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Thermal and atomic effects on coupled-channels heavy-ion fusion
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Stellar nuclear fusion reactions take place in a hot, dense plasma within stars. To account for the effect of
these environments, the theory of open quantum systems is used to conduct pioneering studies of thermal and
atomic effects on fusion probability at a broad range of temperatures and densities. Since low-lying excited
states are more likely to be populated at stellar temperatures and increase nuclear plasma interaction rates, a
188Os nucleus was used as a target that interacts with an inert 16O projectile. Key results showed thermal effects
yield an average increase in fusion probability of 15.5% and 36.9% for our test nuclei at temperatures of 0.1
and 0.5 MeV, respectively, compared to calculations at zero temperature. Thermal effects could be tested in a
laboratory using targets prepared in excited states as envisaged in facilities exploiting laser-nucleus interactions.
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I. INTRODUCTION

Understanding the cosmic origins of heavy elements is one
of the biggest problems in science. Nuclear fusion reactions,
which often occur in high energy density plasmas (HEDPs),
are some of the most relevant reactions contributing to nucle-
osynthesis and stellar evolution. These environments are hot,
and contain a mixture of ions and electrons. Low-energy fu-
sion experiments in laboratories are often subject to the target
medium, and the current focus is on the use and improvement
of radioactive beams to produce the nuclei needed for these re-
actions [1,2]. Recreating the stellar environments where these
reactions take place is challenging, and hence computational
models offer a path to understanding this complex problem.
Our unique study showcases a method to include the influence
of an external physical environment (a plasma) on low-energy
fusion reactions, using the theory of open quantum systems.
This study suggests that coupling-assisted tunneling in nu-
clear fusion is strongly enhanced by thermal effects. These
effects could be observed in experiments with targets prepared
in excited states, e.g., exploiting laser-nucleus interactions [3].

The impact of plasma on a reaction may be dominated by
either thermal or Coulomb effects. A first order estimation of
their relative importance can be carried out by calculating a
Coulomb parameter, �, which is essentially a ratio between
Coulomb and thermal energies [4–6]

� ≡ 〈Zie〉2

aiT
, (1)
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where 〈Zie〉 is the average ion charge in the plasma, ai is
the average interionic distance and T is the temperature in
MeV. When � � 1, the Coulomb energy is insignificant to
thermal energy and a Debye-Hückel potential is assumed [7],
and for � � 1, the Coulomb energy dominates the plasma
interaction, and this regime is modeled with an ion-sphere
potential. Electron screening potentials effectively reduce the
Coulomb barrier, and these become increasingly complex in
HEDPs. An extensive inclusion of electron screening would
include higher density effects such as ion-ion and ion-electron
correlations [8], and relativistic effects such as pair produc-
tion at high temperatures (≈1 MeV or higher). Reviews on
weak- and strong-screening regimes in HEDPs can be found
in Refs. [9–11]. For the 16O projectile and 188Os target used
in this work, the screening effects may be significant at some
temperatures (0–1 MeV) and densities (10–105 g cm−3) stud-
ied. For simplicity, we focus our study on the effects of
plasma temperature and the role of nuclear plasma interac-
tions (NPIs) on low-energy fusion reactions, with the latter
expected to affect stellar nucleosynthesis [12,13]. Examples
of processes involving NPIs are nuclear excitation by elec-
tron capture (NEEC) or transition (NEET). These have been
observed experimentally but still are not well understood
[14,15]. The 16O+188Os reaction is used as a test case because
(i) this reaction simplifies the model calculations, and (ii) the
188Os target allows one to maximize both NPI and thermal
effects.

The thermal population of low-lying excited states has
been previously considered in neutron capture studies using
the Hauser-Feshbach statistical model [16,17]. The neutron
cross sections were weighted with temperature-dependent
population probabilities of target’s excited states, leading to
a stellar enhancement factor. However, these effects were
ignored in heavy ion fusion studies, since the reactions of
interest would typically involve inert nuclei or nuclei with
high excitation energy states of several MeV.
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The present work studies thermal and NPI effects on nu-
clear fusion using a dynamical, quantum coupled-channels
model. The coupled-channels density-matrix method has
demonstrated the ability to calculate energy-resolved fusion
probabilities using an open quantum system approach [18].

II. THERMAL EFFECTS

A thermal environment is expected to change the initial
population of the intrinsic energy eigenvalues, {eα}, of nuclei
that it encompasses. To model the thermal effects on a fusion
reaction, we introduce Boltzmann factors, wα , into the initial
density matrix

ρrs
αα (t = 0) = wα|r〉〈s|, (2)

where |r〉 refers to a Gaussian or Coulomb wave packet de-
scribing the internuclear motion on a radial grid [18]. We have
tested two different initial wave packets with the same Gaus-
sian envelope but two different boosts, B(k0r), namely, a plane
wave (e−ik0r) and an incoming Coulomb wave, H−

L=0(k0r):

ψ (r, r0, σ0, k0) = N−1 exp

[
− (r − r0)2

2σ 2
0

]
B(k0r), (3)

where N is a normalization constant, r0 is the initial, central
position of the wave packet, r is a radial grid position, σ0 is the
spatial dispersion, and k0 is the average wave number, which
depends on the average incident energy E0, r0, and σ0 and is
found by solving E0 = 〈ψ |Ĥ |ψ〉, Ĥ being the Hamiltonian
of the collision. Equation (3) with a plane-wave boost is a
Gaussian wave packet, while this is a Coulomb wave packet
when a Coulomb-wave boost is used.

In Eq. (2), the density matrix is diagonal in the energy
eigenstate basis, denoted by |α〉. The initial population of the
energy eigenstates is given as

wα = (2Iα + 1) exp
(− eα

T
)

∑N
α′=1(2Iα′ + 1) exp

(− eα′
T

) , (4)

where Iα is the spin value. Since the present calculations
only include excited states of the 188Os ground-state rotational
band, the spin degeneracy factors in Eq. (4) will be irrele-
vant. Excited states are thermally populated before the target
and projectile interact with each other and thermodynamic
equilibrium is assumed at the start of the reaction [19,20].
As known from coupled channels calculations, coupling of
the radial motion to energy eigenstates can cause changes
in fusion probability. Population of excited states in either
the target or projectile nucleus due to surface vibrations or
rotational excited states lead to an overall increase in fusion
probability due to coherent coupled channels effects [21].
For the dynamical calculations, we use the same equation of
motion for the density matrix of the reduced system as the
one used in Ref. [18], Eq. (4). This method uses the Lind-
blad master equation, allowing coupling between the radial
and energy eigenstate bases, and uses Lindblad operators
to introduce novel effects into the calculation. An energy
projection technique is used to calculate the fusion probability
for specific collision energies [18].

In the following calculations, we use a 188Os target nucleus
due to its low-lying 2+ rotational excited state at 155 keV
[22] and a 16O projectile nucleus due to its high 6.13 MeV
first excited state. Hence, we only consider the ground state
of 16O and the ground and first excited state of 188Os. The
parameters used in these calculations are the same as in
Ref. [18], except from the potential parameters which are
unique to the projectile and target pair. The Woods-Saxon
nuclear interaction potential parameters used in this work are
V0 = 60.64 MeV, R0 = 1.2 fm, A0 = 0.63 fm, and these pa-
rameters provide the same height of the uncoupled Coulomb
barrier (VB = 71.7 MeV) as the microscopic São Paulo poten-
tial [23]. The deformation parameter of the 155 keV excited
state is β2 = 0.184 [24].

III. ATOMIC EFFECTS

NPI effects are included in the calculations by introducing
new matrix elements into Eq. (4) of Ref. [18],

�rr
12 = γ12, (5)

�rr
21 = γ21, (6)

where γ12 and γ21 are the respective excitation and de-
excitation rates between the ground state and first excited state
of 188Os. These affect the excited state population, dependent
on the temperature and density of the plasma. The relevant
rates for this work are shown in Table I, and were calculated
using the ISOMEX code [25], which is based on the relativistic
average atom model and assumes local thermal equilibrium.
The considered excitation processes due to NPIs are resonant
photon absorption, inelastic electron scattering, NEEC, and
NEET. The de-excitation processes include spontaneous pho-
ton emission, induced photon emission, internal conversion,
bound internal conversion (BIC), and superelastic electron
scattering. Since the excited state of 188Os is much higher than
the binding energy of the K-shell atomic orbitals, NEET and
BIC do not contribute to the plasma induced nuclear transition
rates.

It was found that the effects of NPIs were negligible
(<10−6% increase in fusion probability) for a 16O projectile
and 188Os target, at all temperatures and densities considered.
Considering that the timescale of the fusion reactions is of the
order of 10−22 s, the effective excitation rates are too low to
have an impact on the population of the excited state [26] and
therefore the overall effect on fusion is weak.

Nuclear fusion reactions are commonly initiated from the
ground state of the collision partners. Should scenarios exist
where fusion reactions are initiated from long-lived intrinsic
high angular momentum excited states, the NPIs would be
more effective [27]. Additionally, a recent experiment [28]
showed that missing excited electronic configurations could
be a reason for discrepancy between theory and experiment
for NEEC reactions.

IV. RESULTS AND DISCUSSION

We construct the coupled channels fusion probability of a
zero temperature, environment-less fusion reaction for an inert
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TABLE I. Excitation (γ12, left column) and de-excitation (γ21, right column) rates for NPIs between the ground state and first excited state
of a 188Os nucleus for different temperatures and densities, calculated using the ISOMEX code [25].

Density T = 0.01 MeV T = 0.1 MeV T = 1 MeV

10 g/cm3 6.0 × 102/6.5 × 108 s−1 7.3 × 108/6.9 × 108 s−1 1.6 × 1010/3.8× 109 s−1

103 g/cm3 7.0 × 102/7.6 × 108 s−1 7.3 × 108/6.9 × 108 s−1 1.6 × 1010/3.8 × 109 s−1

105 g/cm3 8.0 × 102/8.6 × 108 s−1 7.8 × 108/7.3 × 108 s−1 1.6 × 1010/3.8 × 109 s−1

16O projectile and 188Os target with two states (ground and
first excited state), given in Fig. 1. Multiple wave packets with
different initial mean energies (E0) were used to check that the
results converge [18]. This serves as verification of the method
and a baseline that allows us to evaluate the thermal effects of
the plasma.

Figure 2 shows the population of the radial grid basis states
over time for an initial Gaussian wave packet with an average
energy E0 = 70 MeV and a temperature T = 0.1 MeV. The
change of population of both the ground state (elastic channel)
and the 2+ excited state of 188Os (inelastic channel) due to
both thermal effects and the radial coupling between these
states can be observed.

To isolate the effects of temperature on fusion probability,
the increase in energy-resolved fusion probability was calcu-
lated using the ratio between coupled channels calculations
at either T = 0.1 MeV or T = 0.5 MeV and T = 0 MeV,
shown in Fig. 3. The fusion probability was calculated by tak-
ing the average energy-resolved fusion probability for initial
wave packets with varying E0. For T = 0.1 MeV, the green
(square) points were calculated using a Gaussian wave packet
with E0 = 60, 63, 65, 67, and 70 MeV, and the blue (circle)
points were calculated using a Coulomb wave packet with
E0 = 65, 67, and 70 MeV. The same method was used for both
T = 0 and T = 0.5 MeV. The error bars associated with these

FIG. 1. A construction of the energy-resolved fusion probability
for a 16O projectile and 188Os target with coupled channels but with-
out a plasma environment (T = 0 MeV). Gaussian and Coulomb
wave packets are used, taking the average energy-resolved fusion
probability for a range of incident mean energies, E0. Error bars
due to statistical error are included but most are insignificant. The
nominal Coulomb barrier between these nuclei is 71.7 MeV.

points are simply due to the standard error in the mean. We use
a Gaussian wave packet for its accuracy at deep sub-barrier
energies compared to a Coulomb wave packet. However, a
Coulomb wave packet offers a better global description of
fusion probability around and above the Coulomb barrier, as
discussed in Ref. [18]. Below the Coulomb barrier, the aver-
age increase in fusion probability was 15.5% and 36.9% for
the 0.1 MeV and 0.5 MeV temperatures, respectively. Above
the Coulomb barrier, the increase quickly diminishes to a few
percent.

The results in Fig. 3 are an advancement on work that
showed that sub-barrier fusion is enhanced when channel
couplings are included, due to the fusion contribution of

FIG. 2. Radial position probability as a function of internu-
clear radius and time for a head-on collision of 16O + 188Os with
E0 = 70 MeV and T = 0.1 MeV. The radial probability changes for
(a) the elastic and (b) inelastic channels, respectively, as the nuclei
approach their Coulomb barrier (r ≈ 11.5 fm). The inelastic channel
is thermally populated before the target and projectile interact with
each other. For visualization, when the mean radius is larger than 20
fm, the time step is 3 × 10−22 s.
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FIG. 3. The increase in fusion probability for a 16O projectile and
188Os target due to the presence of a thermal plasma environment.
For each temperature (T = 0.1 MeV and 0.5 MeV), the fusion
probability increase is calculated using the ratio of averaged thermal
environment calculations to averaged baseline calculations with no
environment (Fig. 1). For the Gaussian wave packet, calculations
were initiated with E0 = 60, 63, 65, 67, and 70 MeV and for the
Coulomb wave packet, E0 = 65, 67, and 70 MeV.

excited states [29]. The thermal increase in fusion probability
can be explained by studying the radial wave function of the
entrance channel


0(r) =
√

1 − w2 · ψ1(r) + √
w2 · ψ2(r), (7)

where ψ1 and ψ2 are the radial wave functions of the ground
state and excited state, and these wave functions also contain
their respective energy basis states, |1〉 and |2〉. The excited
state Boltzmann factor calculated in Eq. (4) is denoted by w2.
Two effective Coulomb barriers are created from a linear com-
bination of two dynamically coupled wave functions, ψ1 and
ψ2, as shown in Fig. 4. This combination is antisymmetric and
symmetric, defining two decoupled eigenchannels, χ1,2(r),

χ1,2(r) = 1√
2

(ψ1(r) ∓ ψ2(r)). (8)

The height of the Coulomb barrier for the symmetric
eigenchannel (χ2) is significantly smaller than that of the
antisymmetric eigenchannel (χ1), leading to an increase of
the fusion probability relative to a single channel calculation
involving the state ψ1(r) only.

Temperature affects the fraction of the eigenchannels con-
tained in the entrance channel configuration in Eq. (7),

|〈χ1||
0〉|2 = 1
2 −

√
(1 − w2) w2, (9)

|〈χ2||
0〉|2 = 1
2 +

√
(1 − w2) w2. (10)

FIG. 4. The Coulomb barriers of the decoupled eigenchannels.
The symmetric barrier is the lowest, dominating the fusion process
at energies below the nominal, 71.7 MeV Coulomb barrier of the bare
potential, U (r).

The inclusion of temperature leads to an increase in the initial
population of the excited state, w2, and consequently there
is a larger fraction of the eigenchannel χ2 (with the lowest
Coulomb barrier) in the entrance channel configuration. The
effect is more prominent with increasing temperature, which
is supported by our results in Fig. 3. Hence, there is an
enhancement of fusion probability in comparison to coupled
channels calculations without temperature (w2 = 0).

V. SUMMARY

We have addressed an area of unexplored territory by as-
sessing environmental quantum effects on heavy-ion fusion
calculations. The coupled-channels density-matrix method,
which is based on the theory of open quantum systems,
unambiguously include thermal and atomic effects on sub-
barrier fusion dynamics. The calculations show that plasma
temperature strongly enhances fusion probability. This pio-
neering effort suggests that careful considerations should be
made when modeling or performing experiments on collision
partners with initially populated low-lying excited states (e.g.,
see Ref. [3]). Despite no changes in fusion probability due to
atomic effects, there is scope to reintroduce these effects when
more experiments are completed and new theoretical studies
are published.
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