diagnostics of yield and spectra could be compared to

experimental values [33] and sensitivity to varying model S-factors

can be studied in this way. However, this cannot be used to infer an

S-factor without making the assumption that the ion kinetic model

had very accurately reproduced the reactant velocity distributions

present in the experiment. In absence of amodel, one can determine

if the reactant velocity distributions have become non-Maxwellian

via spectroscopy methods by comparison of the first two spectral

moments to the Maxwellian prediction [35]. This suggests a future

avenue of investigation into the relationship between reactivity and

spectral moments to improve understanding of yields in highly

kinetic experiments. This future work would be key in

understanding cross section measurements in the presence of

non-Maxwellian velocity distributions.

5 Discussion

Inertial confinement fusion (ICF) experiments create a unique

laboratory environment in which thermonuclear fusion reactions

occur within a plasma. Previous experiments have leveraged this

environment to perform measurements of light ion fusion

S-factors without the need for screening corrections [1–3].

However, to further increase the accuracy of ICF-based

measurements requires an examination of the physical

mechanisms affecting fusion yields and spectra. In this work we

have discussed and analysed the effects of the inherent range of

reaction energies, spatial and temporal thermal temperature

variation, and kinetic effects such as species separation.

We showed that yield ratio measurements in an uniform

Maxwellian plasma are directly related to the effective S-factors

of the reactions. By considering expansions about the Gamow

peak we were able to relate the effective and nuclear S-factors as

well as provide the commonly used saddlepoint approximation

to the reactivity ratio. It was seen that the local behaviour of the

nuclear S-factor at the Gamow peak can affect its inference. In a

hydrodynamic plasma, spatial and temporal temperature

variation was seen to effect yield ratio measurements. The

temperature variation has the largest effect on the yield ratio

when the reactants have large differences in KB due to charge

and/or mass. A synthetic data study was used to illustrate the

propagation of errors in S-factor inference in hydrodynamic ICF

plasmas. The results showed that using a more detailed model

can remove systematic uncertainty present in previous, more

approximate, analyses.

Finally, we considered the effect of notable ion kinetic

behaviours, particularly species separation and thermal

decoupling. To simplify the problem, only two species plasmas

were considered. Then, the model developed for hydrodynamic

plasmas was extended to include the ion kinetic effects. In order to

constrain thermal decoupling, additional spectroscopic data was

included via both hetero- and homo-nuclear spectral

temperatures. The dominant effect of species separation was to

alter the yield ratios. Again, a synthetic data study was used to

investigate the efficacy of these models in handling these novel

kinetic factors. It was found that thermal decoupling is well

constrained by the spectral measurements but species

separation can cause large changes in the yield ratios and hence

large systematic uncertainty in the S-factor inference.

The synthetic data studies in this work give single examples

of the inference process with chosen physical parameters and

priors subject to bias. Future work should provide a more

systematic approach to this data study. The proposed models

of distributions of temperatures, velocities and concentrations

should be compared to integrated hydrodynamic and kinetic

simulations. This will ensure confidence in the conclusions

drawn from these case studies.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Author contributions

AC is the main author and contributed the main body of the

work. IG-F performed the initial work on S-factor inference in

hydrodynamic plasmas. BA provided knowledge and insights

particularly in respect to ion kinetic effects in ICF implosions. JC

supervised the work and provided an expert perspective on the

hydrodynamics of ICF implosions.

Acknowledgments

The authors would like to thank G. Kagan for useful

discussions.

Frontiers in Physics frontiersin.org10

Crilly et al. 10.3389/fphy.2022.937972

37

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.937972


Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphy.2022.

937972/full#supplementary-material

References

1. Casey DT, Sayre DB, Brune CR, Smalyuk VA, Weber CR, Tipton RE, et al.
Thermonuclear reactions probed at stellar-core conditions with laser-based
inertial-confinement fusion. Nat Phys (2017) 13(12):1227–31. doi:10.1038/
nphys4220

2. Zylstra AB, Herrmann HW, Gatu Johnson M, Kim YH, Frenje JA, Hale G, et al.
Using inertial fusion implosions to measure the T +3He fusion cross section at
nucleosynthesis-relevant energies. Phys Rev Lett (2016) 117:035002. doi:10.1103/
physrevlett.117.035002

3. Zylstra AB, Herrmann HW, Kim YH, McEvoy A, Frenje JA, Gatu Johnson M,
et al. 2H(p, γ)3He cross section measurement using high-energy-density plasmas.
Phys Rev C (2020) 101:042802. doi:10.1103/physrevc.101.042802

4. Otuka N, Dupont E, Semkova V, Pritychenko B, Blokhin AI, Aikawa M, et al.
Towards a more complete and accurate experimental nuclear reaction data library
(exfor): International collaboration between nuclear reaction data centres (nrdc).
Nucl Data Sheets (2014) 120:272–6. doi:10.1016/j.nds.2014.07.065

5. Spitaleri C, Cognata ML, Lamia L, Pizzone RG, Tumino A. Astrophysics studies
with the trojan horse method. Eur Phys J A (2019) 55(9):161–29. doi:10.1140/epja/
i2019-12833-0

6. Chadwick MB, Obložinský P, Herman M, Greene NM, McKnight RD, Smith
DL, et al. ENDF/B-VII.0: Next generation evaluated nuclear data library for nuclear
science and technology. Nucl Data Sheets (2006) 107(12):2931–3060. Evaluated
Nuclear Data File ENDF/B-VII.0. doi:10.1016/j.nds.2006.11.001

7. Adelberger EG, García A, Hamish Robertson RG, Snover KA, Balantekin AB,
Heeger K, et al. Solar fusion cross sections. II. Theppchain and CNO cycles. Rev
Mod Phys (2011) 83:195–245. doi:10.1103/revmodphys.83.195

8. Bosch H-S, Hale GM. Improved formulas for fusion cross-sections and thermal
reactivities. Nucl Fusion (1992) 32(4):611–31. doi:10.1088/0029-5515/32/4/i07

9. Brysk H. Fusion neutron energies and spectra. Plasma Phys (1973) 15(7):611.
doi:10.1088/0032-1028/15/7/001

10. Ballabio L, Allne JK, Gorini G. Relativistic calculation of fusion product
spectra for thermonuclear plasmas. Nucl Fusion (1998) 38(11):1723–35. doi:10.
1088/0029-5515/38/11/310

11. Appelbe B, Chittenden J. The production spectrum in fusion plasmas. Plasma
Phys Control Fusion (2011) 53(4):045002. doi:10.1088/0741-3335/53/4/045002

12. Murphy TJ. The effect of turbulent kinetic energy on inferred ion temperature
from neutron spectra. Phys Plasmas (2014) 21(7):072701. doi:10.1063/1.4885342

13. Munro DH. Interpreting inertial fusion neutron spectra. Nucl Fusion (2016)
56(3):036001. doi:10.1088/0029-5515/56/3/036001

14. John N. Bahcall. Non-resonant nuclear reactions at stellar temperatures.
Astrophysical J (1966) 143:259–61.

15. Clayton DD. Principles of stellar evolution and nucleosynthesis. University of
Chicago press (1983).

16. Bahcall JN. Neutrino astrophysics. Cambridge University Press (1989).

17. Williams MMR. A generalized energy exchange kernel for inelastic neutron
scattering and thermonuclear reactions. J Nucl Energ (1971) 25(10):489–501. doi:10.
1016/0022-3107(71)90029-3

18. Kabadi NV, Adrian PJ, Bose A, Casey DT, Frenje JA, Johnson MG, et al. A
second order yield-temperature relation for accurate inference of burn-averaged
quantities in multi-species plasmas. Phys Plasmas (2021) 28(2):022701. doi:10.1063/
5.0032139

19. Foreman-Mackey D, Hogg DW, Lang D, Goodman J. emcee: Themcmc hammer.
Publications Astronomical Soc Pac (2013) 125(925):306–12. doi:10.1086/670067

20. Goodman J, Weare J. Ensemble samplers with affine invariance. Comm App
Math Comp Sci (2010) 5(1):65–80. doi:10.2140/camcos.2010.5.65

21. Mossa V, Stöckel K, Cavanna F, Ferraro F, Aliotta M, Barile F, et al. The
baryon density of the universe from an improved rate of deuterium burning.Nature
(2020) 587(7833):210–3. doi:10.1038/s41586-020-2878-4

22. Turkat S, Hammer S, Masha E, Akhmadaliev S, Bemmerer D, Grieger M, et al.
Measurement of the 2H(p, γ)3He s factor at 265–1094 kev. Phys Rev C (2021) 103:
045805. doi:10.1103/physrevc.103.045805

23. Leonard DS, Karwowski HJ, Brune CR, Fisher BM, Ludwig EJ. Precision
measurements of 2H(d, p)3H and 2H(d, n)3He total cross sections at big bang
nucleosynthesis energies. Phys Rev C (2006) 73:045801. doi:10.1103/PhysRevC.73.045801

24. Van Ravenzwaaij D, Cassey P, Brown SD. A simple introduction to Markov
chain monte–carlo sampling. Psychon Bull Rev (2018) 25(1):143–54. doi:10.3758/
s13423-016-1015-8

25. Casella C, Costantini H, Lemut A, Limata B, Bonetti R, Broggini C, et al. First
measurement of the d(p, γ )3he cross section down to the solar gamow peak. Nucl
Phys A (2002) 706(1):203–16. doi:10.1016/s0375-9474(02)00749-2

26. Rinderknecht HG, Rosenberg MJ, Li CK, Hoffman NM, Kagan G, Zylstra AB,
et al. Ion thermal decoupling and species separation in shock-driven implosions.
Phys Rev Lett (2015) 114:025001. doi:10.1103/physrevlett.114.025001

27. Kabadi NV, Simpson R, Adrian PJ, Bose A, Frenje JA, Gatu Johnson M, et al.
Thermal decoupling of deuterium and tritium during the inertial confinement
fusion shock-convergence phase. Phys Rev E (2021) 104:L013201. doi:10.1103/
physreve.104.l013201

28. Bellei C, Rinderknecht H, Zylstra A, Rosenberg M, Sio H, Li CK, et al. Species
separation and kinetic effects in collisional plasma shocks. Phys Plasmas (2014)
21(5):056310. doi:10.1063/1.4876614

29. Inglebert A, Canaud B, Larroche O. Species separation and modification of
neutron diagnostics in inertial-confinement fusion. EPL (Europhysics Letters)
(2014) 107(6):65003. doi:10.1209/0295-5075/107/65003

30. Hatarik R, Nora RC, Spears BK, Eckart MJ, Grim GP, Hartouni EP, et al.
Using multiple neutron time of flight detectors to determine the hot spot velocity.
Rev Scientific Instr (2018) 89(10):10I138. doi:10.1063/1.5039372

31. Mannion OM, Knauer JP, Glebov VY, Forrest CJ, Liu A, Mohamed ZL, et al. A
suite of neutron time-of-flight detectors to measure hot-spot motion in direct-drive
inertial confinement fusion experiments on omega. Nucl Instr Methods Phys Res
Section A: Acc Spectrometers, Detectors Associated Equipment (2020) 964:163774.
doi:10.1016/j.nima.2020.163774

32. Kagan G, Tang X-Z. Thermo-diffusion in inertially confined plasmas. Phys
Lett A (2014) 378(21):1531–5. doi:10.1016/j.physleta.2014.04.005

33. Higginson DP, Ross JS, Ryutov DD, Fiuza F, Wilks SC, Hartouni EP, et al.
Kinetic effects on neutron generation in moderately collisional interpenetrating
plasma flows. Phys Plasmas (2019) 26(1):012113. doi:10.1063/1.5048386

34. Appelbe BD. Primary neutron spectra in ion vlasov-fokker-planck simulations
(2022). in prep.

35. Mannion OM, Taitano WT, Appelbe BD, Crilly AJ, Forrest CJ, Glebov VY,
et al. Evidence of non-maxwellian ion velocity distributions in spherical shock driven
implosions (2022). in preparation.

Frontiers in Physics frontiersin.org11

Crilly et al. 10.3389/fphy.2022.937972

38

https://www.frontiersin.org/articles/10.3389/fphy.2022.937972/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphy.2022.937972/full#supplementary-material
https://doi.org/10.1038/nphys4220
https://doi.org/10.1038/nphys4220
https://doi.org/10.1103/physrevlett.117.035002
https://doi.org/10.1103/physrevlett.117.035002
https://doi.org/10.1103/physrevc.101.042802
https://doi.org/10.1016/j.nds.2014.07.065
https://doi.org/10.1140/epja/i2019-12833-0
https://doi.org/10.1140/epja/i2019-12833-0
https://doi.org/10.1016/j.nds.2006.11.001
https://doi.org/10.1103/revmodphys.83.195
https://doi.org/10.1088/0029-5515/32/4/i07
https://doi.org/10.1088/0032-1028/15/7/001
https://doi.org/10.1088/0029-5515/38/11/310
https://doi.org/10.1088/0029-5515/38/11/310
https://doi.org/10.1088/0741-3335/53/4/045002
https://doi.org/10.1063/1.4885342
https://doi.org/10.1088/0029-5515/56/3/036001
https://doi.org/10.1016/0022-3107(71)90029-3
https://doi.org/10.1016/0022-3107(71)90029-3
https://doi.org/10.1063/5.0032139
https://doi.org/10.1063/5.0032139
https://doi.org/10.1086/670067
https://doi.org/10.2140/camcos.2010.5.65
https://doi.org/10.1038/s41586-020-2878-4
https://doi.org/10.1103/physrevc.103.045805
https://doi.org/10.1103/PhysRevC.73.045801
https://doi.org/10.3758/s13423-016-1015-8
https://doi.org/10.3758/s13423-016-1015-8
https://doi.org/10.1016/s0375-9474(02)00749-2
https://doi.org/10.1103/physrevlett.114.025001
https://doi.org/10.1103/physreve.104.l013201
https://doi.org/10.1103/physreve.104.l013201
https://doi.org/10.1063/1.4876614
https://doi.org/10.1209/0295-5075/107/65003
https://doi.org/10.1063/1.5039372
https://doi.org/10.1016/j.nima.2020.163774
https://doi.org/10.1016/j.physleta.2014.04.005
https://doi.org/10.1063/1.5048386
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.937972


Threshold effects in the
10B(p,α)7Be, 12C(p,γ)13N and
14N(p,γ)15O reactions

Michael Wiescher*, Richard James deBoer and Joachim Görres

Department of Physics and Astronomy, University of Notre Dame, Notre Dame, IN, United States

The typical energy range for charge particle interactions in stellar plasmas

corresponds to a few 10s or 100s of keV. At these low energies, the cross

sections are so vanishingly small that they cannot be measured directly with

accelerator based experimental techniques. Thus, indirect studies of the

compound structure near the threshold are used in the framework of

reaction models to complement the direct data in order to extrapolate the

cross section into the low energy regime. However, at the extremely small cross

sections of interest, there maybe other quantum effects that modify the such

extracted cross section. These may result from additional nuclear interactions

associated with the threshold itself or could be due to other processes, such as

electron screening. Measurements in plasma environments like at the OMEGA

or National Ignition Facility facilities offer an entirely new set of experimental

conditions for studying these types of reactions, often directly at the energies of

interest. In this paper, we examine three reaction, 10B(p,α)7Be, 12C(p,γ)13N and
14N(p,γ)15O, which have all been measured at very low energies using

accelerator based methods. All three reactions produce relatively long-lived

radioactive nuclei, which can be collected and analyzed at plasma facilities

using a variety of collection and identification techniques.

KEYWORDS

nuclear plasmas, nuclear reactions, R-matrix, electron screening, nuclear astrophysics

1 Introduction

Nuclear reactions in high density plasma environments in the interior of stars are the

engine for the chemical evolution of our universe. The nuclear reaction rates used for

simulating the associated nucleosynthesis patterns rely mostly on accelerator based

reaction cross section measurements folded with the Maxwell Boltzmann energy

distribution of the interacting particles. However, the laboratory cross section data are

typically obtained at much higher energies than those that occur in a stellar environment

and in most cases the reaction rates rely on theoretical extrapolation into the stellar energy

range, the so-called Gamow window. While such extrapolations require a reliable

understanding of the nuclear structure near the particle threshold as well of the

contributing nuclear reaction components and mechanisms, they also require a

reliable understanding of the environmental conditions in the stellar plasma. The

latter is not yet available and relies entirely on model predictions [1], which do not
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seem to match the available experimental data very well. This

requires the development of an experimental program in nuclear

reaction studies in a hot plasma environment. The production of

a stellar plasma at sufficiently high temperature and density

conditions in the laboratory is a unique challenge, but the

development of high power laser induced inertial plasma

environments seems to provide a path in that direction. First

experiments on the study of fusion reactions between different

hydrogen and helium isotopes have revealed promising results,

but they have focused so far on fusion reactions between low Z

isotopes, such as 3H (2H, n)4He [2] or 3H (3H, 2n)4He [3], and 3He

(3H, p)5Li and 3He (3He, 2p)4He fusion branches [4] where the

cross section study is less handicapped by the Coulomb barrier

and supported by the strong interaction based fusionmechanism.

Inertial confinement fusion (ICF) [5] facilities like the

National Ignition Facility (NIF) [6] and OMEGA [7]

endeavour to create an environment similar to that found in a

nuclear detonation or in the core of a star, but under highly

spatially confined and controlled conditions. This is

accomplished by focusing an array of high powered laser

beams onto a tiny pellet or capsule of fusion fuel. The

radiation pressure causes its rapid implosion achieving for

short nano-second time periods temperature and density

conditions comparable to stellar plasma conditions [8]. So far

nuclear reaction studies at both OMEGA and NIF have not gone

beyond the fusion of very light hydrogen and helium isotopes. To

explore the value of these facilities for a broader nuclear

astrophysics program, it might be appropriate to investigate

possible measurements for higher Z isotopes. A first attempt

has been made recently to study the 10B(α, n)13N reaction [9] at

NIF providing a first glimpse at the challenges such

measurements will have to be overcome, both in the

collection and in identification of the reactions products [10].

While the cross section of the aforementioned fusion

reactions between hydrogen isotopes is rather large, many, if

not most, of the reactions of interest to astrophysics are radiative

capture processes. They typically have a substantially lower cross

section since the Hamiltonian is determined by the

electromagnetic and not the strong interaction force.

Nevertheless the production and measurement of long-lived

reaction products might provide a sufficiently efficient way to

directly determine the reaction rate for the temperature and

density condition of an inertial fusion plasma.

In the following sections, we will discuss three suggested

reactions 10B(p,α)7Be, 12C(p,γ)13N and 14N(p,γ)15O and their role

in different stellar environments. We will also present the cross

sections anticipated for conditions that can be reached at laser

plasma facilities such as OMEGA and NIF. These cross sections

are based on extrapolations of accelerator based data using

phenomenological R-matrix theory [17, 11]. The R-matrix

calculations presented here were performed with the

AZURE2 code [13] and are extensions of those described in

detail in the works of [13,14], and [15] for the 10B(p,α)7Be,

12C(p,γ)13N and 14N(p,γ)15O reactions, respectively. Therefore,

only the details relevant to this work are discussed here. The

anticipated reaction yield in the laser driven plasma environment

will be presented and the feasibility of radiative capture

experiments at laser plasma facilities will be estimated and

discussed.

2 The 10B(p,α)7Be reaction

The 10B(p,α)7Be reaction plays an important role in the

nucleosynthesis of first stars. It effectively reduces the flow of

the competing 10B(α,d)12C reaction by which the primordial

He and Li can be converted into C, N, and O [16]. On the other

hand, it feeds two alternative branches of the hot pp-chains

[17], 7Be(e−,])7Li(α,γ)11B(α,n)14N and at higher temperatures
7Be(α,γ)11C(p,γ)12N(β+)12C. Both branches facilitate

alternative break-out possibilities, however without the

production of the important deuterons as fuel for the hot

pp-chains.

The 10B(p,α)7Be reaction has been extensively studied over a

wide energy range between 20 keV and 2 MeV using a number of

different accelerator facilities (see Wiescher et al. [18] and

references therein). The reaction cross section is considerably

larger than the competing 10B(p,γ)11C radiative capture reaction

[19]. Figure 1 shows the S-factor for the transitions to the ground

state and the first excited state in 7Be. The astrophysical S-factor,

S(E), represents the energy dependent cross section σ(E) of the

reaction corrected in first order for the Coulomb penetrability.

S(E) therefore represents the nuclear transition probability as

FIGURE 1
Simultaneous R-matrix fits to (A) the scattering data of Chiari
et al. [20], (B) the 10B(p, α0)7Be (transition to the ground state of
7Be) data of Youn et al. [21], Angulo et al. [22], Wiescher et al. [18],
Spitaleri et al. [23], and Vande Kolk et al. [14] and (C) the
10B(p, α1)7Be (transition to the first excited state of 7Be) data of
Angulo et al. [24], Wiescher et al. [18], and Vande Kolk et al. [14].
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well as the tunneling probability through the orbital momentum

barrier as a function of the energy E.

S E( ) � σ E( ) · E · e2πη, (1)

with η being the classical Sommerfeld parameter.

The S-factor curve for the 10B(p,α)7Be reaction towards lower

energies is characterized by the tail of a strong resonance at

10 keV [7, 22] and by the contribution of several broad and

interfering resonances in the higher energy range [18]. The cross

section determination is based on a comprehensive R-matrix

analysis including representative sets of 10B(p,α)7Be data and also

includes data for complementary reaction channels such as

radiative capture 10B(p,γ)11C and elastic scattering 10B(p,p)10B

as described by [14]. Through this self-consistent application of

the phenomenological R-matrix theory [13], a reliable

extrapolation over the entire energy range with relative small

uncertainty has been achieved [43, 25].

2.1 R-matrix analysis of the 10B(p,α)7Be

As discussed above, the low energy cross section of the
10B(p,α)7Be reaction is dominated by a strong s-wave, near

threshold, resonance at ≈10 keV. The corresponding level has

a total width of ≈15 keV and has Jπ = 5/2+. There is a single direct

experimental study that measures down to the very low energy of

Ec. m. = 17 keV [22]. A more recent Trojan Horse measurement

has also studied the very low cross section, reporting data down

to 5 keV that maps the near threshold resonance [23]. Despite

these low energy measurements, the cross section at the energies

of inertial confinement fusion facilities still is rather uncertain.

For example, Spitaleri et al. [25] quotes a low energy uncertainty

of between 10 and 20%. While the data of Angulo et al. [22] have

rather small error bars, the data also show a significant amount of

scatter, indicating the presence of significant non-statistical

uncertainties.

In addition, the near threshold 5/2+ resonance can interfere

strongly with other higher energy resonances, which strongly

motivates an R-matrix analysis that covers a broader energy

range. The recent work of Vande Kolk et al. [14] provided a

consistent set of 10B(p,α)7Be angular distribution data that

resulted in a much improved characterization of the next

highest energy 5/2+ resonance at ≈1.3 MeV, which has a total

width of ≈740 keV and interferes strongly with the near

threshold state.

It should be noted that the TUNL evaluation lists another

5/2+ state at Ex = 9.200 (50) keV, but in Vande Kolk et al. [14]

no evidence for this state was found, so it has not been

considered. Additionally, the large widths of the resonances in

this region tend to obfuscate level identification. Microscopic

calculations near the proton separation energy in 11C would be

very helpful in producing firmer level assignments.

2.2 The reaction rate of 10B(p,α)7Be

The reaction rate for a nuclear reaction process characterized

by broad overlapping and interfering resonances is determined

by numerical integration over the reaction cross section and

Maxwell Boltzmann distribution of the interacting particles, with

the factors f(ρ), which corrects for electron screening, and the

partition function G(T), which takes into account the

contribution of thermally excited states in a plasma environment

NA〈σv〉 � 8
πμ

( )
1/2

NA

kBT( )3/2 ∫
∞

0
f ρ( ) · G T( ) · σ E( )

·E · e−E/kBTdE. (2)

Here NA is Avogadro’s number, kB is the Boltzmann constant, T

is the temperature, ρ is the density, and μ is the reducedmass. The

reaction rate as a function of temperature is shown in Figure 2.

The electron screening factor f(ρ) depends on the density of the

stellar environment [26] and is typically based on theoretical

estimates based on assumptions on an additional screening

potential term in the nuclear potential [27], while the

partition function G(T) is calculated as the probability for

thermally populating excited states in a hot plasma [28],

respectively. These two model dependent terms carry a

substantial uncertainty, depending on the assumptions about

the screening potential in the laboratory experiment and the

plasma as well on the knowledge or assumptions on the

excitation energies and level density of the target nucleus. The

rate declines rapidly with temperature with the contributions of

the broad resonance structures observed in the cross section (see

Figure 1) determining the absolute value of the rate at each

FIGURE 2
Reaction rates for the 10B(p,α)7Be (sold black line), 12C(p,γ)13N
(dashed red line) and 14N(p,γ)15O (dashed-dotted blue line)
reactions calculated from the R-matrix fits described throughout
the remainder of the text.
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temperature. The reaction rate measured directly at a laser

plasma facility will differ from the reaction rate based on low

energy accelerator experiments, which does not provide

information about the screening factor and the partition

function. A direct measurement of a reaction rate in a quasi-

stellar plasma such as provided by Omega and NIF in

comparison with accelerator based reaction rate estimates

offers a unique way for experimentally determining these

parameters.

The production of 7Be in a laser driven hot plasma

environment can be calculated from the reaction rate and the

abundances of 10B boron and 1H hydrogen fuel. The difference

between observed and predicted number of reaction products

will provide the necessary information about the environmental

parameters in a plasma environment.

The production rate of 7Be is determined by

dN7Be

dt
� N10B ·N1H · ρ ·NA〈σv〉10B p,α( )7Be. (3)

This equation does not include any possible depletion

reaction of 7Be by either electron capture or radiative proton

capture, since these processes are anticipated to have a much

smaller reaction rate than the 10B(p,α)7Be production rate.

2.3 The 7Be production in a laser driven
plasma environment

The production of 7Be can be obtained by integrating the

production rate over the temperature and density development in

the laser driven plasma. The yield Y7Be of 7Be produced in a high

temperature shot environment can be easily estimated in the

framework of a simplified 1D hot spot model from the reaction

rate per particle pair, the number densities N10B and N1H for the

reaction partners in the plasma, boron and hydrogen, respectively,

the hot spot volume VHS, and the actual burn width Δt:

Y7Be � N10B ·N1H · 〈σv〉10B p,α( )7Be · VHS · Δt. (4)

For a NIF like laser driven plasma study of the reaction, the

optimum gas filling of the capsule would be a10B2H6 Di-Borane

fill gas with number densities ofN10B ≈ 1020 cm−3 andN1H ≈ 3 ·
1020 cm−3, respectively. This would correspond to a rather high

density after compression to a hot spot volume of about VHS ≈
10–6 cm3 for the burn width period of Δt ≈ 10–10 s. From Figure 2,

the reaction rate can be estimated to be 〈σv〉10B(p,α)7Be ≈ 10−20

cm3s−1 at a temperature of about kt ≈ 30 keV. It should be noted

that these temperature levels have so far only be reached in direct

drive implosions, with the laser beams directly incident on the

target [29]. Adopting these conditions results in a production

yield of Y7Be ≈ 104 to 1057Be nuclei per shot. This number

depends linearly on the amount of gas in the shot capsule,

but exponentially on the temperature reached in the plasma

during the shot since the reaction rate varies exponentially with

temperature. Higher shot temperatures would certainly translate

into a substantially higher 7Be production.

This material must be collected either by catcher foils or by the

cryogenic Radiochemical Analysis of Gaseous Samples (RAGS)

system [30] to be analyzed and counted by high sensitivity mass

separation or Accelerator Mass Spectrometry (AMS) techniques.

The RAGS system so far has been only applied to the analysis of

indirect drive implosions with a Hohlraum system and new

developments are required for its application in direct drive

implosions. Considering the low number of 7Be isotopes

produced during a single shot, their identification by measuring

the characteristic 10% γ decay at 478 keV would not provide

sufficient sensitivity for a successful counting experiment.

This is of course only a rather crude estimate of the

production of 7Be, a more reliable simulation would also

require taking other reaction channels, such as 7Be(p,γ)8B, into

account, which would reduce the production number. However,

as this reaction cross section is orders of magnitude smaller, it

can be neglected in the present calculations.

3 The 12C(p,γ)13N reaction

The 12C(p,γ)13N reaction is an important link in the so-called

CNO cycle, which facilitates stellar hydrogen burning in massive

stars. The CNO cycle is a catalytic process that is based on the

capture of four protons on the existing abundance of carbon,

nitrogen, and also oxygen isotopes in a stellar environment with

the subsequent emission of one alpha particle as well as two

positrons 12C(p,γ)13N(β+])13C(p,γ)14N(p,γ)15O(β+])15N(p,α)12C
[31]. The CNO cycle is not only important as an energy

source for massive stars but it also contributes to the

production of CNO neutrinos in our sun [32].

In the CNO reaction sequence, the 12C(p,γ)13N reaction plays

an important role in determining the fate of the 12C isotope in an

hydrogen burning environment as well for the production of 13N.

The β+ decay of 13N is one of the predicted CNO neutrino

sources, whose strength is defined by the 12C(p,γ)13N capture rate

since the production and the 13N decay are in equilibrium. This

shows that the respective neutrino emission rate A](
13N) depends

directly on the 12C(p,γ)13N reaction rate NA〈σv〉12C(p,γ)13N and

the abundances of 12C and 1H in the solar core:

A](13N) � dN13N

dt
� N12C ·N1H · ρ ·NA〈σv〉12C p,γ( )13N. (5)

To reliably evaluate the 13N component in the solar CNO

neutrino flux a reliable reaction rate for the 12C(p,γ)13N reaction

in a plasma environment is necessary. This however presents a

major challenge because of the low reaction cross section.

The 12C(p,γ)13N reaction is a radiative capture process, which

is based on the electromagnetic interaction, rather than the
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strong interaction, in contrast to our previous example. For this

reason, the cross section is expected to be substantially weaker.

However, at low energies, the 12C(p,γ)13N reaction is

characterized by the contributions from two pronounced

resonances and a non-resonant direct capture mechanism as

well as possible interference between these reaction components

[33]. The strength of these components define the low energy

cross section of the reaction and therefore also the reaction rate.

Figure 3 shows the S-factor of the 12C(p,γ)13N reaction at low

energies characterized by the contributions of the two broad low

energy resonances including new and as yet unpublished data in

the energy range above 1 MeV to obtain a better handle on the

upper resonance. The solid line presents a new R-matrix analysis

of the reaction cross section as described in the following.

3.1 R-matrix analysis of 12C(p,γ)13N

The 12C(p,γ)13N reaction is ideally suited for an R-matrix

description. Only a single, broad, s-wave resonance contributes to

the low energy cross section at Ec. m. = 461 keV. As shown in Azuma

et al. [13], the low energy cross section can be described very well by

the interference of this broad resonance with E1 direct capture,

modeled with external capture [5, 11, 37]. The exceptional data of

Vogl [35] carefully map this low energy resonance. These data have

been found to be consistent with the recent measurements of

Burtebaev et al. [36]. The reaction was also studied by Rolfs and

Azuma [33], but was found to have issues with its energy calibration

[40]. The R-matrix fit is found to give an excellent reproduction of

the data and the extrapolation of the low energy cross section is

quoted as having an uncertainty of ≈18% [13], which is largely

dominated by the overall normalization uncertainty.

3.2 The 13N production in a laser driven
plasma environment

The measurement of 12C(p,γ)13N in a laser driven plasma

environment is a considerable challenge because of the overall low

reaction rate at the characteristic conditions of a NIF shot where

Y13N � N12C ·N1H · 〈σv〉12C p,γ( )13N · VHS · Δt. (6)

For a gas filled capsule, methane 12CH4 seems to be a suitable

choice with a particle densities ofN12C ≈ 1020 cm−3 andN1H ≈ 4 ·
1020 cm−3, respectively. The reaction rate at kT ≈ 30 keV is

〈σv〉12C(p,γ)13N ≈ 2 · 10−24 cm3s−1, approximately four orders of

magnitude weaker than the rate of the 10B(p,α)7Be strong

interaction process. This translates, at comparable shot

conditions, into six orders of magnitude lower yield,

Y13N ≈ 10 13N nuclei per shot. Considering the presently

available shot rate of less than 10 shots per day, these are

obviously insufficient conditions for a laser plasma

experiment. This yield can be enhanced by some factor by

increasing the concentration of the reaction components

either by using higher filling pressure or exchanging methane

CH4 by butane C4H10 gas. The Significantly higher shot

temperatures need to be reached to obtain a measurable 13N yield.

The relatively short half-life of 13N, t1/2 = 9.97 min, provides

another obstacle since it requires a speedy removal of the

reaction products from the NIF environment. Identification

and analysis of an on-line AMS or PET microlensing system, as

developed for mapping microdoses of radioactivity in

pharmaceutical studies [42, 41], could be used. Yet, it

remains doubtful if such spurious amounts of characteristic
13N can be collected and filtered out of the relatively dirty

vacuum environment of present generation plasma facilities.

4 The 14N(p,γ)15O reaction

The 14N(p,γ)15O reaction has been identified as the slowest

reaction in the CNO cycles [31]. The reaction includes several

sizable transitions to both the ground state and higher excited

states and is characterized by non-resonant direct capture

contributions as well as contributions from the tails of higher

energy resonances [31, 43] interfering with the high energy tails

of different subthreshold states [45]. The reaction rate is

determined by the sum of all of these transitions at the

temperature of the stellar or laboratory hydrogen burning

environment. The 14N(p,γ)15O reaction results in the

production of 15O, which β+ decays, also emitting a neutrino

at fairly high energies. Recent measurements of the BOREXINO

detector showed signatures of the neutrino flux associated with

the 15O decay [46]. The observed neutrino rate A](15O) seems to

be slightly higher than suggested by the reaction rate

NA〈σv〉14N(p,γ)15O based on accelerator data

FIGURE 3
Simultaneous R-matrix fit to (A) the differential cross section
data of Meyer et al. [34], (B) the 12C(p,γ)13N angle integrated data of
Vogl [35] and Burtebaev et al. [36] as well as the differential cross
section data of Rolfs and Azuma [33], with adjustments for
energy calibration.
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A](15O) � dN15O

dt
� N14N ·N1H · ρ ·NA〈σv〉14N p,γ( )15O. (7)

This might either suggest a higher abundance of N14N or a

change in the reaction rate. The latter, however, was confirmed

by a new reaction study [15]. The following section provides a

short summary of the nuclear physics of the reaction as reflected

in the R-matrix analysis of the reaction channels.

4.1 R-matrix analysis of 14N(p,γ)15O

There are three transitions that dominate the total capture

cross section for the 14N(p,γ)15O reaction: the 6.79 MeV, ground

state, and 6.17MeV [47] (as shown in Figure 4). The 6.79MeV

transition is described well by pure hard sphere external capture

[44]. The 6.17MeV transition is instead dominated by the tail of

the 278 keV resonance at low energies. In constrast, the ground

state transition data, especially the very low energy measurements

of Imbriani et al. [43], have proven to be very challenging to

describe, especially when analyzed simultaneously with higher

energy data [21, 16, 44]. The low energy cross section for this

transition is made up of contributions from the 278 keV

resonance, external capture, at least one subthreshold state, and

the low energy tail of broad higher energy resonances [48]. The

complications of obtaining a satisfactory R-matrix description of

this transition are summarized in Frentz et al. [15] and Gyürky

et al. [52]. Despite the difficulties in describing the ground state

transition, the low energy cross section is thought to have a

relatively small uncertainty of ≈7% [47].

4.2 The 15O production in a laser driven
plasma environment

A measurement of the reaction in a plasma would be

extremely interesting to investigate the possibility of plasma

related changes in the reaction rate. The reaction rate at kT ≈
30 keV is 〈σv〉14N(p,γ)15O ≈ 3.5 · 10−24 cm3s−1, which is

comparable to the reaction rate of 12C(p,γ)13N. The best

target gas might be an ammonia gas NH3 or a mixture of

N2 and H2. Adopting an ammonium gas, particle densities of

N14N ≈ 1020 cm−3 and N1H ≈ 3 · 1020 cm−3 are obtained,

respectively. This translates, for comparable shot conditions

as described above, into a yield of Y15O ≈ 10 15O nuclei per

shot, comparable to the anticipated count rate for the 12C(p,γ)
13N reaction.

Again, the low production rate of the adopted shot conditions

makes an experimental study of radiative capture reactions

challenging. Higher densities would be desirable to improve the

conditions for a direct study of such a reaction in a laser plasma

experiment. An additional technical challenge is the half life of 15O,

t1/2 = 2.01 min, considerably shorter than that of 13N; this requires

the development of speedy high efficiency extraction methods.

FIGURE 4
Simultaneous R-matrix fit to (A) the 14N(p,p)14N data of deBoer et al. [48] and the 14N(p,γ)15O data of Schröder et al. [49], Runkle et al. [50],
Imbriani et al. [43], Li et al. [44], Wagner et al. [51] for the ground state (B), 6.79 MeV (C), and 6.18 MeV (D) excited states.
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5 Conclusion

Three reactions have been analyzed on their suitability for

study at laser confined plasma facilities such as NIF or Omega.

These studies would be important as a direct way to explore the

screening of the deflecting Coulomb barrier in a charged particle

fusion or capture process at the conditions of a stellar plasma.

While a number of reactions have been studied for fusion

between light hydrogen and helium isotopes [52, 23, 2], no

studies exist for these kind of reactions for higher Z nuclei. The

more recent measurement of 10B(α,n)13N was a promising first

step [10], however, the technique was not quite suitable for the

study of reactions at stellar burning conditions. The boron

content was part of the outer beryllium ablator containing a

65/35 % deuterium–tritium (DT) gas fill. The α particles were

produced by D+T fusion reactions and therefore had a much

higher energy than α particles in a thermal plasma. The

successful analysis of the 13N reaction products using RAGS,

however, demonstrated that such measurements remain

feasible.

The 10B(p,α)7Be, 12C(p,γ)13N, and the 14N(p,γ)15O reactions

are suitable because the radioactive decay of the reaction

products provide a unique signature. In addition, these

reactions play an important role in astrophysics, from the

nucleosynthesis in first stars to the interpretation of the

CNO neutrino flux from our sun. The cross section data

derived from accelerator based reaction data have been

extrapolated into the energy range of the plasma

environment by a extensive R-matrix analyses, taking into

account many reaction channels. The reaction yield

produced in a generic NIF shot has been estimated on the

basis of these reaction cross sections. The results indicate that

the production rate is limited by the low cross sections

compared to the fusion reactions with lower Z nuclei. The

strong interaction 10B(p,α)7Be process is the most promising,

not only is the reaction cross section much higher than the

typical one for radiative capture reactions such as 12C(p,γ)13N

and the 14N(p,γ)15O, but also because of the lower Z of the

isotopes involved. Without significant improvement in the

experimental arrangements, the chances for measuring

reactions with higher Z isotopes are limited.
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Lasers for the observation of
multiple order nuclear reactions
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Nuclear reaction rates become nonlinear with respect to flux (cm−2s−1) in

extreme environments such as those found during stellar nucleosynthesis

and terrestrial nuclear detonations. To observe these effects directly in the

laboratory, extremely high particle fluences (cm−2) are necessary but not

sufficient. Reactor-based neutron sources, such as the Institut Laue-

Langevin’s high-flux neutron reactor, were previously the closest to meeting

this challenge, albeit over ~hour time scales. In ultra-high flux environments,

where multiple reactions occur on picosecond time scales, nuclei are unable to

return to their ground states between reactions; consequently, reactions take

place on excited nuclei. To accurately model high-flux environments, data on

the cross-sections of excited nuclear states are required, which differ

significantly from those of ground states due to spin/parity effects. In order

to replicate these effects in the laboratory, short high-fluence pulses on the

order of the lifetime of a typical nuclear excited state (generally ≲1 ns) are
required. Particle beams generated by high-intensity lasers are uniquely

positioned to meet this need with the potential to produce fluences of 1017

protons/cm2 and 1022 neutrons/cm2 over a few pico-seconds or less. In addition

to providing a quantitative analysis of the rates of multiple rapid reactions in

general, the present work examines a number of laser-based experiments that

could be conducted in the near future to observe multiple rapid reactions for

laboratory-based astrophysics and the measurement of exotic cross-sections.

KEYWORDS

lab-based astrophysics, r-process, national ignition facility (NIF), TNSA, high-intensity
laser, fission, isomer, cross-section

1 Introduction

The rates of certain nuclear reactions in extremely hot and dense environments are

determined not only by the nuclear cross-sections of the ground state, but also by the

nuclear cross-sections of isomeric states since a significant population of them can be

maintained by constant bombardment from high particle flux and electromagnetic

processes. While the term “isomer” typically refers to nuclear excited states with half-

lives greater than 1 ns, an isomer in the present context is a nuclear excited state with a

half-life greater than 1 ps. Most nuclear isomers have an energy range of a few keV to a few

MeV and a half-life of less than a few hundred nanoseconds, making sample preparation

in sufficient quantity for cross-section measurements extremely difficult for traditional

experiments. However, due to its exceptionally low excitation energy of 76 eV coupled
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with a long half-life of 26 min, the first excited state of 235U is

among the few cases where measurement, while very difficult, has

been possible up to now. Measurements of cross-sections on
235mU appear to be up to a factor of 2.5 greater than that of the

ground state for thermal neutron induced fission [1]. Deviations

of a similar magnitude are expected to exist in the numerous

short-lived isomers too and will have a large influence on

reaction rates in certain extreme environments.

In plasmas with temperatures less than 10 keV, calculations

have suggested that isomeric states are strongly populated by

energetic neutrons and/or protons as opposed to other

electromagnetic processes [2]. Nevertheless, complex processes

such as nuclear excitation by electron capture (NEEC) and

nuclear excitation by electron transition (NEET) may also

contribute significantly despite the fact that previous

observations have ranged from inconclusive to controversial

[3–5]. The NEEC and NEET processes require the overlap of

an atomic and (extremely narrow) nuclear transition. Thus,

accurate predictions require very precise knowledge of atomic

transitions in a plasma, which is challenging due to density

effects, charge screening, and other phenomena. Definitive

observation of NEEC and NEET, especially in the plasma

environment, will be of great importance to the question of

how a population of nuclear isomers is maintained in a plasma.

As the use of high intensity short-pulsed lasers to generate

ultra-high flux particle beams has increased in popularity, so has

the desire to study isomers and other short-lived nuclei using

such beams. It has been proposed that short, high-flux laser-

accelerated particle pulses could be used to excite a population of

isomers (via both nuclear plasma interactions and other nuclear

reactions) while also inducing a nuclear reaction in the excited

target population [6]. The astrophysical implications of the

maintenance of a thermal population of nuclear excited states

by various mechanisms in extreme environments is covered

elsewhere, for example see [7]. The present work focuses on

the generation and probing of short-lived nuclei by rapid repeat

nuclear reactions using energetic particles produced by lasers, as

well as the potential for novel cross-section measurements

relevant to the astrophysics community as higher fluxes

become available. Two nuclear reactions occur on the “same”

nucleus during this process, with the first reaction producing the

nucleus to be studied, which is then subjected to a second nuclear

reaction. The term double reaction is used herein to refer to such

a reaction.

In the past, reactor-based neutron sources have utilized

double reactions to make cross-section measurements on

nuclei as short-lived as 233Th (t1/2 = 22 min) [8]. In contrast,

many more excited states are accessible at high intensity laser

facilities with pulse lengths between 10–15 to 10–11 s and time

integrated particle fluxes that are comparable to those produced

by themost powerful reactor-based sources in an hour. Following

a nuclear reaction, such as neutron capture or inelastic scattering,

the nucleus is nearly always left in a short-lived excited state.

Because laser pulse lengths are shorter than the lifetimes of many

of these excited states, if two nuclear reactions occur on the same

nucleus, the second reaction will sometimes occur on an excited

nucleus. Section 2 provides several examples of possible

measurements on radioactive nuclei and nuclear isomers that

may be of interest to the community, as well as a quantitative

analysis of the rates of multiple reactions on a single nucleus.

Section 3 provides a quantitative assessment of the prospects for

studying double reactions at existing facilities.

2 Multiple rapid reactions

2.1 Precise definition and significance

During the r-process,many successive nuclear reactions occur on

short time scales. Even during terrestrial nuclear detonations, up to

16 rapid neutron captures have been observed [9]. Detailed

quantitative analysis of large leaps in nuclear mass up to the

neutron drip lines requires the modeling of a large number of

reaction channels and is a complex task best left to codes. The

observation of more than a few consecutive reactions in sufficient

quantities would demand a flux well beyond the capabilities of

current facilities. For these reasons, the present work is primarily

concerned with double successive reactions of the general form

I + n → J (1)
followed by

J + n → K (2)

where a flux of particle n is incident on a sample of some initial

target nucleus, I, producing an intermediate residue nucleus, J,

which undergoes a further reaction to produce the final nucleus,

K. For example consider double neutron capture on 56Fe

56Fe + n → 57Fep
57Fep + n → 58Fe

(3)

where * indicates that 57Fe is in an excited state, whichwill be the case

at the time of the second neutron capture if it occurs on a short time

scale due to the presence of several long-lived isomeric levels

encountered during the de-excitation of 57Fe. Thus, double

neutron capture on 56Fe is a candidate for measurements of

cross-sections on a short-lived isomer. Another application is

cross-sections measurements on nuclei whose preparation in

sufficient quantities is prohibitively difficult due to their short half

lives. Consider, for instance, double neutron capture on 50Ti, which,

in contrast to double capture on 56Fe, results in the 51Ti nucleus

returning to its ground state almost instantly after the first capture. At

the National Ignition Facility (NIF), the required neutron yields for

the observation of such double reactions are already attainable.

Astrophysics is interested in double proton/neutron

absorption reactions as a possible pathway to measuring

cross-sections on unstable proton/neutron-rich nuclei that are
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needed to constrain models. Neutron capture cross-sections on

unstable nuclei are important to the rapid neutron capture

process (r-process), which produces approximately half of the

atomic nuclei heavier than iron. Proton absorption cross-sections

on unstable nuclei are important to the rapid-proton process

(rp–process), which may explain the abundances of a few nuclei

that are bypassed by the other known processes. Double capture/

absorption reactions are more straightforward to observe

experimentally. To see why, consider the following reaction

where the incoming proton is not absorbed,

62Ni + p → 61Ni + np 460mb( )
61Ni + p → 60Cu + 2n 44mb( ) (4)

where the cross-sections are taken from the ENDF library and

integrated over a typical laser accelerated proton energy

spectrum (see Figure 1). The double reaction pathway for the

production of 60Cu from Eq. (4) is in competition with the

following ordinary reaction pathway

62Ni + p → 60Cu + 3n 2mb( ). (5)

Because the cross-sections of the double reaction pathway are larger

than those of the ordinary reaction pathway, it may be tempting to

predict that the double reaction pathway will contribute significantly

to 60Cu production in high flux environments. However, due to the

statistics of double reactions, the ordinary reaction pathway will

continue to predominate over the double reaction pathway even at

the highest proton fluence that is currently achievable in the

laboratory. The same problem exists for any double reactions

involving fission, which is exemplified in section 3.1.2 using

neutrons produced at NIF. In contrast, double capture/absorption

reactions, in which Z increases by two for incident protons (or A for

neutrons), avoid this problem because the final product can only be

produced via the double reaction pathway.This problem is also

avoided in circumstances where the maximum energy of the

incident particles is below the cut-off for the competing single-

order reaction. For example, consider the following reaction

induced using 14MeV energy of neutrons from D-T fusion

208Pb + n → 207Pb + 2n
207Pb + n → 206Pb + 2n.

(6)

The cross-section for the production of 206Pb from 208Pb in a

single reaction, or 208Pb + n → 206Pb + 3n, is vanishingly small

because the two-neutron separation energy of 208Pb is 14.1 MeV.

Therefore, like double absorption reactions, the detection of
206Pb is unambiguously linked to the double reaction in Eq. (6).

2.2 Quantitative analysis of double
reaction rates

2.2.1 Simplified mathematical forms
The following assumptions are useful in order to analyze

double reaction rates in laboratory conditions:

FIGURE 1
Cross-sections for the reactions in Eqs 4 and 5. Taken from the ENDF library. For reference, a typical distribution of laser accelerated proton
energies is shown.
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1. All reactions occur virtually instantaneously (zero pulse

width), and

2. Multiple order reaction rates are low relative to ordinary

reactions.

Assumption (I) is true if nuclides J and K have a long half-

life relative to the pulse width; and hence, species decay is

irrelevant. This assumption highlights a benefit of short

pulsed lasers: shorter pulse widths make more intermediate

states available as short-lived isomers that would otherwise

decay to the ground state before a second reaction occurs.

Assumption (II) is mathematically true if the inverse of the

fluence is much less than the relevant cross-sections, which in

practice amounts to a fluence of at least ~ 1022 particles per

cm2 in most cases of interest. A consequence of assumption

(II) is that “burn-up” of the initial target atoms can be

ignored. While the neutron fluence from recent high yield

NIF shots approach this limit, none of the other laboratory

sources currently available come close. Establishing a

differential equation accounting for the rate of production

and loss, such as through decay or nuclear reactions (if

applicable), of each nucleus is the standard procedure for

calculating the amounts of a species of nuclei over time while

subject to flux. Other examples of this procedure can be seen

in [8–10]. Under the assumptions (I) and (II), the relevant

rate equations are

z

zt

I t( )
J t( )
K t( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ �
0 0 0
ϕσJ 0 0
0 ϕσK 0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦
I t( )
J t( )
K t( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦

such that
I 0( )
J 0( )
K 0( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ �
NI

0
0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (7)

where I(t), J(t), and K(t) are the time dependent number of the

initial target nucleus, the intermediate residue nucleus, and the

final nucleus following the double reaction, respectively. ϕ is the

flux (cm−2s−1) and NI is the number of target nuclei. σJ is the

cross-section for the reaction that produces J from I and σK is the

cross-section for the reaction that produces K from J. The

diagonal terms of the matrix in Eq. (7) vanish due to the

simplifying assumptions described above. Otherwise, the

solutions become unwieldy but can be handled using

mathematical software if needed. Assumption (II) makes a

difference of less than 5% for all figures given in the present

work. The solutions of interest to Eq. (7) are

J t( ) � NI ϕt( )σJ

K t( ) � 1
2
NI ϕt( )2σKσJ

(8)

K(t) in Eq. (8) is the total number of double reactions. A lower

bound on the fluence (ϕt) in order to observe double reactions is

then determined by setting K(t) = 1, giving

ϕt( )min ~









2

NIσKσJ

√
. (9)

2.2.2 General mathematical forms
Eq. (8) is easily generalized to higher order reactions (e.g.

triple neutron capture) giving

yield of nth order reaction( ) � NI

n!
ϕt( )n ∏

n

i�1
σ i (10)

where n is the number of successive reactions and σi is the cross-

section for the ith reaction.

Relaxing assumption (I) by allowing the intermediate

nucleus, J, to undergo decay at a rate of λJ per second, the

following multiplicative correction factor can be applied to Eq.

(8) to get double reaction yield

multiplicative decay correction( ) � 2 tλj + e−tλj − 1( )
t2λ2j

. (11)

Since the rate of double-reactions is not linear with respect to

the fluence, the following generalization of Eq. (8) must be used

in the case of spatially non-uniform fluence

K t( ) � 1
2
∫F2〈σK E( )〉〈σJ E( )〉ρ dV (12)

where the angle brackets around σK(E) and σJ(E) represent flux-

weighted average cross-sections, F is the fluence, and ρ is the

atom density. Because Eq. (12) depends on the square of the

fluence, the rates for diverging sources break from the intuition

one may have for ordinary reaction rates. Consider the following

example. An isotropic point source is embedded in a spherical

vacuum of radius r0 and surrounded by material with atom

density ρ extending from r0 < r < ∞. The total double reaction

yield is, assuming zero attenuation

(yield) � 1
2
σKσJρ∫F2 dV � 1

2
σKσJρ∫

∞

r0

s

4πr2
( )

2

4πr2 dr

� s2σKσJρ

8πr0
(13)

where a total of s particles are emitted by the point source.

Interestingly, the yield of the double reaction is finite despite

particles traversing an infinite amount of material, whereas the

yield of single, ordinary reactions diverges to infinity.

2.3 Cross-section determination

Because most cross-sections for the population of isomers by

inelastic nuclear reactions have not been experimentally

measured, the present work uses the TALYS [11] code to

estimate cross-sections as needed. The 235U(n, n′)235mU cross-

section has been measured experimentally with results agreeing
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very well with TALYS [12]. While such success is not universal,

errors greater than a factor of two are expected to be uncommon.

TAYLS can calculate the cross-section for the production of any

isomer given that the corresponding discrete nuclear level is

documented and assigned a half-life in the Evaluated Nuclear

Data Structure File (ENDSF) library. If the discrete state is not

assigned a half-life then it cannot be treated as an isomer by

TALYS. In TALYS, isomers are produced by both direct

inelastic scattering and a time-dependent cascade of decays

from higher levels. Fortunately, the code can account for isomer

production via feeding from decay of higher excited states,

which in many cases is the dominant mechanism as opposed to

direct inelastic excitation to a given level. This feature is crucial

for isomer production calculations in laser environments where

isomeric states with lifetimes as short as a few hundred ps may

be effectively stable on the time-scale of the laser’s pulse width.

The algorithm in TALYS will allow an excited nucleus to decay

to any available lower lying discrete levels until a level is reached

with a half-life greater than or equal to a user-specified

threshold, at which point further decays stop. The effects of

this setting are demonstrated in Figure 2 where large differences

are seen in the calculated cross-sections for the excitation of the

70 eV isomer of 235U by neutrons. Setting the minimum half-

life threshold to 100 ps results in a lower calculated cross-

section because higher, shorter-lived levels are now considered

stable by the code and no longer decay to the 70 eV excited

state. As a result, perhaps surprisingly, the first excited state of
235U is not a great candidate for studying isomers on laser time

scales. According to TALYS, the isomer 235mU is maintained in

the largest quantities on ps scales when 235U target nuclei are

irradiated by 14 MeV neutrons, as discussed in greater detail in

section 3.1.2.

3 Running the numbers

3.1 Neutrons at NIF

3.1.1 Estimated yields
The National Ignition Facility (NIF) currently holds the

record for highest neutron flux produced in a lab. Implosion

experiments on the NIF vary in their complexity and the

neutron yield, thus fluence, that is achievable. Simple gas-

filled capsules can produce DT neutron yields of 1014–1015

and are straightforward to execute. More complex “layered”

experiments, in which a layer of DT ice is grown against the

inner surface of the capsule, are significantly more complex

but enable higher yield. Experiments in the “burning plasma”

regime have produced neutron yields up to ~ 5 × 1016 [13]

and more recent experiments have generated much higher

yields, up to ~ 4 × 1017 [14]. Based on these results, near-term

experiments using yields above 1017 are possible and even

higher yields, for example up to 1018, may be plausible within

the next several years. In these experiments, the neutron flux

lasts ~ 100 ps and is contained within a ~ 50 μm radius. For a

neutron yield of 1017, this corresponds to neutron fluence of

4 × 1021 neutrons per cm2. The next most intense neutron

source in terms of run-integrated fluence is found in research

reactors, which are capable of producing ~ 1019 thermal

neutrons per cm2 per day.

FIGURE 2
Two different TALYS calculations of the cross-sections for the production of the first excited state in 235U by neutron inelastic scattering. The
time-scale can be adjusted by setting the minimum half-life to be treated as an isomer. The effective cross-section for the production of the first
excited state is smaller on short time scales because higher excited states do not have enough time to feed the first excited state.
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In the following examples, it is assumed that 1015 target

atoms are seeded in the NIF capsule and exposed to a neutron

yield of 1017 (fluence = 1021 neutrons/cm2). For a given pair of

cross-sections, these conditions give a double reaction yield of

yield of double reaction( ) ≈ 5 × 108σJσK b−2[ ] . (14)

where σJ and σK are the cross-sections for the first and second

reactions in units of barns.

3.1.2 Fission on an excited nuclear state 235mU
According to cross-sections provided by TALYS, the most

numerous fissionable isomer created by neutron interactions on

FIGURE 3
Cross-sections for the production of several isomers from neutron bombardment of 235U.

FIGURE 4
Time averaged ratio of 235mU to 235U maintained by the 235U(n, 2n)234mU reaction during high flux bombardment of 235U by 14 MeV neutrons.
234mU refers to the 43.5 keV, 252 ps half-life isomer of 234U. This isomer of 234U is chosen here because it has the highest production cross-section
from NIF neutrons on 235U according to TALYS calculations. At a ratio of 1:10, it likely becomes possible to observe changes in fission rates and yields
due to multiple reactions.
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235U nuclei under the conditions of a high yield NIF implosion is

the 43.5 keV, 252 ps isomer of 234U produced by the
235U(n, 2n)234mU reaction, with a calculated cross-section of

about 0.7 b for the relevant neutrons. See Figure 3 for a few

other relevent cross-sections output by TALYS. Using this value

and a fission cross-section of 2 b, Eq. (14) gives 7 × 108 fissions on
234mU. This is small in comparison to the number of ordinary

fission on the 235U target nuclei, which calculated using standard

methods gives 2 × 1012. Since fission of 235U dominates over
234mU by a factor of ~3,000 under these conditions, it is unlikely

that there will be a measurable difference in overall fission rate or

fission product yields due to the presence of isomers created by

neutrons. Figure 4 shows the time averaged ratio between the

number of 234U isomers and initial 235U nuclei as a function of

neutron fluence. A ratio that would potentially lead to a

measurable difference in fission observables is ≈1/10. The flux

required to achieve this at NIF, all else equal, would be

≈ 2 × 1023 n/(cm2), or a factor of ~ 50 increase over current

capabilities. Coincidentally, this value is about what is expected

for igniting capsules at NIF [15]; page 92). NIF appears to be the

most promising high flux source of any particle type currently

available for this type of measurement. In the near future,

however, completely different approaches, such as using

surrogate reactions with reverse kinematics in storage rings

are also promising [16].

3.1.3 Double neutron capture
In contrast to fission, where the observability of double

reaction effects are determined by the ratio of ordinary fission

to fission following a secondary reaction, double neutron capture

can be observed unambiguously by the detection of (Z, A+ 2)

nuclei. While the neutron capture cross-sections for 14 MeVD-T

neutrons are quite low, a significant fraction of neutrons at NIF

are down scattered to lower energies. Figure 5 depicts the energy

spectrum down to 1 MeV; the rates of neutrons with energies less

than approximately 1 MeV are poorly understood due to the

difficulty of measuring them at NIF [15]; page 76. Even though

only a minute fraction of neutron flux is in the thermal energy

range, because the cross-sections for neutron capture at thermal

energies can be over 100,000 times larger than for MeV neutrons,

the low energy neutron component can have a significant effect

on capture yields. Note that the calculations below do not include

neutron energies below 1 MeV and therefore represent lower

bounds on expected yields.

Consider double neutron capture on 40Ar, yielding 42Ar.

The cross-sections for this reaction, integrated over the NIF

spectrum in Figure 5, are 1.2 × 10–4 b, and 1.4 × 10–3 b for 40Ar +
n → 41Ar and 41Ar + n → 42Ar, respectively, according to the

ENDF library. This gives an expected yield according to Eq. (14)

of 1.5 × 103 42Ar nuclei given that 1015 initial 40Ar nuclei are

seeded into the capsule. With a half-life of over 30 years, these

rates are not high enough to perform gamma spectroscopy.

Efforts are currently underway to test the viability of using the

RAGS system to collect and store 42Ar for transport to Argonne

National Laboratory where accelerator mass spectrometry will

be performed (per personal communication with Micheal Paul

of Argonne National Laboratory). Much higher double neutron

capture yields are possible, with the highest achievable at NIF

being around ~ 5 × 106 if a nucleus with a high neutron capture

cross-section like 158Dy is used. Using a nucleus with a more

FIGURE 5
Energy distribution of neutrons during a NIF implosion. Data taken from [15]; page 7). The cumulative fraction is also given for the reader’s
convenience so that the fraction of neutrons in a given energy range can be quickly estimated by taking the difference between the values at two
energies.

Frontiers in Physics frontiersin.org07

Burggraf and Zylstra 10.3389/fphy.2022.993632

53

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.993632


typical neutron capture cross-section like 235U gives an

estimated yield of ~ 6 × 105 radioactive 237U nuclei from

double neutron capture. As a final example, consider double

capture on 56Fe as denoted in Eq. (3), a possible scheme to

measure neutron capture cross-section on excited 57Fe as

compared to the ground state. This reaction gives a

calculated yield of ~ 104 58Fe nuclei, easily measurable by

techniques such as accelerator mass spectroscopy.

3.1.4 Other reactions
The production of 232U from 235U via double reactions

cannot occur via a single reaction from neutrons at NIF

because the threshold for the (n, 4n) reaction is

approximately 19 MeV, avoiding the previously described

problem of dominance by an ordinary reaction channel.

There are two pathways to produce 232U from 235U via

double reactions

235U + n → 234U + 2n .56 b( )
234U + n → 232U + 3n 3.2 × 10−3 b( ) (15)

and

235U + n → 233U + 3n 3.0 × 10−2 b( )
233U + n → 232U + 2n 0.18 b( ) (16)

where the cross-sections, taken from ENDF, are energy-

weighted. The usefulness of this example is the high yields.

Compared to the example of double neutron capture reaction

on 235U, the calculated yield of 232U in this example is 3,000x

greater, at 2 × 109, owing to the higher cross-sections.

3.2 Protons from TNSA

3.2.1 Estimated yields
Irradiating thin foils with short-pulse, ultrahigh intensity lasers to

generate energetic protons is emerging as a promising method for

achieving fluxes high enough to be relevant for multiple reactions. In

particular, the well-known Target Normal Sheath Acceleration

(TNSA) method is distinguished from conventional ion

accelerators by its ability to send high count particle bunches into

very small areas with a very short pulse length. The best set of

conditions within reach of current systems is ~ 1013 protons [17]

produced over a 50 μm radius with a 15° diverging angle. The

following yield calculation assumes that the protons traverse

through a target material of typical solid densities (5 × 1023

atoms/cm3) and a thickness of a few mm, beyond which the

double reaction rate is virtually zero due to beam divergence (this

can be seen by using Eq. (12), following the same pattern of the

example of Eq. (13)). Taking into account these (generous)

assumptions, the maximum achievable rate of a double proton

reaction using protons from TNSA at existing facilities is about

max. tot. yield of double reaction( ) ≈ 6 × 102σJσK b−2[ ] (17)

where σJ and σK and the cross-sections for the two reactions in

barns. Thus, to be readily detectable, the product of the cross-

sections of the two reactions must be such that σJσK ≳ 0.001 b2.

3.2.2 Double proton absorption
For example, consider the following double proton

absorption reaction on 206Pb

FIGURE 6
Schematic of a gas transport system for the collection of nuclear reaction products that was tested at the PHELIX laser facility.
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206Pb + p → 205Bi + 2n
205Bi + p → 204Po + 2n.

(18)

Using data from ENDF and TALYS for Pb and Bi, respectively,

and averaging the cross-sections over a typical TNSA spectrum

gives a value of 0.5 b for both reactions. From Eq. (17) this gives a

yield of 150 204Po per laser shot. Since the conditions leading to

Eq. (17) were generous, experimental observation of double

reactions using TNSA is possible in the relative near-term

with some improvements. Upcoming laser facilities with a

higher repetition rate will be particularly useful; newer lasers

are expected to shoot once per minute or at Hz to 10 Hz rates,

making “rare event” searches feasible with routine proton yields

as low as 1011.

3.2.3 Initial steps at PHELIX facility
In the vicinity of high intensity laser interactions with matter,

the majority of conventional nuclear measurement techniques

will fail due in part to high peak current, strong electromagnetic

pulse (colloquially EMP), and the presence of plasmas. This has

motivated the development of a gas transport and collection

system in which nuclear reactions occur within a small,

hermetically sealed chamber through which inert gas flows,

carrying reaction products to a filter where gamma

spectroscopy is performed (see Figure 6). A successful proof-

of-principle demonstration was conducted at the peta-watt

PHELIX laser facility in 2020 [18] using 500 fs, ≈ 200 J laser

pulses to accelerate bunches of protons via TNSA. The maximum

proton fluence tested using this method at PHELIX is 2 × 1011

protons/cm2, incident on 238U targets. An optimistic estimate of

the rate of double reactions under these circumstances predicts

only one occurrence every ~10,000 laser shots, which would

require years of daily operation at the maximum repetition rate.

The distance between the 238U target and the gold TNSA foil

(5 cm, see Figure 6) was the primary factor limiting the amount

of usable fluence in these experiments. This distance, ideally,

would be on the order of a few microns, effectively bringing the

laser-matter interaction inside the chamber–a significant

overhaul over the current design. Nonetheless, this is the

initial step toward radchem-type experiments at peta-watt

laser facilities, whereas similar capabilities known as RAGS

have existed at NIF for about a decade. The development of

this platform is ongoing, and additional work by the present

authors and collaborators will be published elsewhere in the

coming months by the present authors in collaboration with

others.

4 Summary and outlook

The possibility of inducing multiple nuclear reactions in

rapid succession has been considered in order to study

nuclear reactions on short-lived isomers and exotic nuclei.

A set of practical equations with varying degrees of generality

for estimating double reaction rates has been developed.

Double neutron-capture reactions have been performed

using reactors capable of producing 1019 neutrons/cm2/day,

but the slow accumulation of fluence precludes studies on

short-lived nuclear isomers, which are required to conduct

studies relevant to ultra high-flux environments such as those

that occur during the r-process. High intensity lasers, while

posing new measurement challenges, have the potential to

outperform the highest fluence achievable with conventional

methods by orders of magnitude, and have pulse lengths

down to a few ps to ns.

For reactions where an isotopic signature can be uniquely

linked to the double reaction, such as double neutron capture, the

necessary fluence is currently readily attainable at NIF using D-T

fusion neutrons. Upcoming facilities such as ELI-NP will also

meet this threshold with sources of neutrons and protons. For

double reactions that do not produce an unambiguous isotopic

signature, such as neutron capture followed by neutron induced

fission, the experimental fluence required to observe them is

much higher, generally greater than ~ 1023 particles per cm2. This

is because this class of double reactions will only manifest

experimentally if double reaction rates are on the same order

as ordinary reaction rates. At this point, nonlinearities in reaction

rates with respect to flux become apparent; such an observation

in a laboratory would be monumental in the study of extreme

environments. NIF is currently the most promising facility for

achieving the necessary fluence, but further increases of ~50x are

still required.

Owing to their ability to squeeze a large number of particles

into a very small area in a very short duration, next-generation

lasers will be at the forefront of the study of nuclear reactions in

extreme environments. Amajor challenge in the near termwill be

the adaptation of current measurement methods and

instruments to the hostile environment of the high intensity

laser, as well as the development of new measurement methods.

The present authors hope that this work will serve as a catalyst for

additional research and discussions in this emerging field.
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Experiments performed on an inertial confinement fusion (ICF) platform offer a

unique opportunity to study nuclear reactions, including reaction branches that

are useful for diagnostic applications in ICF experiments as well as several that

are relevant to nuclear astrophysics. In contrast to beam-accelerator

experiments, experiments performed on an ICF platform occur over a short

time scale and produce a plasma environment with physical parameters that are

directly relevant to big bang and/or stellar nucleosynthesis. Several reactions of

interest, such as D(T,γ)5He, H(D,γ)3He, H(T,γ)4He, and T(3He,γ)6Li produce high-

energy gamma rays. S factors or branching ratios for these four reactions have

recently been studied using various temporally-resolved Cherenkov detectors

at the Omega laser facility. This work describes these detectors as well as the

current standard technique for performing thesemeasurements. Recent results

for reactions D(T,γ)5He, H(D,γ)3He, H(T,γ)4He, and T(3He,γ)6Li are reviewed and

compared to accelerator-based measurements. Limitations associated with

implosion experiments and use of the current standard gamma detectors are

discussed. A basic design for a gamma spectrometer for use at ICF facilities is

briefly outlined.

KEYWORDS

inertial confinement fusion, fusion gamma ray, laser-driven fusion, omega laser facility,
nuclear astrophysics, big bang nucleosynthesis, gamma-ray emission spectra, S factor

1 Introduction

Inertial confinement fusion (ICF) experiments typically involve laser-driven

implosion of a spherical target which produces a high-energy-density (HED) plasma

as temperatures and pressures increase to levels at which fusion of ions can occur. “High-

performance” ICF experiments generally use cryogenic deuterium-tritium (DT) targets

consisting of DT vapor surrounded by DT ice and seek to optimize target and laser

parameters so as to promote self-heating of the target through redistribution of energy as
4He or α particles from the D(T,n)4He reaction slow down in the dense cryogenic DT ice

layer. While these types of experiments are of interest from a fusion energy perspective,

the ICF experimental platform can also be leveraged for the purpose of nuclear science

experiments. This is especially interesting within the context of astrophysically-relevant

nuclear reactions. In contrast to the previously mentioned “high performance” fusion

energy-focused studies, nuclear experiments performed using an ICF experimental
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platform typically involve warm (i.e., room-temperature) targets

consisting of thin glass or plastic shells filled with a gaseous

mixture of reactants.

Nuclear measurements have traditionally been made via

accelerator experiments. These accelerator experiments

typically collect data using ions from a beam which collide

with static target nuclei. In contrast, experiments performed

on an ICF platform are able to more closely replicate

conditions present in astrophysical environments, such as

those relevant to big bang or stellar nucleosynthesis. For

example, ICF experiments establish a population of moving

ions in which reactions occur along with temperature,

pressure, and electron screening effects that can come closer

to those present when nucleosynthesis occurs in nature. There

are, however, also potential disadvantages to use of the ICF

platform for cross-section/S-factor measurements. For example,

ICF experiments typically generate relatively large particle fluxes

per unit time in comparison to accelerator experiments. This can

be advantageous for the purpose of limiting backgrounds (e.g.,

backgrounds from cosmic rays), however, the production of

particles in several distinct, pulse-like events instead of one

continuous experiment means that particle statistics cannot be

improved by a simple increase in the duration of the experiment.

This means that certain very low cross-section reactions cannot

currently be studied on an ICF platform, as particle statistics

would be too poor to produce meaningful results. Furthermore,

only certain types of detectors can be successfully used on an ICF

platform. Traditional pulse height detectors, for example, cannot

be used due to the short time scales of ICF experiments. Time-of-

flight detectors are typically used instead, though calibration of

these detectors can be challenging.

There are some further restrictions on which reactions can be

studied via ICF experiments based on the reactants involved. ICF

experiments can typically only accommodate nuclear

experiments involving gaseous light ions (which are used as

the target fill). Implosion of these targets produces primary

fusion gammas and neutrons with the energies of the

products depending on the reactants present in the gas fill.

DT and DD gas fills are the most commonly used in ICF

experiments. It is also possible to conduct experiments

involving the collision of DT (14-MeV) or DD (2.45-MeV)

neutrons on some material situated outside of the target [1].

It is generally not possible to further select the gamma or neutron

energies produced by the implosion.

Production of additional reactions besides the reaction of

interest to the experiment can also lead to backgrounds on the

spectra of interest. For example, implosion of a DT target

produces DD and TT neutrons as well as DT neutrons, and

DD gammas as well as DT gammas. Considering these many

differences from accelerator experiments as well as these unique

advantages and disadvantages, it is clear that experiments

performed on ICF platforms represent a valuable complement

to specific types of accelerator experiments rather than a

replacement for accelerator experiments. The properties and

particle statistics involved in any given ICF-based

experimental campaign that aims to make nuclear cross-

section measurements must be closely evaluated before

determining whether the ICF platform is suitable for a given

study.

This work reviews the current standard procedure for

studying gamma-producing nuclear fusion reactions in HED

plasmas as produced by ICF experiments. The design and

calibration of the standard gamma detectors present at ICF

facilities are detailed. The standard procedure for calculating

nuclear yields using these detectors is outlined and results of ICF-

based studies focusing on the four reactions D(T,γ)5He, H(T,γ)
4He, H(D,γ)3He, and T(3He,γ)6Li are then reviewed. Finally,

potential directions for the development of a gamma

spectrometer that is practical for use at ICF facilities are

discussed.

To date, the fusion gammas from the reactions D(T,γ)5He,

H(T,γ)4He, H(D,γ)3He, and T(3He,γ)6Li have been studied at the

Omega laser facility. Due to its relatively large cross section, the

reaction D(T,n)4He is considered to be among the most

promising to focus upon for the purposes of fusion energy

research. As such, DT implosions constitute the majority of

experiments performed at ICF facilities, and neutrons from

this reaction are studied intensively. Gamma rays from the

branch D(T,γ)5He are produced simultaneously and are also

used for complementary diagnostic purposes in fusion energy-

focused implosion experiments. In particular, the DT gamma is

currently used for measurements of burn width, which is

considered a vital parameter in evaluating the performance of

these implosions. Gammas from this reaction as well as H(T,γ)
4He are additionally used in dedicated experiments that seek to

study the mix of ablator material from the target’s shell into its

hot spot, where most of the fusion occurs, as excessive mixing of

ablator material into the hot spot is known to degrade overall

implosion performance [2]. In addition to their importance to

ICF itself, study of the gammas from these reactions serve as

references for the design and execution of experiments that

instead seek to perform nuclear measurements using

implosions at facilities such as OMEGA or the National

Ignition Facility (NIF). The DT gamma is also vital for the

absolute calibration that is necessary to make such

measurements, which will be further discussed in Section 2.

H(D,γ)3He and T(3He,γ)6Li are both important reactions

within the context of big bang nucleosynthesis (BBN). These

reactions are both relevant to the cosmological lithium problem,

which describes 1) a factor of ~ 3-4 discrepancy between the

observed abundances of primordial 7Li and the primordial 7Li

abundance that is expected based on the current standard model

of BBN, and 2) a ~3 order of magnitude discrepancy in the

amount of 6Li observed in metal-poor stars and the 6Li

abundance that is expected according to the standard model

of BBN [3–6]. H(D,γ)3He is important to BBN (as well as to the
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evolution of protostars [7]) due to its consumption of deuterium

and production of 3He. It is known to be the primary reaction

which consumes deuterium and produces the 3He needed for the

eventual production of heavier nuclei in BBN. It is therefore

considered to be a limiting reaction in BBN, as uncertainties or

perturbations in the cross section or S factor for this reaction

would influence abundances of primordial D, 3He, and Li [6, 8].

T(3He,γ)6Li is clearly relevant to the lithium problem as a

reaction that directly creates 6Li. Furthermore, there is limited

experimental data available on the cross section for this reaction,

especially at the low energies relevant to BBN [9]. Although there

are several reactions that are relevant to BBN, these two reactions

have been studied on an ICF platform due to their importance as

well as due to the fact that their relatively high cross sections and

the energies of their emitted gammas lend themselves towards

successful measurements at conditions achievable via implosion

experiments and with the gamma detectors that are currently

available at ICF facilities.

2 Detectors and calibration

Due to the relatively short (~100-ps scale burn duration) time

scales associated with ICF experiments, the standard gamma

detectors available at ICF facilities are all current-mode

(i.e., temporally-resolved) detectors. This means that the raw

signal from these detectors is a voltage as a function of time. All of

the standard gamma detectors currently available at ICF facilities

(i.e., NIF and OMEGA) are Cherenkov detectors. These detectors

typically involve a glass, plastic, or gas reservoir that serves as a

radiator. The radiator is coupled to a photomultiplier tube

(PMT). Because all gammas travel at the speed of light and

generally are not scattered by materials present in ICF targets,

these Cherenkov detectors typically detect all prompt fusion

gammas within a relatively short spread of times. Secondary

gammas such as neutron-induced inelastic gammas may also be

observed at later times in the time-of-flight signal, the exact

timing of which can be altered depending on the detector

distance and the material’s distance from target chamber

center (TCC). This configuration can be useful for calibration

purposes.

Cherenkov detectors rely on the phenomenon of Cherenkov

radiation. Incident gamma rays scatter electrons in the radiator,

which produce electromagnetic radiation in the form of photons

which are emitted in spherical wavefronts. If the speed of a given

electron is greater than the local speed of light within the radiator,

constructive interference between the spherical wavefronts

produces a conical flux of photons (“Cherenkov radiation”)

which can be detected by a photo-detector such as a PMT.

The local speed of light in a medium is equal to c/n where c

represents the speed of light in vacuum while n represents the

index of refraction of a material. It is therefore clear that the

minimum gamma energy that can be detected by a given

Cherenkov detector depends on the index of refraction of its

radiator.

The main detectors that are currently in use at ICF facilities

and may be used for nuclear astrophysics experiments such as

cross-section or S-factor measurements include the two Gas

Cherenkov Detectors (GCD’s) GCD-1 [10, 11] and GCD-3

[12] as well as the Diagnostic for Areal Density (DAD) [13].

There are GCD’s available at both the NIF and OMEGA,

however, the DAD is only available at OMEGA. The three

detectors can be run simultaneously at OMEGA, and the two

GCD’s can be run simultaneously at the NIF.

Both GCD-1 and GCD-3 use pressurized gases as a

Cherenkov medium, though the two detectors have somewhat

different designs (e.g., maximum operational pressure of GCD-1

is 100 psia while that of GCD-3 is 400 psia). Different gas fills

may be used for various purposes. The type of gas and the gas

pressure can be adjusted to change the threshold energy for

detection via changes in the refractive index of the gas. GCD-1

can also use non-gaseous radiators such as fused silica or aerogel.

Both GCD’s are re-entrant diagnostics. This means that they are

fielded by placement in one of OMEGA’s ten inch manipulators

(TIM’s) or one of the NIF’s diagnostic instrument manipulators

(DIM’s). The TIM’s or DIM’s allow the detectors to enter the

vacuum inside of the target chamber to reach close to the

implosion for increased solid angle while also providing

precise positioning capabilities for diagnostics. GCD-3 is an

updated version of GCD-1 which includes additional

shielding, improved seals, and a different snout design.

FIGURE 1
Schematic showing design of GCD-1 and GCD-3. The top
diagram illustrates the general operation of these similar detectors
while the lower two diagrams show the differences in design
betweenGCD-1 and GCD-3. These detectors use Cherenkov
radiation in high pressure gases to detect incident gamma rays.
The threshold can be adjusted by changing the pressure of the gas.
GCD-1 can also use other materials such as fused silica or aerogel
radiators. These diagnostics are re-entrant diagnostics on OMEGA
and the NIF. They are generally fielded close to TCC to maximize
solid angle.
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Figure 1 shows a schematic for the two GCD’s and points out

differences between their designs.

The DAD relies on Cherenkov radiation in fused silica. It is

available at OMEGA only. It was originally deployed in 2014 to

measure remaining shell areal densities via measurement of 4.4-

MeV gammas from the first excited state of carbon [13], but is

capable of measuring any gammas above ~ 0.34MeV (assuming

the standard index of refraction n = 1.46 for fused silica). The DAD

consists of 6 mm of tungsten shielding in front of a 6.39-cm

diameter, 5-cm thick piece of fused silica, which is directly coupled

to a PMT. Figure 2 shows a schematic illustrating the DAD

detector design. This setup is situated directly on the wall of

the OMEGA target chamber. The face of the detector is located

~172.3 cm from TCC while the PMT and electronics are located

outside the target chamber wall. In comparison to the GCD’s, the

DAD has a smaller solid angle due to its location on the target

chamber wall, so its particle statistics on a given experiment are

generally poorer than those relevant to either GCD-1 or GCD-3.

As a fixed diagnostic, however, it is much simpler to field at

OMEGA, as it is always present on the target chamber and does

not require any gas fill, leak testing, or precise positioning before a

given shot. It is also capable of detecting low energy gammas that

cannot be detected by GCD-3 (1.8 MeV minimum threshold with

400 psia C2F6) or GCD-1 (6.3 MeV minimum threshold with

100 psia CO2) with a gas fill. Its shielding as well as its location also

serve to limit the presence of low level backgrounds that may be

present in GCD signals. This is known to be a particular concern in

the GCD-1 configuration that uses a fused silica radiator [14].

Because they are temporally-resolved detectors and because

implosion experiments occur on very short (~ 100-ps scale burn

duration) time scales, gamma detectors used at ICF facilities

cannot be calibrated using the same methods as traditional pulse

height gamma detectors. Temporally-resolved gamma detectors

are instead calibrated in situ at OMEGA using the relatively well-

known cross section for 4.4-MeV gammas produced when DT

neutrons impinge upon 12C (i.e., C(n,n’)γ) [15, 16]. It is

preferable to perform the calibration at OMEGA rather than

the NIF due to the fact that warm DT implosions occur relatively

frequently at OMEGA, so there is ample opportunity to ride

along detectors for calibration without the need to secure

dedicated shot days for this purpose. The faster shot cycle at

OMEGA also allows for collection of muchmore data than would

be possible at the NIF.

The general procedure for calibration involves attaching a

carbon puck to the snout of a GCD during warm DT implosions,

as shown in Figure 3. When the 14-MeV neutrons impinge upon

the carbon puck, some of the carbon nuclei enter an excited state.

Upon return to their ground state, 4.4-MeV gammas are emitted

at various angles. Forward-directed gammas from the puck are

FIGURE 2
Schematic showing design of the DAD and illustrating its response to gamma rays of different energies. This detector uses Cherenkov radiation
in fused silica to detect incident gamma rays. It can detect gamma rays above ~ 0.34 MeV. It is a fixed diagnostic that is always located on theOMEGA
target chamber wall, about 1.7 m from TCC. Its solid angle is therefore relatively low. Image originally published in Ref. 13 and reproduced with
permission from the author and AIP Publishing.

FIGURE 3
Diagram illustrating the setup for the carbon calibration. In
this configuration, GCD-1 collects forward-directed gammas
while the DAD collects backwards-directed gammas.
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then collected by the GCD holding the puck while the DAD

collects backwards-directed gammas. It is also necessary to

collect background data without the carbon puck in place but

with the puck holder still present in order to obtain background

measurements. After several shots, the data with the carbon puck

present and the background data can each be averaged separately.

Example signals from the DAD are shown in Figures 4, 5. The

average signal without the puck present can be subtracted from

the average signal with the puck present in order to isolate the

signal from the 4.4-MeV carbon gamma. This signal can then be

used with the differential (i.e., angularly-resolved) cross section

for the C(n,n’)γ reaction as well as information about the PMT

settings and the positions and solid angles of the puck and the

detector to calculate a calibration constant (χ) as detailed in Refs.

15 and 16. The major source of uncertainty associated with this

calibration procedure generally comes from uncertainties

associated with the carbon cross section of interest.

In addition to the GCD’s, the Quartz Cherenkov Detectors

(QCD’s) and the Gamma Reaction History (GRH) diagnostic are

also available at the NIF. The GRH is designed to use 4 GCD-like

gas cells which are each coupled to a separate PMT. Each of these

can be set to a different pressure (i.e., different low-energy

threshold) and different PMT settings in order to measure

different gamma rays of interest [17]. To date, GRH has only

been absolutely calibrated to the D3He gamma, resulting in a

calibration with over 30% uncertainty [18, 19]. Statistical

uncertainties from the number of incident gammas as well as

the number of Cherenkov photons generated in the detector only

increase the total uncertainty on any given measurement using

these detectors. Further calibration work would therefore be

needed in order to make S-factor or cross-section

measurements with reasonably low uncertainties. In addition,

GRH is located 6 m from TCC, so it would be difficult to use this

diagnostic for measurements related to reactions with low cross

sections.

The QCD’s are similar to the DAD in that they use fused

silica radiators, however, the QCD’s use a quartz rod paired to a

PMT while the DAD at OMEGA uses a disc-shaped volume of

quartz located directly in from of a PMT [20]. To date, the QCD’s

lack absolute calibration and therefore cannot be used for nuclear

astrophysics experiments such as cross-section or S-factor

measurements. It could, in principle, be possible to build a

duplicate QCD that can be calibrated at OMEGA in the same

way that the GCD’s and DAD were calibrated. This would,

however, be unlikely to enable use of the NIF QCD’s for

cross-section/S-factor measurements of reactions relevant to

nuclear astrophysics due to the fact that the NIF detectors are

located very far from TCC, causing very low detection statistics

for nucleosynthesis-relevant implosions which involve reactions

with relatively low cross sections.

3 Standard analysis procedure

Once the calibration constant for a given detector is known, it

can be used to calculate gamma yield based on a measured signal

such that

Yγ � Aγ

Ω R e QE G

1

Cph Eγ( ) χ
. (1)

where Aγ represents the signal area for the gamma of interest,

Ω represents the detector solid angle, R represents digitizer

impedance (i.e., 50 Ω), e represents electron charge, QE

represents the PMT’s quantum efficiency, G represents the

PMT’s gain, Cph(Eγ) represents the detector response to

gammas of a given energy (i.e., Cherenkov photons

produced per incident gamma), and χ represents the

calibration constant. Note that the detector response

Cph(Eγ) must be calculated at the relevant gamma energy

and that the response as a function of energy is typically

calculated using Monte Carlo simulations via a particle

transport code such as Geant4 or ACCEPT. As Cherenkov

detectors utilized at ICF facilities are temporally-resolved,

energy-thresholded detectors and not true gamma

spectrometers, the relevant gamma energy for a given

implosion is generally assumed based on kinematic

considerations rather than directly measured.

The gamma yield can then be used to calculate the S factor.

As mentioned in the previous section, the S factor for a reaction

FIGURE 4
Sample of DAD data used for carbon calibration. The 9.92 g
carbon puck was placed 6.6 cm away from TCC using the GCD-1
carbon puck holder. Carbon gammas from this puck were
detected by DAD at an average scattering angle of 143°. Data
was collected with and without the carbon puck in position.
Background data without the carbon puck included the presence
of the aluminum puck holder. All signals shown here are
normalized to the relevant DT neutron yield.
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of interest can be calculated in reference to the S factor for a

reaction that is considered to be well-known such that

Sr � Sref
Yr

Yref

f1,reff2,ref

f1,rf2,r

1 + δ12,r
1 + δ12,ref

Ar

Aref

ξ2refe
−3ξref

ξ2re
−3ξr

⎡⎣ ⎤⎦ (2)

where the subscript r represents the reaction of interest, the

subscript ref represents a reference reaction that produces

particles simultaneously, fi represents fuel fractions for

different species involved in a given implosion, and the factor

ξ � 6.2696 Z1Z2( )2/3A1/3
aveT

−1/3 (3)

is used as shown in Ref. 21.

As previously mentioned, signals measured during implosion

experiments may contain backgrounds by virtue of the fact that

reactions other than the reaction of interest are occurring

simultaneously. For example, in the case of implosion of

targets filled with a mixture of H2 and D2 that aim to study

the BBN-relevant reaction H(D,γ)3He, additional gammas are

generated via the reaction D(D,γ)4He [14, 21]. Dedicated DD

implosions must therefore be included in the experimental

campaign in order to isolate the signal contribution from

gammas associated with the reaction of interest. Potential

backgrounds must therefore be carefully considered during

the design phase of any experimental campaign that is to be

performed on an ICF platform in order to properly incorporate

any additional shots necessary to quantify backgrounds.

Note that any experiments involving tritium in the target fill

will necessarily contain some deuterium which is present as an

impurity in the tritium part of the fill. As the cross section for DT

reactions is known to be relatively large, these reactions will also

likely generate DT backgrounds in experiments that aim to study

reactions involving tritium [14, 22].

4 Recent results and discussion

The following is a review of gamma-branch fusion reactions

that are relevant to nuclear astrophysics and have recently been

studied at the Omega laser facility. Note that all of these

experiments have so far been performed at the OMEGA.

Although protons and neutrons from astrophysically-relevant

reactions have been performed at the NIF [23], no studies of

gamma-branch fusion reactions have yet occurred at this

particular facility. It would be possible to perform such

studies at the NIF, which has GCD’s available as outlined in

the previous section, though the length of the NIF shot cycle

would make it considerably more difficult to perform duplicate

FIGURE 5
Average DAD calibration data with and without the carbon puck in place (A) and the carbon gamma data resulting from their subtraction (B).
Background data without the carbon puck included the presence of the aluminum puck holder. The area of the subtracted signal is used to calculate
the carbon calibration constant χ. The dashed vertical lines in the plot represent the times over which the area was calculated.
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shots as well as to incorporate the shots that are necessary to

examine backgrounds for these experiments. It may, however, be

advantageous to design campaigns to study these reactions on the

NIF at some point, as the NIF is able to reach laser energies (and

therefore particle fluxes) that cannot be reached at OMEGA.

A. D(T,γ)5He (distributed spectrum, γ0 =
16.7MeV)

The DT gamma from the reaction D(T,γ)5He has primarily

been studied within the context of the DT gamma-to-neutron

branching ratio (i.e, the ratio between this gamma-producing

reaction and the neutron-producing reaction D(T,n)4He). It is

mainly of interest within the context of the endeavor to create a

fusion-based source of sustainable energy, as the neutron branch

DT reaction has a relatively high cross section and is therefore the

focus of most NIF and OMEGA experiments that seek to reach

ignition and/or determine improved approaches towards

reaching ignition. While the gamma branch reaction is known

to be several orders of magnitude lower in cross section than the

neutron branch reaction, these gammas can be useful for

diagnostic purposes because gammas generally do not scatter

within remaining target material and do not experience Doppler

broadening in transit (whereas neutrons do). As DT implosions

are the most common type of experiments performed on ICF

platforms, the DT reaction serves an important role in the

calibration of gamma detectors that are to be used in

subsequent experiments (as discussed in Section 2). The

gamma and neutron branches of this reaction can also serve

as important reference reactions for subsequent astrophysics- as

well as fusion energy-relevant experiments that use these

detectors.

The gamma branch DT reaction produces gammas into a

distributed energy spectrum that is related to the nuclear

structure of 5He. An example of the spectrum was recently

reported in Ref. 24, which calculated a spectrum based on

GCD-1 measurements collected with different gas pressures

(i.e., different gamma energy thresholds) in combination with

R-matrix values for the structure of 5He. The spectrum is

reproduced in Figure 6.

It should be noted that results reported from accelerator

experiments span an entire order of magnitude for the DT

gamma-to-neutron branching ratio. This is thought to be

because accelerator targets generate a gamma background due

to DT neutrons impinging upon target nuclei, as these target

nuclei may then enter an excited state and emit gammas upon

return to their ground states [18]. ICF facilities offer a unique

opportunity to study this reaction without this gamma

background and at low center-of-mass (CM) energies which

are relevant to BBN and stellar nucleosynthesis but remain

difficult to reach in accelerator experiments.

To date, two studies have attempted to determine the DT

gamma-to-neutron branching ratio using the GCD’s at

OMEGA while one study has made the same attempt using

the DAD. All of these studies measured DT gammas and DT

neutrons simultaneously. Each of the relevant experimental

campaigns showed branching ratios that appeared to be

constant over the range of ion temperatures (or CM

energies) studied in the ICF experiments [16, 18, 19, 32].

No S factors were calculated for this reaction, as the shape of

the D(T,γ)5He S factor would simply take on the shape of the

well-known D(T,n)4He S factor with use of Eq. 2. The first

ICF-based study of the DT gamma-to-neutron branching ratio

used GCD-1 filled with 100 psia CO2, which corresponds to a

threshold energy of 6.3 MeV. Two calibration approaches

(absolute detector calibration and cross-calibration based

on D3He implosions) were used to calculate a gamma-to-

neutron branching ratio of (4.2 ± 2.0) × 10–5 [18, 19]. The

48% error bar on this measurement was largely due to the

D3He calibration/cross section. The second study used GCD-3

filled with 400 psia CO2, which corresponds to a threshold

energy of 2.6 MeV. The carbon calibration outlined in Section

2 and detailed in Ref. 15 was used to calculate a branching ratio

of (4.56 ± 0.58) × 10–5 [32]. Note the reduced uncertainty due

to the use of the carbon calibration, as the C(n,n’)γ cross

section is more well-known than the D(3He,γ)5Li cross section.

A third study attempted to determine the DT gamma-to-

neutron branching ratio using the DAD detector, which has a

threshold energy of 0.34 MeV. Carbon calibration was performed

for the DAD, resulting in a final branching ratio of (8.42 ± 2.84) ×

10–5 [16, 33]. The relatively higher uncertainty on this

measurement in comparison to the GCD-3 measurement from

FIGURE 6
DT gamma spectrum used for weighting the DAD response
function to determine a DT gamma-to-neutron branching ratio.
Data from Ref. 24 has been reproduced with the permission of the
corresponding author.
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Ref. 32 comes mainly from the statistics involved in the carbon

calibration as well as uncertainty in the DAD detector response

(which was generated using Geant4 simulations).

These measurements are shown in comparison to some

accelerator measurements in Figure 7. The DAD

measurement from Ref. 16, 33 was a factor of ~2 higher

than the GCD measurements from Refs. 18, 19, and 32, but

its error bars overlap with the error bars from the GCD-1

value from Refs. 18 or 19. Note that ICF-based

measurements necessarily measure the gammas associated

with the ground state of 5He (γ0) as well as the gamma

associated with the first excited state of 5He (γ1). In contrast,

some of the accelerator measurements aimed to measure the

ground state gamma only. Considering the γ1: γ0 ratio of 2.1:

1 reported in Ref. 24, the OMEGA measurements can be

divided by 3.1 to get an approximate γ0 only branching ratio.

All three Ω measurements [16, 18, 32] would give a γ0
measurement that appears to be consistent with the

approximately linear trend in the accelerator data from

Refs. 28 and 29. The DAD measurement, however, is the

only of the three measurements with a total

gamma measurement that seems consistent with the γ0
accelerator measurements from Refs. 28 and 29, as the

DAD measurement gives a (γ0 + γ1) value that is

larger than the accelerator γ0 quantities. In contrast, the

total GCD-1 and GCD-3 (γ0 + γ1) measurements

are lower than the γ0 only measurements from Refs.

28 and 29.

B. H(D,γ)3He (Eγ = 5.5MeV)

The reaction H(D,γ)3He is important within the context of

BBN as a limiting reaction which consumes deuterium and

produces the 3He needed to build heavier nuclei. As such, its

cross section/S factor is considered to be an important bound on

theoretical predictions of the primordial baryon density of the

Universe [34–36]. Multiple accelerator experiments [7, 37–42]

have produced S-factor measurements for this reaction, though it

has been notoriously difficult to study on accelerators due to the

low energy, low cross-section gammas it produces. The recent

completion of the underground LUNA facility enabled high

precision accelerator measurements for this reaction [42, 43].

This reaction is also considered important in the evolution of

protostars [7].

Two ICF-based experimental campaigns have studied this

reaction. Both campaigns included shots with targets filled with a

mixture of H2 and D2 as well as targets filled with D2 only (to

measure backgrounds from the reaction D(D,γ)4He, which

produces a 23.9-MeV gamma) and targets filled with H2 only

(to measure any contribution from non-nuclear sources such as

laser-plasma interactions). Both campaigns used D(D,n)3He as

the reference reaction for calculation of the H(D,γ)3He S factor

using Eq. 2. DD neutrons were also used for ion temperature

measurements.

The first study used GCD-3 at 400 psia CO2 (2.9 MeV energy

threshold) and focused on implosions at ion temperatures of ~

5 keV (ECM = 16 keV) [21]. The second study [14, 33] used GCD-

1 with a fused silica radiator (0.34 MeV energy threshold), GCD-

3 with 400 psia CO2 (2.9 MeV energy threshold), and the DAD

detector (0.34 MeV energy threshold) simultaneously. The goal

of the second study was to span a range of ion temperatures (or

CM energies) so as to determine an S factor as a function of CM

FIGURE 7
Branching ratio from the GCD-1, GCD-3, and DAD
measurements on OMEGA shown along with those from
accelerator experiments discussed in Refs. 25–32. FIGURE 8

Comparison between OMEGA (GCD-3) S-factor
measurements for H(D,γ)3He and accelerator measurements for
this reaction. Accelerator results are from Refs. 7, 37–42. The
OMEGA results inferred here appear to agree with the
accelerator results within error bars, though the OMEGA error bars
are generally larger due to detection statistics.
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energy for comparison to accelerator measurements. The

implosions involved in this study spanned ion temperatures of

5.0–16.6 keV, corresponding to ECM = 17–37 keV. Of the three

detectors used in the second study, only GCD-3 produced viable

measurements, as GCD-1 showed considerable background

during the H2 shots while the detection statistics on the DAD

were too poor to produce a meaningful measurement for this low

energy, low cross-section reaction [14, 33]. The GCD-3

measurements from both campaigns were in agreement at ~

5 keV ion temperature, though the value reported by Ref. 21 had

a smaller uncertainty due to a larger number of shots at this ion

temperature.

Both GCD-3 measurements used the carbon calibration

outlined in Section 2 and detailed in Ref. 15. Both report

values that appear to agree with accelerator measurements

within their error bars. A comparison is shown in Figure 8.

The OMEGA experiments both had larger uncertainties than

those associated with accelerator measurements. This is due to

a fundamental limitation associated with the implosion

experiments involving low cross-section reactions: statistics

on the number of particles incident on the detectors and the

number of detector events resulting from these interactions

are limited and cannot easily be increased at a given ion

temperature/CM energy. To some extent, this issue can be

addressed in accelerator experiments by increasing their run

time, as accelerator experiments generally use time-

integrated, energy-resolved measurements (i.e., pulse height

detectors).

Approximate agreement between the ICF-based

measurements and the accelerator measurements suggests that

revision of the H(D,γ)3He cross section is not a viable solution to

the cosmological lithium problem. It has been hypothesized that

in situ stellar production of lithium or physics beyond the

standard model may instead be responsible for the

cosmological lithium problem, or that use of non-Maxwellian

velocity distributions could resolve this issue from a theoretical

standpoint [5, 44].

C. H(T,γ)4He (Eγ = 19.8MeV)

H(T,γ)4He is also a form of hydrogen burning. This reaction

is directly relevant to high-performance ICF experiments that

seek to achieve ignition and/or determine improved approaches

towards reaching ignition, as it can be used in experiments that

seek to examine burn histories of these implosions as well as to

study mix of ablator material into the central hot spot [2]. The

HT reaction only has a gamma branch. There is no

corresponding neutron-producing branch, but small amounts

of deuterium are present in the tritium part of the target fill, so

DT gammas and DT neutrons are also generated in “HT”

implosions. The D(T,n)4He reaction has a well-known S factor

and can be used as a reference reaction for calculation of the

H(T,γ)4He S factor using Eq. 2. DT neutrons can also be used to

infer ion temperatures.

Despite its utility in mix experiments, studies such as those

outlined in Ref. 2 typically use the HT γ for burn history

measurements rather than cross-section, S-factor, or yield

measurements. Only one recent OMEGA campaign has

attempted to study the S factor for this reaction [14, 33]. The

goal of this campaign was to span a range of ion temperatures (or

CM energies) to determine an S factor as a function of CM energy

for comparison with the accelerator data. The implosions

involved spanned ion temperatures of 4.4–12.7 keV (ECM =

16–32 keV). Gamma detectors used in this campaign included

GCD-1 with 100 psia CO2 (6.3 MeV energy threshold), GCD-3

with 30 psia CO2 (12 MeV energy threshold), and the DAD

detector (0.34 MeV energy threshold). The GCD-3 signal

included unexpected oscillations which were thought to be

associated with the PMT while the DAD signal is believed to

have been contaminated with secondary gammas from DT

neutrons incident on the target’s shell, so only the GCD-1

data was considered to be reliable for the purpose of this

measurement [14, 33].

The total gamma signal is known to include both the DT

gamma and the HT gamma at similar levels, so a DT gamma

background based on the GCD-1measurements from Ref. 18 was

subtracted from the total signal in order to isolate the HT gamma

signal. The carbon calibration outlined in Section 2 and detailed

FIGURE 9
Comparison between OMEGA (GCD-1) S factor
measurements for H(T,γ)4He and accelerator measurements for
this reaction at similar energies. The accelerator data is from Ref.
52, which provides two data points at incident beam energies
of 40 and 80 keV (or ECM = 12.3 and 31.2 keV) as well as a fit to
these two data points along with data from Refs. 45 and 46. The
OMEGA data points appear to agree with the data points from Ref.
52, though they are higher than the fit which included the data at
higher CM energies.
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in Ref. 15 was then used to calculate the HT gamma yield. Of the

several accelerator measurements that have investigated this

reaction [45–52], only one was conducted at energies

comparable to the OMEGA measurement. The data from this

experiment [52] appear to agree with the data from the OMEGA

experiment within their error bars. A comparison is shown in

Figure 9.

D. T(3He,γ)6Li (distributed spectrum, γ0 =
15.8MeV)

The reaction T(3He,γ)6Li is astrophysically relevant within

the context of BBN. This reaction is directly related to the 6Li

component of the primordial lithium problem, which refers to

the factor of ~ 1000 discrepancy between predicted 6Li

abundances based on the standard model of BBN and

observations from low metallicity stars [3, 4]. The gamma

spectrum for this reaction is known to span a range of

energies with a spectrum like that shown in Figure 10. Some

accelerator measurements for this reaction have been conducted,

but not at CM energies relevant to BBN.

There was one OMEGA measurement for T(3He,γ)6Li which

used GCD-3 with 100 psia CO2 (6.3 MeV energy threshold) [9].

Deuterium was also present in the implosion as an impurity in

the tritium part of the target fill. Ion temperatures were

determined from protons produced by the reaction D(3He,p)
4He. The OMEGAmeasurement was performed at ECM = 81 keV,

which is within the range relevant to BBN. Gamma backgrounds

were produced by DT and D3He reactions, and dedicated shots

were performed during the campaign to quantify these

backgrounds. The reference reaction used to determine the

T(3He,γ)6Li S factor in Eq. 2 was T(3He,D)4He. CR-39 tracks

as well as dipole magnetic spectroscopy were used to detect

deuterons from this reaction.

Ref. 9 notes that the ICF-based S factor for this reaction was

determined over 4π (as is relevant to BBN) while the accelerator

data from Ref. 53 was measured as a differential cross section at

90 degrees. Ref. 9 uses an R-matrix calculation based on the 90

degree data from Ref. 53 for comparison. The data point from the

ICF experiment agrees with this R-matrix calculation [9]. The

relevant comparison is shown is Figure 11. This agreement

suggests that a nuclear solution to the lithium problem seems

unlikely. It has been hypothesized that in situ stellar production

of lithium or physics beyond the standard model may instead be

responsible for the 6Li problem, or that use of non-Maxwellian

velocity distributions could resolve the lithium problem from a

theoretical standpoint [5, 44].

E. Discussion of gamma measurements
performed on an ICF experimental
platform using existing Cherenkov
detectors

Based on the preceding review of the gamma detectors

available for nuclear astrophysics measurements at OMEGA

FIGURE 10
Gamma spectrum produced by the reaction T(3He,γ)6Li. The
blue line shows the spectrum while the red dotted line shows the
GCD response relevant to this experiment. The magenta dotted
line shows the sensitivity-normalized spectrum. Plot
originally published in Ref. 9 and reproduced with permission of
the corresponding author. Copyright 2016 by The American
Physical Society.

FIGURE 11
Comparison between OMEGA [9] and accelerator
measurements [53–56] for the T(3He,γ)6Li S factor. The OMEGA
measurement is the only of these experiments that was performed
at an energy directly relevant to BBN. The “R-matrix” line is a
fit performed to the data from Ref. 53 when corrected for angular
effects [9]. The OMEGA measurement agrees with this fit. Plot
originally published in Ref. 9 and reproduced with permission of
the corresponding author. Copyright 2016 by The American
Physical Society.
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and the NIF as well as recent branching ratio and S-factor

measurements performed at OMEGA, it is clear that it is

possible to make such measurements for gamma branch

fusion reactions on an ICF platform. Advantages associated

with the use of the ICF platform include the presence of

physical conditions such as ion populations, ion temperatures,

and electron screening effects that are relevant to astrophysical

situations as well as the relative ease of accessing low CM energies

that are relevant to BBN and stellar nucleosynthesis. The fact that

implosion experiments generate relatively large particle fluxes

per unit time and therefore do not have the issue of background

from cosmic rays that may arise in accelerator experiments is an

additional advantage.

There are also clear complications that arise as a result of the use

of ICF experimental platforms to study nuclear reactions via gamma

detection. As previously mentioned, most implosion experiments

will generate nuclear backgrounds in addition to the main reaction

that is being examined. For example, an experiment that attempts to

study the reaction H(D,γ)3He will produce gammas from this

reaction as well as the reaction D(D,γ)4He. It is therefore

necessary to allot shots with different target fills in order to

properly quantify these backgrounds. This is one reason that

HED experiments relevant to nuclear astrophysics are performed

atOMEGAmuchmore often than theNIF even though theNIF can

produce reactions with higher yields: the NIF shot cycle is relatively

long compared to the OMEGA shot cycle, so fewer shots are

available per campaign and it is therefore difficult to complete a

coherent campaign of this nature, which would require many shots

to quantify backgrounds or to reach different ion temperatures.

The quality of ICF-based measurements for reactions

relevant to nuclear astrophysics depends on the detectors used

as well as the reaction in question. Reactions with low cross

sections as well as reactions that produce gammas with low

energies are generally more challenging to study on an ICF

platform. ICF-based experimental campaigns that seek to

study these reactions may yield results with larger error bars

than equivalent accelerator experiments, as accelerator

experiments may simply increase run time in order to

improve particle statistics (assuming the facility and the

relevant detectors are sufficiently shielded from backgrounds

that may be generated by cosmic rays).

The availability of multiple Cherenkov detectors at OMEGA

is advantageous, as different configurations of GCD-1 and GCD-

3 radiators can be used together and in conjunction with the

DAD detector, which has a lower energy threshold but receives

less background signal due to its shielding and location. It is

known that the DAD may collect data with poor counting

statistics for low cross-section reactions, but it is simple to

field and can therefore be employed in experimental

campaigns without the special preparation that is required to

field more complicated diagnostics like the GCD’s, which require

highly pressurized gas, leak testing, and pointing within the target

chamber.

All of these detectors are, however, somewhat complicated to

calibrate in comparison to the pulse height detectors used at

accelerator facilities. Uncertainties associated with the calibration

of current-mode gamma detectors are a major source of uncertainty

in S-factormeasurements that come from these detectors. This issue

could be addressed if another viable material for calibration could be

identified. This material would need to produce secondary gammas

when impinged upon by DT neutrons and would need to produce

these gammas with a cross section that is more well-known than the

C(n,n’)γ cross section in order to constitute improvement in the

calibration of the OMEGA gamma detectors.

S factors for BBN-relevant reactions H(D,γ)3He and T(3He,γ)
6Li have been studied at OMEGA [9, 14, 21, 33]. The inferred S

factors were in agreement with those from accelerator-based

measurements within their error bars, though the error bars from

the ICF-based measurements were notably larger than those

from the accelerator-based measurements. This agreement for

both reactions suggests that a nuclear solution to the lithium

problem is not likely. In situ stellar production of lithium or

physics beyond the standard model may instead be responsible

for the cosmological lithium problem [5]. It has also been shown

that use of non-Maxwellian velocity distributions could resolve

the issue from a theoretical standpoint [44].

5 Future work: Potential for a gamma
spectrometer

As previously discussed, the gamma detectors available at ICF

facilities are temporally-resolved, energy-thresholded current-mode

detectors which do not collect direct spectral information.

Experiments which seek to make yield, cross-section, or S-factor

measurements using these detectors must therefore make some

assumptions about the gamma spectrum of interest in order to

proceed. With reactions such as H(T,γ)4He which are known to

produce nearly monoenergetic gammas via a single reaction

branch, it is simple to determine the energy of the incident

gammas using kinematic calculations. It is, however, more

complicated for reactions such as D(T,γ)5He or T(3He,γ)6Li, which

produce gammas into a broad range of energies. Current best estimates

of these gamma spectra are based on R-matrix calculations [9, 24], but

at this time, there is no simple way to directly measure these gamma

energy spectra.

Development of a true gamma spectrometer for use at ICF

facilities would contribute an improved ability to determine cross

sections/S factors for such experiments while expanding the

ability to study nuclear reactions via implosion experiments in

general. For example, though the reaction D(T,γ)5He is

interesting due to its diagnostic utility in ICF experiments, the

gamma spectrum from this reaction also contains information

about the nuclear level structure of the 5He nucleus, which is not

currently well understood despite the fact that it is expected to

have a relatively simple shell structure. In addition to its utility for
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basic science experiments, the presence of a true gamma

spectrometer at OMEGA and/or the NIF would provide

expanded diagnostic capabilities for high-performance ICF

experiments. Secondary gammas can, for example, be used in

areal density and total yield measurements for ignition-relevant

experiments.

There are two main difficulties in building a gamma

spectrometer for use in ICF experiments: 1) Traditional pulse

height gamma spectroscopy cannot be used for implosion

experiments due to their short duration, and 2) ICF

experiments generally produce neutron fluxes that are several

orders of magnitude larger than the gamma flux. A concept for a

gamma-to-electron magnetic spectrometer has been proposed

for the NIF in the past [57, 58], however, this particular design

was developed specifically for the NIF and has not been built due

to the intensive resources that would be required. Brainstorming

and some preliminary work towards the development of an

alternative gamma spectrometer that could operate at

OMEGA have been performed within the OMEGA nuclear

group. Two potential technologies that could be used for this

purpose include an electron-positron pair spectrometer and a

single-hit detector [33].

The concept for an electron-positron pair spectrometer requires

placement of a foil near the front face of the detector. When gamma

rays are incident on the foil, electrons and positrons will be

produced via pair production and Compton scattering. The

energy spectra of these electrons and positrons can be measured

using a permanent magnet that is located within the detector to

deflect electrons/positrons onto image plates arranged along the

sides of the detector. For most of the gamma reactions of

astrophysical relevance that can be measured on an ICF

platform, such a spectrometer would rely primarily on electrons

and positrons from pair production rather than Compton electrons

because photons with energies greater than 5MeV have a pair-

production cross section that is greater than the Compton scattering

cross section. This design is a derivative of the existing Electron

Positron Pair Spectrometer (EPPS) designed by Lawrence

Livermore National Laboratory and fielded at the Omega laser

facility and the NIF [59] in order tomeasure electrons and positrons

coming directly from a plasma. Some basic design work for the

electron-positron gamma spectrometer has already been carried

out. Preliminary Monte Carlo simulations have shown that the

optimal foil to use to detect the DT gamma is 100 μmof tungsten in

an entrance slit of 2 mm × 4mm. Assuming a DT gamma-to-

neutron branching ratio of 4.2 × 10–5 [18, 19, 32] and a W foil

located 10 cm from a DT-filled target that produces a neutron yield

of 1014, this configuration would detect ~1300 gamma rays with an

energy resolution of ~0.7 MeV. The issue with this method lies

primarily in the use of image plates, which have proven to be

susceptible to high levels of background from DT neutrons. It is,

however, possible that microchannel plates (MCP’s) could be used

instead of image plates. MCP’s offer spatial resolution (which is

necessary to resolve an energy spectrum by this method) as well as

the potential for temporal gating between the gamma and neutron

signals.

An alternative to this design is a single-hit detector, which

would be somewhat similar to the detector concept [57, 58]

proposed for the NIF. Such a detector could easily use temporal

discrimination between gamma rays and the neutrons to avoid the

issue of the neutron background. Individual LaBr3(Ce) detectors

(i.e., LaBr3(Ce) crystals paired with PMT’s) are readily available and

are known to have decay times of ~26 ns. They have been used in

magnetic confinement experiments and are also used at the NIF in

activation measurements, proving that they can withstand high

neutron flux environments [60, 61]. The required distance from

TCC and the necessary size of LaBr3(Ce) array required to make the

desired spectral measurements would need to be further

investigated in order to determine whether this would be a

viable design.

Overall, much dedicated R&D work would be necessary to

build and implement a true gamma spectrometer at OMEGA or

the NIF. A gamma spectrometer has, however, been recognized

by the OMEGA Laser Users Group as a potentially

transformative diagnostic for several years, though little

progress has yet been made towards this goal.
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The enhancement of fusion reaction rates in a thermonuclear plasma by

electron screening of the Coulomb barrier is an important plasma-nuclear

effect that is present in stellar models but has not been experimentally

observed. Experiments using inertial confinement fusion (ICF) implosions

may provide a unique opportunity to observe this important plasma-nuclear

effect. Herein, we show that experiments at the National Ignition Facility (NIF)

have reached the relevant physical regime, with respect to the density and

temperature conditions, but the estimated impacts of plasma screening on

nuclear reaction rates are currently too small and need to be increased to lower

the expected measurement uncertainty. Detailed radiation hydrodynamics

simulations show that practical target changes, like adding readily available

high-Z gases, and significantly slowing the inflight implosion velocity, while

maintaining inflight kinetic energy, might be able to push these conditions to

those where plasma screening effects may be measurable. We also perform

synthetic data exercises to help understand where the anticipated experimental

uncertainties will become important. But challenges remain, such as the

detectability of the reaction products, non-thermal plasma effects, species

separation, and impacts of spatial and temporal gradients. This work lays the

foundation for future efforts to develop an important platform capable of the

first plasma electron screening observation.

KEYWORDS

astrophysics, nuclear physics, plasma physcis, high-energy density astrophysics,
inertial confinement fusion (ICF)

1 Introduction

For decades, numerous research groups have identified plasma-electron screening as

an important physical process worth pursuing in high-energy-density (HED)

experiments. For example, the National Research Council [1] describes a “raging

debate” surrounding questions related to plasma screening models and that HED
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experiments may be well suited to help. In fact, ideas emerge

periodically from the literature challenging the established

models [2–7], but the debate is hampered by the complete

lack of experimental data. This situation is exacerbated by the

“electron screening puzzle” caused by discrepancies observed in

terrestrial laboratory target experiments [8–15] when compared

to screening theory [5, 6]. This makes measurements made

directly in the plasma environments of stellar interiors

particularly important so that stellar plasma screening models

can be tested against data.

The screening process becomes important when nuclei

undergo a fusion reaction as their kinetic energy overcomes

the repulsive Coulomb force and exploits favorable binding

energy. In many HED environments where these reactions are

occurring, such as in stellar cores or inertial confinement fusion

implosions, the nuclei are embedded in a plasma. The

background electrons in this plasma can lower the Coulomb

barrier, enhancing the fusion reactivity.

Plasma screening of nuclear reactions occurs when ions

within the plasma interact with a Coulomb potential energy

ofU(r) � Z1e2

r . Due to this potential, electrons will cluster around

the ion and reduce the potential by a factor of Uscreen � Z1e2

λD
,

where λD is the Debye length, λ2D � ε0 kBT
n e2 . This results in an

enhancement (appropriate in the weak screening limit) of the

cross section of [2, 7, 16]

σscreened E( )
σ E( ) ≈ exp Z1Z2

~ZΛ0( )

≈ exp
Z1Z2e2

4πε0TλD
( )

where Λ0 is the charge-free plasma parameter,

(4π) 1
2 e3n

1
2/(kT)3/2.

A similar screening effect occurs in accelerators that study

nuclear reactions. In accelerator experiments, the bound

electrons of the target screen the target nuclei and enhance

the reaction rate. In this bound-electron screening scenario,

the targets are not sufficiently hot to fully ionize the target

nuclei. This effect, differing from plasma screening, must be

removed to compute the bare nuclear cross section. This effect is

significant for low center-of-mass energy cross-sections and has

in some cases been observed to be ~1.7–1.8 times larger than

expected [10, 11, 17].

Despite widespread interest, the realization of a nuclear

plasma screening experiment has been elusive because of

several daunting challenges. First, extreme density and

temperature conditions must be produced and diagnosed.

Second, precise nuclear cross-section measurements must be

made where these conditions are produced, implying the

presence of strong density and temperature gradients. Finally,

as the effect on fusion rates is often weak in the regimes that can

be reproduced in the laboratory, care must be exercised to

develop a test where the magnitude of the measurement is

expected to exceed the experimental uncertainties. Significant

progress has recently made resolving the first two of these

challenges by using gas-filled indirect-drive experiments at the

NIF [18]. Likewise, the 3He + T gamma-branch cross-section was

obtained [19] and the emitted 3He + T and 3He+3He reaction

product spectra have been recovered from ICF experiments at

OMEGA [20]. This demonstrates that nuclear physics and cross-

section experiments can be conducted in the complex

environments of ICF implosions, while also carefully

diagnosing the plasma using nuclear diagnostic and neutron

and x-ray imaging. Here, we seek to partly address the third

challenge by assessing whether these ICF implosions can produce

conditions where this screening effect is expected to be large

enough to be measured.

FIGURE 1
(A) Stellar conditions computed for the evolution of stars with
1, 4, 10, and 40 solar mass compared with NIF experiments. (B)
Design space considering various requirements of a potential
screening experiment. The arrow illustrates how current
experiments need to be modified to reach an optimum in design
space (the star) that balances various design constraints.
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This paper is organized as follows, Section 1 introduces the

problem, Section 2 discusses the approach to measuring plasma

screening, Section 3 overviews detailed design considerations and

offers a potential experimental design solution, and Section IV

concludes and summarizes.

2 Approach to measuring plasma
screening

The generation of thermonuclear plasmas at the National

Ignition Facility (NIF) may enable an observation of plasma

screening of nuclear reactions. Inertial Confinement Fusion

(ICF) experiments at NIF use 192 laser beams, with a

maximum 1.9 MJ of energy delivered, to irradiate the inside

of a gold or uranium cylindrical enclosure (“hohlraum”). This

creates an x-ray environment that ablatively implodes a spherical

capsule. When the capsule compresses radially by a factor of

20–40, the central hot-spot typically reaches temperatures of

2–6 keV and densities of 1–100 g/cm3.

Figure 1A shows the stellar-core density and temperature

trajectories of relevant stars with metallicity of Z = 0.02 and with

1, 4, 10, and 40 solar mass (where 1 solar mass or Msun =

1 corresponds to the Sun’s mass) calculated with a 1D stellar

evolution code [21]. These stars spend the majority of their time

in themain hydrogen burning phase of their lifetime, as indicated

by the largest jump in the corresponding color scale that

illustrates the age of the star in years. As the stars begin to

extinguish the hydrogen in their core, they contract and heat to

the point where helium can begin to burn. Likewise, as the star

evolves, hydrogen in regions outside the depleted core (shell

regions) can achieve the conditions that can sustain burn.

Figure 1A also compares these stellar conditions to ICF

implosions by plotting inferences of density and temperature

from a wide range of NIF experiments. The experimental data

from the NIF (points) are plotted in terms of the burn-

averaged temperature, as observed from the width of the

neutron spectrum in time-of-flight measurements [22–24],

and the burn-averaged density, as inferred from the yield, hot-

spot size, and burn-width [25]. Each NIF experiment features

a gas (on the order of 10 mg/cm3
fill density) or an ice-layer

filled capsule (on the order of ~100 μm thick) made of high-

density carbon, plastic, or beryllium. The green “+” symbols

show implosions that have a cryogenically frozen DT ice layer

inside the shell. The cryogenic layer allows the implosion to

achieve higher compression and larger densities. We are more

interested in the other points which are gas-filled capsules

(symcaps) as they provide more flexibility in the gas

composition and because the ratio method requires

multiple reactants that is enabled by mixed species. Mixed

species are especially challenging to field in solid layers

because of differences in species freezing temperatures.

Each solid symbol represents a different gas-fill class

(squares utilize D3He gas, diamonds pure D gas, circles DT

gas, downward triangles deuterated propane, and upward

triangles Kr doped D). The comparison between the NIF

data and the stellar calculations shows that implosion

conditions on NIF are very similar to that of stars during

most of the stellar lifetime.

The 3He + D mixture has some promising features, including

two branches, a gamma (3He +D→5Li+γ) and proton (3He +D→
4He + p) branch and the presence of deuterium enables the

observation of neutrons from the D + D→3He + n (note we

expect the proton branch is not be measurable because of high-

plasma densities) reaction within the same experiment. These

features will be considered in greater detail later in the

manuscript. In following sections, we will detail the feasibility

of fielding D-3He filled capsules, but a couple of other interesting

cases stand out here. The red points show the effect of the

addition of krypton gas (0.01–0.03 atomic percent), which

cools the implosion temperature and increases the effective Z

of the background plasma. A similar effect is seen in the C3D8

(deuterated propane) implosions, which have cooler

temperatures than the other cases. This effect pushes the

screening enhancement up to 3%.

A successful plasma screening experiment requires the

following: 1) the expected screening enhancement is larger than

fusion product yield (proton, neutron, or gamma) measurement

uncertainties, 2) the total yield (proton, neutron, or gamma) is at a

measurable level, and 3) if measuring protons, the areal density

must be low enough that they will escape and reach the proton

detector. At the NIF, wedge-range-filter proton detectors are

routinely employed to detect protons between the energies of

~6–15MeV [26, 27]. A modified step-range filter detector [28] is

also being developed to extend the measurement to lower energies

(~1 MeV), and thus enabling higher ρR measurements.

To find conditions in density-temperature space where a

plausible screening measurement could occur, consider an

inertially confined sphere of plasma with a density ρ,

temperature T, and radius r. The total yield between two

reactants 1 + 2 is Y12 � ∫ f1f2

1+δ12
ρ( r.,t)2

�m2 σv12 d r
.
dt, where f1 and

f2 are the atomic fractions reactants 1 and 2, respectively, �m is

the average reactant mass, and σv12 is the reactivity. This sphere
will disassemble in a timescale τ ~ r/cs, where cs is the speed of

sound. Using this disassembly time as the burn duration, we can

estimate the yield, the areal density (ρr), and screening

enhancement, shown in Figure 1B. The screening

enhancement increases as one travels vertically along a

contour of constant yield. For a measurable proton signature,

the ρR must be kept below ~0.2–0.25 g/cm2. For a yield of 107,

this limits the maximum screening amount to ~15%

enhancement. The arrow in Figure 1B notionally represents

the direction that current experiments need to be pushed in

order to reach the density and temperature where enough signal

will escape the implosion and where the screening impact is

calculated to be non-neglegable (>10%). The star shows our
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plasma screening experiment design goal. It is also worth noting

that increasing the number of plasma electrons by adding a high

Z dopant to the gas can also increase the screening at a given

density and temperature (an effect not accounted for in

Figure 1B).

A. Observation Using the Ratio Method

To observe the impact of screening, we propose to observe

the relative ratio of fusion products from D3He (protons or

gammas) and DD (neutrons) reactions emitted in the same ICF

implosion. Then, following the same procedure developed in [18,

29, 30], we plan to use this to infer the relative reactivities (R is the

D3He/DD reactivity ratio R � σv12/σv11) in the presence of

plasma-electron screening. The procedure developed in [18]

should be modified with the inclusion of an additional term

for very low temperatures where a screening measurement would

likely operate. This term brings in the effect of temporal and

spatial gradients from the temperature dependence of R in the

range of interest, unlike the DT/DD reactivity in the prior study.

The result is: YDD
YD3He

� 1
2

fD

f3He
R0[1 + 1

R0

zR
zT [TD3He − TDD]],

And that

TD3He − TDD � 1
2

1
R0

zR

zT
[ ]

−1
1 −

																			

1 − 2
1
R0

zR

zT
σT−D3He( )

2

√√
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where σT is the width of the burning temperature distribution,

and the terms R0 and zR
zT are evaluated at TDD. This implies that if

the quantity TD3He − TDD can be measured, the impacts of

gradients can be directly accounted for. However, the second

equation may become important since TD3He may prove difficult

to measure but TD3He − TDD could be inferred if σT−D3He can be

determined from moments of the DD neutron spectrum [31] or

estimated from models of the platform.

If the S-factor is non-resonant within the region of the

reacting nuclei, the term 1
R0

zR
zT can be estimated simply

assuming barrier penetrability and geometric factors dominate

the energy dependance over the burn. The result is:
1
R0

zR
zT � K

9 [ 4
T7/3 + K

T8/3], where

K � −3 (π αf )2/3(mpc2 )1/3
21/3 [(Z1

4 A1
2 )1/3 − ((Z1Z2)2 A1A2

A1+A2
)1/3]. Here, the

subscripts 1 and 2 label each reactant, Z1 and Z2 are the

atomic numbers, A1 and A2 are the atomics masses, T is the

burn averaged temperature of reaction between the identical

reactants 1 + 1 (TDD in the example above), αf is the fine

structure constant, and mpc2 is the rest mass energy of the

proton. This expression is especially useful, because it enables

an estimate of how the relative energy dependance of the cross-

sections burn-weight with the reacting ion energy distributions

without needing to know the absolute cross-sections themselves.
1
R0

zR
zT is shown in the region of interest in Figure 2 below.

B. Estimating the Impact of Gradients on the Ratio Method

To evaluate how spatial and temporal profiles impact burn

weighted quantities like yield and temperature, a simple hotspot

model developed by Betti [32] can be used. Figure 3 shows the results

of reactant distributions in space at peak compression (a and c) and

evolutions in time (b and d) for two example implosions. One

example is representative of the conditions required for a screening

measurement (Figures 3A, B) with burn averaged temperatures of

TD3He � 1.7 keV, TDD � 1.5 keV, a DD yield YDD � 1.1 × 1011,

and a D3He yield of YD3He � 4.0 × 108. The other example is more

typical of experiments that are routinely conducted (Figures 3C, D)

TD3He � 3.9 keV, TDD � 3.3 keV, a DD yield YDD � 9.0 × 1011,

and a D3He yield of YD3He � 4.7 × 1010. This sort of synthetic data

exercise can enable tests of the equations presented earlier and

provides at least some indication on whether the presence of

temperature and density gradients are an issue.

Figure 4A shows the results of comparing the analytic

equation for TD3He − TDD versus a numeric calculation with

the hotspot model. The results show at five different

representative temperatures the analytic equation works very

well if the reactant distribution width σT−D3He is known.

However, σT−D3He is not yet directly measurable and so it may

need to be inferred or estimated from calculations to help

constrain the role of gradients. Figure 4B shows the results of

comparing TDT − TDD versus actual experimental data from a

variety of implosion platforms including gas filled HDT symcap

implosions [33, 34], gas filled indirect drive exploding pusher

implosions [35], and layered DT experiments [36, 37]. Here, the

σT−DT was calculated from 1D radiation hydrodynamic

simulations using the code HYDRA [38] for two

representative cases, an indirect drive exploding pusher [35]

and a DT filled symcap [39]. The curve with predicted σT−DT
(dotted black) appears to be significantly less than the data, an

FIGURE 2
Plot of the temperature dependance of the relative reactant
reactivities (R � σv12/σv11) for DD and D3He.
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observation in line with those of Gatu-Johnson [36]. However, if

σT−DT is increased by a factor of 1.6 (dashed black), then a good

match to the measured trend is reproduced. This indicates that

the gradients are more important in the experiments than the 1D

simulations would suggest. The exact reasons for this are unclear

but it could be due to the enhancement of σT−DT from 2D and 3D

effects not captured by 1D simulations and so high resolution 2D

and 3D simulations are required. This also strongly motivates the

need for specific experiments to determine σT in a future plasma

screening experiment where TD3He cannot be directly. For

FIGURE 3
DD and D3He reactant distribution in space (A,C) and time (B,D) using a numeric hotspot model to estimate the impact of temporal and spatial
gradients on burn-weighted quantities for two different example implosions.

FIGURE 4
(A) Comparison of TD3He − TDD estimated using the analytic calculation of vs. numeric integration assuming a Betti 1D hotspot profile [32]. (B)
Comparison of the analytic TDT − TDD assuming σT simulated by hydra vs. measured data and analytic curve with σT increased by 1.6x.
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example, adding trace tritium in a predominantly D3He gas fill

may allow the measurement of the TDT and TDD in a three-

component plasma providing a constraint on the unmeasured

TD3He.

As a check on how the formula for extracting the reactivity

ratio will work with these predicted gradients, the ENDF

evaluated cross sections were input [40] with a 1D Betti [32]

hotspot profile from which the yields and temperatures were

calculated and used to recover the reactivity input in the

calculation. The results are shown in Figure 5 and indicate

that in the presence of this level of temperature variation, the

extracted reactivity ratio is recovered.

3 Detailed experimental design
considerations

To help understand the design space for a screening

experiment, Figure 6 shows the results of an ensemble of 1D

HYDRA simulations. These start with existing experimental

design features and then perturb in directions to increase the

calculated enhancement of the reaction rate from plasma

screening, which is shown as the background color scale. The

size of each individual point is proportional to the simulated

D3He yield. Markers with solid outlines represent yield and ρR
combinations that are promising for a screening experiment. The

star points are the experimental results from gas-filled

implosions, shown previously in Figure 1A.

To observe screening in an ICF experiment, two principal

design paths are being actively explored. The first would use

D3He protons as the primary measurement that would require

the total areal density to not exceed the ~15 MeV proton range

(~0.25 g/cm2) to be detectable with WRF or step range filters [27,

28] placed near the implosion. Existing data in gas filled

implosions was examined to assess the ability to measure

D3He protons from implosions with moderately high

compression (or areal density) and then determine the

reactivity <σv> D3He in density and temperature conditions

where screening is expected to be weak. This work initially

encountered significant detector analysis challenges with low

energy protons (~7 MeV) and work is ongoing to attempt to

resolve those issues [41]. The points with dark outlined circles are

implosions that have proton yields high enough for a WRF

measurement (>105) and ρRs low enough for the protons to

be detectable (<0.2 g/cm2).

An alternative design path would be to maximize the yield at

high hotspot density for measurements of the D3He gamma ray

(branching ratio ~ 1e-4) [42], since gammas and neutrons can escape

high areal density implosions but carry with it increased uncertainty

due to uncertainties in the gamma branching ratio [42] and reduced

absolute signal levels. Therefore, this measurement would require a

high solid angle Cherenkov detector [43, 44]. Since these detectors

have high systematic uncertainties, we would measure the D3He/DD

yield ratio at both screening-relevant conditions and in a low-density

plasma (exploding pusher) to eliminate systematics. HYDRA

simulations explored the potential parameter space and have

found several interesting designs that look promising in each of

these design directions. In Figure 6, the diamonds with dark outlines

represent designs with D3He yields that are potentially high enough

(>109) for a gamma branch measurement.

The results in Figure 6 show that estimated screening corrections

greater than 10% can be achieved, but most of these simulated

designs would be significantly challenging tomeasure because of high

ρR. Of these, some designs show potential (marked as black-outlined

points). In the next section, we delve into one of the most promising

black-outlined diamond points, to understand what features make

this an interesting potential design to observe plasma screening.

FIGURE 5
Comparison of the reaction ratio for DD and D3He vs. the
extracted reactivity ratio using a synthetic data set calculated using
a Betti 1D hotspot profile [32].

FIGURE 6
Large collection of HYDRA simulations of capsule implosions.
The size of each marker is proportional to the simulated D3He
yield. Several designs show significant screening and the most
promising are outlined in black.
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A. The “Slow-Cooker” Radiative Cooling Design Proposal

One especially interesting HYDRA simulation in Figure 6 is

explored in more detail in Figure 7. This design uses a large

1400 μm inner radius capsule that is 200 μm thick, and initially

filled with a D3He mixture with added Kr. The large capsule

ensures that high areal density will remain to produce a

prominent compression phase. Figure 7B shows that after the

FIGURE 7
(A) HYDRA simulation of radius vs. time for an example screening experiment design candidate. The hotspot density reaches high conditions
~100 g/cm3 (B) Zoom in temperature dynamics showing a brief shock flash and extended compression phase. Also shown are the reaction rate and
screening magnitude of this design.

FIGURE 8
The result of a forward fit model to, (A) the data from shot N160410–001 and (B) of the synthetic neutron time-of-flight spectrum generated in
post-shot Hydra simulation. Included in the forward fit model are the effects of neutron scattering from the CH ablator shell and the compressed
D3He fuel. The “down scatter ratio,” DSR, is fraction of yield for neutrons of energy 1.9–2.2 MeV divided by the yield from 2.2 to 2.7 MeV.
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shock flash, the Kr mixed in with the gas cools the hot spot and so

it reaches an iso-thermal state near 1 keV, lasting for almost

1 ns For perspective, typical NIF implosions are confined for

about a 10th of a nanosecond. This interesting set of implosion

dynamics is established as the temperature and density

conditions are in a radiation dominated energy loss regime,

rather than the more typical thermal conduction dominated

regimes of most hotspot ICF designs. This design is called the

“slow-cooker,” because the conditions are advantageous for

increasing the burn by maximizing the plasma confinement,

while also favoring the conditions for finite screening of

reacting nuclei. Furthermore, the radiation cooling

dominated regime may also result in reduced spatial

temperature gradients because the hotspot becomes nearly

iso-thermal. This radiation dominated isothermal system is

interesting enough to warrant study just to understand this

radiation dominated physics regime for its own sake, but also

to produce conditions where screening becomes non-

negligible, as shown in the subplot of the reaction rate and

time dependent screening magnitude Figure 7.

B. Estimating the Uncertainty of the Yield and Ti at Low Yield

The design space of interest for observing screening is

expected to produce neutron yields from DD fusion of order

107 to 108 neutrons. This low yield also presents a challenge to

the neutron time-of-flight spectrometry that will be used to

measure the yield and ion temperature of the implosions. To

help enable measurements at these challenging yields, the

current analysis process [22] was modified to include

neutron elastic scattering from both the D3He and the

ablator shell, to account for scattering effects on the low-

energy tail. This modified analysis was then performed on

the higher yield shot data from shot N160410-001-999 [note

that NIF experiments have the following naming convention N

(Year) (Month) (day)-(Shot index of that day)-999, where-999

indicates a full system shot], and on the simulated HYDRA

post-shot neutron spectrum. The post-shot spectrum was

transformed into a synthetic neutron time-of-flight including

the various features of the neutron transport, detection, and

digitization. This time-of-flight data was then analyzed and

compared to the shot data. Figure 8 shows the results of this

process. This analysis will allow additional simulation

generated neutron spectra to be generated and analyzed to

investigate the statistical significance of both yield and ion

temperature.

4 Conclusion and next steps

Plasma electron screening is an important fundamental

process in the thermonuclear burn of astrophysical objects,

like stars, but observing it in laboratory plasma experiments is

a significant challenge. In this work, we show that ICF

implosions have already reached the relevant conditions for

stellar burn but that the magnitude of the plasma screening

effect was too weak to directly measure in those experiments.

However, there are clear design directions to increase the

magnitude of the plasma screening effect by utilizing

higher-Z reactions, higher-Z plasmas, reducing the plasma

ion temperature, and increasing the plasma density. The ratio

method is a powerful approach to infer the thermonuclear

S-fact in the presence of strong temperature and density

gradients. We show a simple treatment that includes a

correction to the ratio method for these gradients that is

needed at the very low temperatures for a screening

measurement. Furthermore, to develop a credible

experimental design, an ensemble of HYDRA simulations

was run to increase the calculated level of plasma electron

screening to levels >10%. A promising resultant design, called

the “slow-cooker,” features a very large (1400 μm inner

diameter) and thick ablator (200 μm) filled with a mixture

of Kr/D/3He. The slow-cooker enters the radiation dominated

implosion regime, resulting in a relatively cold (1 keV) and

dense (100 g/cm3) Kr/D/3He plasma that is confined for nearly

1 ns. These conditions are all favorable for plasma electron

screening and are predicted to increase the D+3He reaction

rate relative to D + D to levels that may be measurable on

the NIF.

The present work assessed the issues with respect to a plasma

screening measurement and identifies some credible solutions to

long standing challenges. The next step is to test the null

hypothesis of implosions where screening is expected to be

negligible, an effort that is currently underway in the NIF

discovery science program [45]. The physics of the radiation

dominated “slow-cooker” implosion should also be explored

and tested to see if the required conditions are achieved and

assess whether the reaction products will be measurable. While

substantial challenges remain, we have shown that experiments on

NIF show promise and may enable the first observation of plasma

screening of nuclear reactions, addressing one of the fundamental

questions of high-energy-density physics. This work is performed

under the auspices of the U.S. Department of Energy by LLNS,

LLC, under contract no. DE-AC52-07NA27344.
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A compact high-flux, short-pulse neutron source would have applications from

nuclear astrophysics to cancer therapy. Laser-driven neutron sources can

achieve fluxes much higher than spallation and reactor neutron sources by

reducing the volume and time in which the neutron-producing reactions occur

by orders of magnitude. We report progress towards an efficient laser-driven

neutron source in experiments with a cryogenic deuterium jet on the Texas

Petawatt laser. Neutrons were produced both by laser-accelerated multi-MeV

deuterons colliding with Be and mixed metallic catchers and by d (d,n)3He

fusion reactions within the jet. We observed deuteron yields of 1013/shot in

quasi-Maxwellian distributions carrying ~ 8 − 10% of the input laser energy. We

obtained neutron yields greater than 1010/shot and found indications of a

deuteron-deuteron fusion neutron source with high peak flux (> 1022

cm−2 s−1). The estimated fusion neutron yield in our experiment is one order

of magnitude higher than any previous laser-induced dd fusion reaction.

Though many technical challenges will have to be overcome to convert this

proof-of-principle experiment into a consistent ultra-high flux neutron source,

the neutron fluxes achieved here suggest laser-driven neutron sources can

support laboratory study of the rapid neutron-capture process, which is

otherwise thought to occur only in astrophysical sites such as core-collapse

supernova, and binary neutron star mergers.

KEYWORDS

laser-driven neutron source, high-flux neutron source, rapid neutron capture process,
laboratory astro-nuclear physics experiment, laser-driven fusion, laser-driven ion
source
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1 Introduction

The synthesis of approximately half of the atomic nuclei

heavier than iron is theorized to occur via the rapid neutron-

capture process (r-process) in astrophysical environments of

extreme temperature and density. While such temperature and

density are unlikely to be recreated in the lab, a broadly-recognized

goal is to develop experiments to study the nuclear scattering and

excitation dynamics of multi-neutron capture, which is estimated

to require neutron fluxes greater than 1022 cm−2 s−1 [1]. Beyond

nuclear astrophysics, fast neutrons produced in a compact, ultra-

short pulse source, would havewide ranging applications including

high energy density physics [2], materials science [3], and medical

research [4]. For this reason, high-flux neutron sources remain an

important subject of research and development. Laser-driven

neutron sources in particular are a promising approach [5],

having already achieved much higher peak neutron fluxes than

fission reactors (~ 1015/cm2/s) or spallation (~ 1017/cm2/s) sources

in laboratory experiments, potentially in a more compact

facility [6].

The highest neutron yields achieved by laser-driven sources

are from inertial confinement fusion (ICF) [7] experiments. The

most successful shots at the National Ignition Facility (NIF)

produced > 1015 neutrons in less than a nanosecond [8]

suggesting that neutron fluxes greater than 1024/cm2/s are

achieved just outside the cm-long hohlraum. However, ICF

user facilities like OMEGA [9] or the NIF [10] are too large

to be available for smaller-scale nuclear physics studies with

neutrons for the foreseeable future.

The advent of ultrahigh intensity lasers thanks to chirped pulse

amplification [11] has enabled the production of neutrons in a

much more compact arrangement [3, 12–24]. Several schemes

have been tested on laser systems ranging in scale from millijoules

[22] to kilojoules [3]. Among them, the most promising method is

the ion-driven neutron source approach [20] because of its

comparatively high efficiency and neutron yield. Experiments

have demonstrated a directional peak yield of up to 1 × 1010 n/

sr/shot [19]. The scheme is usually employed in “pitcher-catcher”

configuration, where the laser interacts with a thin ( ~µm) pitcher

target to accelerate ions, typically protons or preferably deuterons.

These ions then interact with a cm-scale, low-Z “catcher” target,

beryllium-9 [18], lithium-7 [25] or deuterated plastic [23],

undergoing nuclear reactions and producing neutrons in the

process. Using break-out afterburner acceleration in the

relativistic transparency regime [19], this method could achieve

an overall laser-to-neutron energy conversion efficiency of

~ 6 × 108 n/J compared to ~ 4 × 108 n/J for TNSA acceleration

driven laser-neutron generation, ~ 4 × 106 n/J for laser-electron

driven neutron source [24], and only ~ 105 n/J for laser-cluster

fusion neutron source [17].

We report on a novel approach to laser-driven neutron

generation. For the first time in a petawatt laser facility,

cryogenic deuterium jet targets were used to efficiently

generate neutrons. These targets offer several advantages over

the deuterated plastic foils used in previous experiments [16, 18,

19, 26], including near-critical electron density allowing access to

the relativistic transparency regime and potential for high

repetition rate target preparation [27]. The thin, above critical

density target results in efficient ion acceleration (~ 10% of laser

energy transferred to ions), and the higher yield (~ 1013/shot)

and energy deuteron beam produces a higher yield of neutrons in

the pitcher-catcher configuration. We find higher neutron yields

detected in the bubble detectors than can be explained by

deuteron-converter interactions. E other sources and

simulating the laser-plasma interaction, we consider the most

plausible explanation is that, in addition to being efficiently

accelerated out of the target, deuterons in the target are

volumetrically heated and produce a significant number of

neutrons by the d (d,n)3He reaction. The deduced fusion

neutron yield is consistent with simulation estimates and,

considering the small source size ( ≲ 100 µm), suggests a

route to the ultra-high fluxes required for r-process studies.

2 Experimental setup

The experiment was carried out at the Texas Petawatt laser

[28] facility at the University of Texas at Austin. The

experimental setup is depicted in Figure 1. The 1057 nm Nd:

Glass laser delivered 90–140 J, 140 fs laser pulses to irradiate the

deuterium jet targets. Using an f/3 off-axis parabolic mirror, the

laser beam was focused to a spot size of 6 µm full-width half-

maximum (FWHM) to an average encircled laser intensity of

> 1021 W/cm2. A plasma mirror was installed 5 cm before the

target to remove pre-pulses and steepen the rising edge of the

main pulse (see temporal profile in Appendix A), reaching a

contrast ratio of > 105 at 10 ps before the arrival of the main

beam. The plasma mirror reflectivity was estimated to be

approximately 80%.

The deuterium jet was made by a cryogenic microjet system

developed at SLAC [29, 30]. Deuterium gas is liquified and held

at 19–21K in a copper source assembly cooled by a continuous-

flow helium cryostat. The liquid deuterium enters the chamber

through a 2 × 40 µm rectangular aperture and rapidly solidifies a

few 100 µm from the nozzle by evaporative cooling. The resulting

cryogenic deuterium jet is a relatively flat planar sheet of width

15 µm between two 5 µm diameter cylindrical columns, as

illustrated in Figure 1A, running at a speed of 50–100 m/s

into vacuum [31]. At this temperature, the density of the

deuterium is expected to be nd ≃ 6 × 1022 cm−3. The jet-laser

overlap was monitored and adjusted using two orthogonal probe

imaging systems.

Either a radiochromic film (RCF) stack or a Be converter was

placed downstream of the laser forward direction. The RCF stack

consisted of alternating layers of aluminum foil, copper sheets

and calibrated RCF films [32] of different thicknesses to measure
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the deuteron beam divergence profile and rough spectrum. The

precise composition of the stack is given in Appendix B. The 2.7 ×

2.3 cm2 RCF stack was centered on the laser axis 4.5 cm behind

the target. It had a centered 5 mm diameter hole providing line of

sight for a Thomson parabola spectrometer (TPS). The TPS was

analyzed in conjunction with the RCF stack to provide an

absolutely calibrated, high resolution measurement of the

deuteron beam energy spectrum. A second TPS and an

electron spectrometer were respectively located 30° and 36°

counter clockwise from the laser axis. The high voltage setting

on the TPS was not turned on during the measurements since the

irradiated target introduces a significant load on the vacuum

system resulting in pressures which cause electrical arcing in the

TPS thereby corrupting the signal recorded on the imaging plate.

However, a previous experiment which utilized differential

pumping to separate the TPS from the vacuum chamber,

demonstrated that other ion species are negligible compared

to the main source because of the high purity of the deuterium

gas (D2, 99.6% + HD, 0.4%) used to create the cryogenic

deuterium jet target [33].

In addition to measuring the energy-resolved spatial

distribution of the deuteron beam, the RCF stack also acts as

a neutron converter where laser-accelerated deuterons produce

neutrons via breakup reactions. We also investigated enhancing

neutron production by installing a 1 × 1 × 5 cm3 Be converter

centered on the laser axis at a distance of 2.7 cm. Due to its light

atomic weight and high (d,n) reaction cross section, the Be

converter is expected to produce a higher neutron yield than

the RCF stack. The beryllium converter was housed in an

aluminum casing with a 100 µm thick aluminum window on

the side facing the laser-plasma interaction. This shields the

beryllium from the transmitted laser pulse, while still allowing

the majority of MeV-energy deuterons to pass through.

A neutron time of flight (n-TOF) detector was used to

measure the neutron energy spectrum 4.5 m away from the

target chamber center (TCC) and 110° away from the laser

propagation direction, which was the only available line-of-

sight given the radiation shielding. The n-TOF consists of a

fast plastic scintillator (EJ-200), a photomultiplier (XP2020) and

a fast-digital oscilloscope (TDS5104). The strong x-ray signal

from the laser target interaction was shielded by a 32.5 mm thick

Cu plate to reduce the decay signal width (FWHM) to below

25 ns. The thickness is chosen to ensure the neutron signal

remains greater than the x-ray-generated background, which

thereby served as a time reference for the neutron energy

analysis. The response function of the scintillator was

measured beforehand and the width (FWHM) was found to

be around 10 ns per volt. For our setup, this would introduce a

10% uncertainty in the energy measurement and it affects the low

energy range less than the high energy range. Ten bubble

detectors [34] were positioned in the laser plane at various

angles around the target chamber (−177° – 90° from target

normal, to measure the fast neutron flux at the detector

position. The bubble detectors’ sensitivities varied between

2–2.5 bubbles/mrem. Distances of the bubble detectors were

measured using the front of the Be converter or the front of

the RCF stack as a reference point as our analysis, presented in

the following sections, suggests this is the primary source of

neutrons.

3 Results

A typical deuteron energy spectrum measured at 0 and 30°

from the laser forward direction, as well as the reconstructed

average spectrum from the dose recorded on each RCF film are

FIGURE 1
(A) Experiment setup with RCF stack. Inset: cross section of the deuterium ice targets. (B) Experiment setup with beryllium converter.
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shown in Figure 2A. Note that the absolute flux was calculated

using the energy-dependent image plate calibration from [35] in

conjunction with doses extracted from the RCF films in the laser

forward direction. The deuteron spectrum follows a semi-

Maxwellian distribution, indicative of a TNSA-dominated

regime [31], with a cut-off energy of 50 MeV (shot 11,557) at

0 deg. Consistent with a previous study using planar cryogenic

hydrogen jets [31], the deuteron beam is comprised of two main

components which are attributed to the planar central region and

cylindrical rims of the cryogenic jet. The former produces a

FIGURE 2
Deuteron beam characteristics for shot 11,557: (A) Deuteron spectrum, measured in the laser forward direction through a 5 mm diameter hole
in RCF stack centered on the laser plasma acceleration with a TPS. Inset: Deuteron spatial profile on last RCF film which corresponds to 42.9 MeV
(B, C) Average deuteron emission distribution in the vertical and horizontal direction from the first 7 HD-V2 layers of the RCF stack.

FIGURE 3
(A) Number of neutrons detected in each bubble detector, as a function of their angles with respect to the laser-forward direction. Fluxes are
given assuming a source at the front surface of converter or RCF stack. Total neutron yield is 2.0 × 1010 assuming an isotropic source in 4π. (B) The
neutron TOF signals with gamma decay fit for shot 11,557 (light blue) overlaid. (C) The neutron spectrum in V/MeV as a function of detected neutron
energy after the gamma background is subtracted.
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conical beam with a half-angle decreasing from approximately

20° at the lowest energies to less than 10° near the cut-off energy

(Figure 2B). The latter produces a near azimuthally symmetric

deuteron emission with similar confinement along the jet axis as

illustrated in Figure 2C.

The neutron yield was measured using the bubble detector

array and the neutron spectrum measured using the n-TOF

detector for 3 consecutive shots. For shots 11,555 and 11,557,

deuterons were impinging on the RCF stack as shown in

Figure 1A, while for shot 11,569, the Be converter was

implemented in the setup replacing the RCF, see (b).

Absolute neutron numbers at the location of the bubble

detectors were calculated by converting bubble counts to dose

in mrem using the manufacturer provided sensitivity of the

individual detectors. Dosages (mrem) were then converted to

neutron flux (n/sr) using the conversion relation provided in [18]

and the distances of the detectors to the RCF or converter.

Figure 3A shows the calculated neutron flux as a function of

angle with respect to laser forward direction for the three

recorded shots. The error bars shown in the plot are a

combination of the statistical error of the measurement

( ��
N

√
/N) and the response fluctuation of the bubble detector

across its sensitivity range. This response dependent error (19%)

is determined by calculating the standard deviation of the

response measurement conducted by [18] across an energy

ranging from 0.3 to 32 MeV. Calculated fluxes across the

three shots ranged from (5.2 × 108–2.9 × 109) n/sr. As seen in

Figure 3A the neutron fluence distribution is predominantly

isotropic with two broadened peaks visible at −150 and 30°.

Monte Carlo simulations described in the next section show that

the peak at 30° is due to the forward-directed conical-beam

component of the deuteron distribution described above.

Averaging over the detected neutron flux for all shots and

integrating over 4π, in the same way as previously published

works, we obtain a total neutron yield of ~ 2 × 1010 n/shot. Note

that due to the lack of neutron flux measurements outside of the

laser propagation plane, this number can be viewed as the ideal

case and as an upper bound to the actual on-shot neutron yield.

Future measurements will give more insight into the neutron flux

distribution outside the laser plane. Even though the flux we

calculate is based on the important assumption of isotropy in 4π,

the estimate still agrees within error bars with Monte Carlo

simulation described below.

Figure 3B shows the raw neutron traces acquired by the

n-TOF detector for all three shots (11,555, 11,557 and 11,569).

The spectra were extracted first by subtracting the signals

corresponding to the x-rays from the overall time of flight

signals, which is accomplished by fitting the X-ray peak with

a skewed Gaussian model

f x( ) � A eα μ−x+ασ2
2( ) 1 − erf

μ − x + ασ2

�
2

√
σ

( )[ ] (1)

with the center of the peak μ, the standard deviation σ, the

amplitude A, the fit factor α and the error function erf. As an

example the gamma peak decay fit for shot 11,557 is displayed in

Figure 3B as the light blue curve. We fit the decay line after the

first 16 ns to avoid the interference of the fast decay process,

corresponding to the very sharp peaks at time zero. Then the

neutron signal was converted from the time domain to energy

domain (dV/dt → dV/dE) by setting a 10% threshold on the

X-ray peak to determine the laser-target interaction time.

Figure 3C shows the three different spectra as a function of

energy in MeV and the neutron signal in terms of V/MeV. By

allowing systematic uncertainties in the x-ray signal subtraction,

we estimated the error on the neutron spectrum to be less

than 10%.

In shot 11,555, the spectrum is monotonically decreasing

with an endpoint energy En ≃ 15 MeV, consistent with

simulations of deuteron break-up on Be, Al in the chamber

walls and other experimental apparatus. In shots 11,557 and

11,569, we identify two distinct peaks, one around 2.7 MeV for

11,557 and 3.2 MeV for 11,569, the other broader and peaked

around 6 MeV, suggesting two populations of neutrons with

different origins.

4 Discussion

4.1 Neutron source modeling

The high yield of fast deuterons enables several channels for

neutron production. Deuterons produce neutrons colliding with

nuclei in the intended catcher or with experimental apparatus,

mostly due to break-up of the deuteron. Deuterons can also fuse

to produce neutrons via the d (d,n)3He reaction. Deuteron break-

up can occur anywhere in the target chamber, from the catcher

near the center to the chamber walls near to the bubble detectors,

whereas d (d,n)3He reactions are only likely to occur within the

deuterium plasma. These source distributions are very different

but cannot be distinguished with the layout of detectors in the

experiment, and we must therefore rely on Monte Carlo

simulations to predict and interpret the neutron signal in each

detector.

First, to estimate the yield from deuteron collisions with the

Be converter, the RCF stack or other experimental apparatus, we

constructed a simplified GEANT4 [36] model of the target

chamber, including the aluminium walls and optical

breadboard. The simulation includes seven bubble detectors

placed at the angular positions −177°, − 150°, − 109°, − 53°, −

12°, 26°, 90°, with respect to the laser forward direction, and one

TOF at 110°, mimicking the neutron diagnostics in the actual

experimental setup. The deuteron source is modelled by the

combination of two components as described earlier in the

Results section: (1) a conical component with a 20° half-angle
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cone of emission guided by the measured spatial distribution on

the RCF stack with the energy spectrum from the TPS at 0°; and

(2) an azimuthally symmetric ring that extends ± 20° above and

below the plane perpendicular to the jet axis with the deuteron

energy spectrum measured by the TPS at 30°. The numbers of

deuterons in each component are set equal, to stay consistent

with the observation that the average flux seen by the TPS at 0° is

about one order of magnitude larger than that at 30°. Due to the

semi-Maxwellian energy distribution and accounting for changes

in reaction cross-sections as a function of deuteron energy,

neutrons are predominantly produced by the deuterons from

the lower energy part of the spectrum (< 20 MeV). We may

therefore neglect the variability in the beam divergence as a

function of energy without loss of accuracy. The virtual detectors

in the simulation retain information (type and event location)

about the parent process that produced a detected neutron, along

side with its kinematic variables (energy and momentum). This

level of detail allows us to resolve different origins of non-fusion

neutrons. To compare the GEANT4Monte Carlo results with the

experimental data, the simulation results are scaled to the actual

deuteron numbers, which are measured in the Thomson

parabola spectrometers and the RCF stack (if available for the

shot).

GEANT4 contains a built-in model for nuclide break-up

based on the Fermi model, which assumes the nuclide begins

near mass shell. Consequently, this break-up model inevitably

produces an exponential neutron spectrum, because it has no

information about the threshold or cause of the nucleus’

excitation. Varying the input parameters for the break-up

model does not change this spectral shape as shown in

Figure 4. For this reason, neutrons emitted from the RCF

stack and the Be converter exhibit almost the same

exponential decay spectral profile with energies up to 16 MeV.

However, GEANT4’s break-up model is generic and not tied to

data; a back-of-the-envelope calculation suggests it overestimates

the neutron yield considering the available cross section data for

d-Be [37] and d-Al [38] collisions. Since these cross section data

and models cover only a limited range of deuteron energies, we

minimally extended the cross section data so that the thick target

yields reproduced experimental data for a monoenergetic

deuteron beam incident on Be [39] and Al targets [40, 41].

Uncertainty in these cross section data is primarily from the

sparseness of data at higher deuteron energy Ed ≳ 10 MeV, and

the resulting uncertainty in the neutron yields given the deuteron

spectra in Figure 2 is less than 1%. The GEANT4 simulation

results for the number of neutrons arriving at each bubble

detector are corrected with these experimentally-validated

cross sections. In addition to deuteron break-up as a primary

source, neutrons can inelastically scatter in the samemedium and

produce additional, secondary neutrons. Neutron re-scattering

contributes a non-negligible 10%–15% enhancement of the

neutron yield shown in Figure 5.

The neutron numbers estimated from the bubble detectors

data are compared against those predicted from the

GEANT4 simulation in Table 1. Whether Be catcher or RCF

stack was in place, deuteron scattering in the Al experimental

apparatus contributes the largest share of neutrons in the bubble

detectors. In shot 11,569 with Be, the apparatus is the source of

roughly 3 times as many neutrons as the catcher. Given the

relative number of deuterons striking the apparatus versus the

catcher and the relative probability of neutron production in Al

versus Be, we deduce that the geometric enhancement from the

bubble detector being immediately adjacent to the chamber wall

is roughly a factor of 3. This agrees with a simple analytic model

of the geometric enhancement. For shots 11,555 and 11,557, the

neutron production probability in the RCF stack is estimated two

FIGURE 4
Non-fusion neutron spectrum fromGEANT4 simulation obtained in the bubble detectors at 26°, −150° and the n-TOF at 110° with respect to the
laser-forward direction are shown. The spectrum is broken down by the processes that created the neutrons: deuteron break-up on Be converter
(red) or elsewhere in the chamber (orange), and neutron inelastic scattering in Be converter (green) or elsewhere (blue).
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ways: optimistically the neutron production probability is as high

as Be and more pessimistically the neutron production

probability is similar to Al, represented respectively by the

taller and shorter colored bars in Figure 5. In reality, the RCF

stack is layered construction of polymer and Cu; both materials

have deuteron break-up cross sections greater than Al but less

than Be [38]. Thus, the two estimates are upper and lower bounds

on the neutron yield from the RCF stack. In shots 11,555 and

11,569, deuteron scattering in the catcher and apparatus is

comparable in order of magnitude but systematically lower

than the total measured neutron yield. In shot 11,557, the

simulation results suggest that deuteron scattering in the

apparatus suffices to explain the measured neutron yield.

The TOF spectra can provide further evidence to identify the

likely origins for the neutrons. The GEANT4-predicted spectrum

is consistent with the spectrum in shot 11,555, suggesting the

majority of neutrons in that shot were derived from deuteron

scattering in the apparatus. This evidence is consistent with the

analysis of the bubble detector yields in Figure 5.

Interpreting the spectra in shots 11,557 and 11,569 is more

difficult. A thermal d (d,n)3He fusion spectrum fit [42] to the

lower energy peak in 11,557 would suggest deuterons in the target

achieved a Maxwellian distribution with T ≳ 200 keV. A similar

fit is not consistent with the 11,569 spectrum due to the shift of

the peak to 3.2 MeV. Moreover a fusion interpretation of the

lower-energy peak in shots 11,557 and 11,569 is difficult to

sustain in view of time, volume and energy constraints. Then

to explain the second peak, we would need to identify an

independent source of neutrons producing similar flux with a

Gaussian spectrum centered near ≃ 6 MeV.

While the two-peak structure of the spectra in shots

11,557 and 11,569 defies easy explanation, the endpoint of the

spectrum in all 3 shots, ≃ 15 MeV, agrees with the

GEANT4 simulation. This suggests that the detector

responded to a neutron pulse similar to that predicted, but

the waveform may have been distorted. The same detector

was subsequently used in other laser-plasma experiments

without presenting a similar signal, and the waveform is

not recognized as caused by known detector errors or

miscalibration.

4.2 In-target fusion hypothesis

Figure 5 shows the bubble detector neutron counts and the

background computed from available cross-section data and

Monte Carlo simulation described above. On two out of the

three shots, we find a small but significant difference between the

predicted neutron yield from break-up and the measured

neutron yield. Having accounted for the most significant

sources of neutrons from non-fusion reactions, we identify the

remainder with dd fusion (d (d,n)3He) reactions in the target.

Averaging the difference between the observed neutron number

and the simulation and assuming isotropic emission from the

plasma, we estimate that ≃ 1.2 × 109 neutrons were produced by

dd fusion. The most significant uncertainties in this estimate are

due to incomplete information on the deuteron beam, which we

FIGURE 5
Comparison between the non-fusion neutron contribution from Geant4 simulation and the bubble detector measurements. Fluxes are given
assuming a source at the front surface of converter, which coincides with the center of the target chamber to well-within the error.

TABLE 1 Themeasured neutron yield is determined by averaging the yields
in the bubble detectors and assuming the same apparent flux holds
isotropically. This procedure compares favorably with the
GEANT4 simulation in the second row.

Neutron yield Shot 11,555 Shot 11,557 Shot
11,569

Measured (×1010) 2.14 ± 0.90 2.47 ± 0.97 2.06 ± 0.84

GEANT4 (×1010) 0.28–1.85 0.51–3.65 1.35
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have modeled from the RCF and TP spectra and comparison

with past experiments. In particular, the two-component model

of the deuteron beam implies that ≳ 8% of the on-target laser

energy is transferred to the deuterons. With shot-to-shot

fluctuations in the laser energy and plasma mirror reflectivity

accounted for, shot 11,557 showed the highest energy transfer ≳
10%, shot 11,555 showed the lowest energy transfer, in the

range 8%–9%, and shot 11,569 showed ~ 10%. In shot 11,569,

a spectrum is only available from the 30-degree TP but

the neutron yield suggests that the forward-directed

component of accelerated deuterons was similar or higher

than 11,555 and 11,557. Energy conversion ≥ 10% into ions

has been achieved before, but required a complicated multi-pulse

scheme [43], suggesting our model of the deuteron beam may

err high in deuteron number compared to the experiment. It

would follow that the GEANT4 simulations err high on the

predicted neutron yield and the derived fusion neutron yield

is low.

In order to investigate the deuteron heating associated with

the intense laser-plasma interaction and the possibility of high

neutron yield from dd fusion in our experimental setup, we have

performed two-dimensional (2D) particle-in-cell (PIC)

simulations with the OSIRIS code [44, 45]. We model the

interaction of a laser with 88 J, peak a0 = 24, 8.5 µm spot size,

and pulse duration of 135 fs with a deuterium slab jet of

density 48 nc and thickness of 2 µm. We model the laser pre-

pulse from 6 ps before the main pulse by fitting the temporal

profile of the Texas Petawatt laser (see Figure 6) and including

this pre-pulse profile in the simulation. In our simulations

the laser (with frequency ω0) is launched along the z direction

from the left boundary. The electron-deuteron target plasma

is simulated with 36 particles per cell per species, and the

total simulation domain of ≃ 1400 μm × 700 μm is resolved

with a spatial resolution (cell size) of 0.25 c/ω0. The time step is

chosen according to the Courant–Friedrichs–Lewy condition.

Open (absorbing) boundary conditions for both particles and

fields are used in both the longitudinal and transverse directions.

We have tested different resolutions and numbers of particles per

cell to ensure convergence of the results and have used a third

order particle interpolation scheme for improved numerical

accuracy.

We observe that the laser pre-pulse starts expanding the

central region of the target before the main pulse arrives. The

main pulse then interacts with the pre-expanded target, strongly

heating the electrons, and accelerating the deuterons. The laser

eventually breaks through the target via relativistic transparency,

further accelerating the deuterons [46, 47]. Figure 7 summarizes

the main results in terms of deuteron heating and neutron

production from dd fusion reactions. The neutron reaction

rates were obtained by integrating the dd fusion cross-sections

[48] from the local deuteron distribution functions in the

simulations. In panel (a) we see the spatial distribution of the

dd neutron rate 6 ps after the arrival of the main pulse. While

deuterons are significantly heated in the central region, the

neutron yield there is moderate due to the lower plasma

density. We find that most of the neutron generation occurs

just outside this central region, in two hot spots, where the

density is still comparable to the initial target density but

deuterons have been heated to Td ~ 10 keV (panel b).

Moreover, we find that in this region, the deuteron

distribution has significant non-thermal tails above 25 keV

increasing the neutron production rate as seen in panel (b).

We observe that most of the neutron generation occurs

within the first 4 ps after the interaction of the main pulse. By

assuming cylindrical symmetry around the laser axis we calculate

a total neutron yield from dd fusion reactions of 4 × 109.

However, it is important to note that in the actual 3D

configuration of the experiment the target size should be

limited in the transverse direction not captured by 2D

simulations, which should decrease the total yield. While 3D

PIC simulations will be needed to produce a more precise

calculation of the total neutron yield, our simulation results

indicate the possibility of producing order 109 dd fusion

neutrons consistent with the experimental analysis discussed

above.

With 109 neutrons produced over ~ 10 ps, the surface

neutron flux on a 100 µm-radius sphere around the deuterium

plasma is estimated ≃ 8 × 1022 n/cm2/s, which is almost 106 times

higher than the neutron flux from the ion-driven method [26]

due to its smaller source size and shorter pulse duration. In the

ion-driven method, the neutron pulse duration is determined by

the flight time of ion passing through the reaction region, which

is usually in ns level, as opposed to tens of ps over which the

reaction rate is significant.

FIGURE 6
Temporal intensity profile of the Texas Petawatt laser pulse,
without plasma mirror.
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5 Conclusion

Combining a thin, several micron-scale cryogenic deuterium

target with a petawatt-class laser, we obtained a total deuteron yield

of 1013/shot with efficient ~ 8 − 10% energy transfer from the laser.

This high deuteron yield supported a high neutron yield ≳ 1010 and

efficiency of 108 neutrons/J, comparable to previously published

highest neutron yields from laser-driven sources. With 1010 neutrons

produced by the forward-directed beam in the beryllium catcher,

fluences > 109/cm2would have been achieved, primarily in the beam

direction in the catcher. Accounting for the nanosecond delay

between faster and slower deuterons in the beam, we infer that

fluxes exceeding 1018/cm2/s were obtained at the catcher. If the

catcher could be placed closer to the ion source, millimeters away

instead of centimeters, this flux could be enhanced by at least an

order of magnitude, if not more. Deuteron break-up on Be and Al

experimental apparatus explains a majority but not all the observed

neutron yield. Identifying the remaining neutrons as derived from d

(d,n)3He fusion reactions in the laser-irradiated deuterium jet, we

infer a fusion neutron yield (107 n/J) and high peak flux (> 1022 n/
cm2/s) near the plasma. As a consequence of the much higher

neutron contribution from break-up, a signal of fusion was not

clearly identifiable in the neutron spectrum. The double peak feature

in two observed neutron spectra is currently not fully understood. In

future experiments, multiple neutron time-of-flight detectors should

be employed to allow coincidence-based background rejection to

determine if the second, higher energy peak is due to a physical

neutron signal or not. In case this peak represents a real signal, a

multiple detector setup also enables extraction of additional

information about the location of the source of the signal.

The neutron flux inferred to originate from in-target fusion is

almost a million times higher than the laser-ion driven method

(1017 n/cm2/s) [26] as well as conventional neutron source like

spallation sources (1017 n/cm2/s) and fission reactors (1015 n/cm2/s)

[6]. Additional experiments with improved diagnostics (multiple

TOF spectrometers and yield measurements out of plane) are

necessary to confirm both the yield and d (d,n)3He nature of the

source. We anticipate that a thicker target could suppress high

energy deuteron emission without significantly reducing the

neutron yield. If harnessed and controlled in the right setup,

this high peak flux can enable experiments up to now

infeasible, for example, the study of the nuclear cross sections

and excitation dynamics essential to the r-process [49], responsible

for the creation of heavy elements. The key requirement for this

research is an extremely high flux of neutrons to allow successive

neutron absorption at a rate faster than the decay time. A laser-

driven neutron source such as described here introduces additional

technical challenges to designing a multi-neutron capture

experiment, not least because of the high energy particle and

radiation background from the nearby laser-plasma interaction.

Future work can stabilize this mechanism as a neutron source and

improve the design to begin addressing these challenges. A future

multi-beam facility could irradiate a target of interest using two or

more laser-driven fusion neutron sources with ultrahigh neutron

flux in precision intervals down to ps. This method has potential to

significantly increase the peak neutron flux with the next-

generation lasers such as 10 PW Extreme Light Infrastructure

[50] and multi-PW Apollon laser [51].
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Appendix A: Laser temporal profile

The Texas Petawatt laser temporal profile is measured

without a plasma mirror. Figure 6 shows a coarse scan (blue)

revealing a long prepulse extending > 20 ps before the peak. The

fine scan (orange) around the peak determines the intensity

FWHM pulse duration of 135 fs. A plasma mirror enhances the

contrast by approximately the ratio between the mirror

reflectivity before being triggering and the mirror reflectivity

after triggered. The reflectivity before triggering is determined by

the coating’s reflectivity averaged over angle of incidence and

spectral bandwidth of the laser. This ratio leads to an expected

contrast enhancement of ~ 200.

For the expected peak intensity of the laser we estimate that

the plasma mirror would trigger about 6 ps before the peak.

Therefore, we model (green line) the effect of the plasma mirror

by rapidly suppressing the laser field strength 6 ps before the

peak, which also provides a well-defined starting point for

evolution in the simulation.

Appendix B: RCF formula

From front to back: 13 µm Al + HDv2 + 8×(100 µm Al +

HDv2) + 6×(150 µm Cu + MDv3) + 16×(500 µm Cu + EBT3) +

5×(1 mm Cu + EBT3). HDv2 is Mylar, thickness 105 μm,

MDv3 is Mylar, thickness: 260 μm, and EBT3 is Mylar,

thickness 280 µm.
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