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Abstract
We investigate known mechanisms for enhancing nuclear fusion rates at ambient temperatures and
pressures in solid-state environments. In deuterium fusion, on which the paper is focused, an
enhancement of>40 orders of magnitude would be needed to achieve observable fusion. We find
that different mechanisms for fusion rate enhancement are known across the domains of atomic
physics, nuclear physics, and quantum dynamics. Cascading multiple such mechanisms could lead
to an overall enhancement of 40 orders of magnitude or more. We present a roadmap with
examples of how hypothesis-driven research could be conducted in—and across—each domain to
probe the plausibility of technologically-relevant fusion in the solid state.

1. Introduction

Nuclear fusion is purported to require extreme temperatures or pressures [1–5]. Claims that nuclear fusion is
achievable at ambient temperatures and pressures in solid-state materials have surfaced repeatedly [6–10],
but were in the past dismissed for lack of plausible explanations [11–13]. Among the strongest results are
those reporting neutron and charged particle emissions from metal–hydrogen systems with low-energy
stimulation [14–19]. Readily observable deuterium (D–D) fusion at ambient conditions would require a
fusion rate increase of>40 orders of magnitude compared to the baseline spontaneous fusion rate of
deuterium gas (estimated by Koonin & Nauenberg [20] as∼10−64/s per deuteron pair at the D2 molecular
distance of 74 pm3). This paper examines D–D fusion in a solid-state environment through the perspectives
of three disciplines—atomic physics, nuclear physics, and quantum dynamics—and asks the following
question:

What known mechanisms can increase nuclear fusion rates in the solid state?
We offer no single mechanism that could increase fusion rates by 40 orders of magnitude from the very

low base rate in deuterium gas. However, there are known mechanisms across fields that could individually
increase fusion rates by as much as 30 orders of magnitude (figure 1). Identified mechanisms are discussed
with supporting calculations.

The possibility of cascading two or more mechanisms provides a first-principles research map for
studying solid-state fusion. We present combinations of enhancement mechanisms that could cumulatively
provide a>40 orders of magnitude increase in fusion rates (figure 1). We conclude with examples of how
hypothesis-driven research could be conducted in—and across—each field to probe the plausibility of
technologically-relevant fusion in the solid state at ambient conditions.

3 Consider that in a ∼3 g TiD2 sample, for example, there are on the order of 1022 deuteron pairs. A fusion rate increase of 44 orders of
magnitude to a rate of 10–20/s would result in 100 fusion reactions per second, which is in the observable range—see supplementary note
S1.1 for further details.
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Figure 1. The three fields considered in this work and the estimated fusion rate enhancement that could be gained from singular
mechanisms and combinations of mechanisms. A D–D fusion rate>10−23/s would result in observable fusion in metal
deuterides at ambient conditions (see supplementary note S1.1).

2. The atomic physics perspective

A simple description of nuclear fusion can be found in the Gamow model [21]. The Gamow model frames
fusion as a quantum tunneling event through a potential barrier, with the barrier defined by the interatomic
potential between two nuclei (figure 2(a)). Here, nuclei are considered point masses and point charges, and
the fusion event is treated as near-instantaneous. Accordingly, the Gamow model is concerned with atomic
physics (the interatomic potential) rather than nuclear physics (the fusion event). The interatomic potential
can be simple—such as with nuclei in a diffuse plasma—or complex—such as with nuclei in a dense solid. In
the latter case, the electronic structure of the solid will influence Gamow model variables.

The interatomic potential (figure 2(a)) [22–25] is defined by three partial potentials arising from
electromagnetic and nuclear forces: (i) the electrostatic repulsion between nuclei due to positive charges of
protons; (ii) the electrostatic attraction between such positive charges and negatively charged electrons as
well as the electrostatic repulsion between such electrons; and (iii) the short-range (<∼10 fm) strong nuclear
force attraction between all nucleons (see supplementary note S2.1 for more details). The resulting potential
leads to an equilibrium position for pairs of nuclei at the range of interatomic bond lengths (∼50–300 pm).
If the interatomic distance of two nuclei is progressively decreased, the short-range attractive strong nuclear
force will eventually dominate the electrostatic repulsion and the nuclei will fuse through quantum tunneling
[26]. Quantum tunneling—a basic feature of all quantum systems—yields a probability distribution for
overcoming the potential barrier as a function of the potential barrier and the interatomic distance
(figure 2(a)). The product of the tunneling probability and the trial frequency (i.e., the number of tunneling
attempts) is the fusion rate. The trial frequency results from collisons [27] (e.g., in a plasma) or oscillations
[28] (e.g., in a solid). The two primary variables in the equation in figure 2(a) are the relative energy E
between the two nuclei and the size and shape of the potential barrier V(r) between the two nuclei. Most
attempts at technologically-relevant fusion focus on maximizing E (e.g., through heating to>100 000 000 K)
instead of manipulating V(r) [1, 29].
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Figure 2. (a) Application of the Gamow model for describing fusion of two deuterons (orange). r2–r1 denotes the interatomic
distance,m denotes the mass, V(r) denotes the interatomic potential, and E denotes the center-of-mass energy. (b) Closest
deuteron proximity as a function of lattice site occupancy (for simplicity, not all deuterons in the lattice are shown). (c) The effect
of proximity without screening (left) and the effect of screening at the fixed deuteron molecular distance of 74 pm (right) on D–D
fusion using Gamow model assumptions. Theoretical screening values from [50] are shown to illustrate differences across
materials. References to calculations with detailed descriptions can be found in the supplementary note S2.

Situations with more than two interacting atoms—such as deuterons within a palladium
lattice—introduce new considerations to the Gamow model. V(r) is now a function of all interacting nuclei
and electrons [30]. Moreover, the interatomic distance (r2–r1) is now dictated by where the deuterons reside
in the lattice. When the tunneling probability is evaluated across a range of interatomic distances, the
importance of this latter point is apparent (figures 2(b) and (c)). For example, the D–D fusion rate predicted
by the Gamow model for face-centered cubic palladium deuteride (PdDx) has a range of more than 50 orders
of magnitude depending on deuteron occupancy (see supplementary note S2.2). If only octahedral sites are
occupied, the proximity-based fusion rate would be<10−120/s. This rate is increased to about 10−100/s if
both octahedral and tetrahedral sites are occupied. This would be further increased to 10−64/s where D2

accumulates in voids in the lattice (before considering screening effects). In PdDx alloys, deuterium is known
from neutron scattering experiments to favor octahedral site occupation, and vacancy formation and
tetrahedral site occupation can occur at high concentration (x> 0.9) [31, 32–38]. Recent computational
studies suggest that many M(H/D)x alloys can form vacancies in the lattice capable of accommodating H2/D2

at high loading [39, 40]. It has also been proposed that sigma-bonded dideuterium molecules—a variant of
regular D2 molecules with different angular orientation—may be present in monovacancies at more modest
loading [41, 42].

These considerations extend beyond proximity. The free electron density in Pd is∼6.8× 1022 cm−3,
which corresponds to approximately one free electron per lattice atom [43]. The potential barrier between
nearest-neighbor deuterons in a PdDx alloy will be modified by this free electron density—a process known
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as electron screening [44]. Simplistically, electron screening reduces the positive electrostatic repulsion
between nuclei and results in a reduced interatomic distance (r2–r1) and is expressed as a reduction of V(r)
by a constant screening value (Ue) [44–48]. The two electrons in gas-phase D2 correspond to a theoretical Ue

value of∼20 eV [49, 50]. Theoretical values of Ue range from 50–150 eV for deuteron pairs in different
metals [51, 52]. A Ue of 150 eV would correspond to a bond length reduction from 74 pm to 57 pm [53]. We
calculate the effect of screening energies across this range (see supplementary note S2.3) for D–D fusion and
find—in agreement with prior calculations [54]—that it is expected to provide an enhancement of fusion
rates for D2 upwards of 20 orders of magnitude in comparison to gas phase D2 (figure 2(c)). This is
qualitatively consistent with experimental observations from accelerator experiments [47, 51, 55]. However,
quantitatively, experimental observations of fusion rates in solids appear to exceed theoretical estimates of
Ue [47, 56]. Such discrepancies could be explained by local concentrations of electron density in the lattice
(‘locally enhanced screening’ in figure 1), by dynamical increase of proximity and screening (‘fluctuations’ in
figure 1), or by other enhancement mechanisms beyond the domain of atomic physics, as discussed in the
following sections (‘internuclear resonances’ and ‘intranuclear resonances’ in figure 1).

Lattice imperfections such as impurities and defects lead to local changes in the electron band structure,
which have been interpreted as a larger curvature of the electron valence band and thus as a larger effective
electron massm∗ [57]. Since the screening potential Ue depends on the effective electron massm∗, some
lattice sites are then posited to provide for higher screening. Czerski et al. [58], referring to Zhang et al [59],
argue that the effective electron massm∗ can locally be larger than the electron rest massme by a factor of 9,
corresponding to an increase of Ue by a factor of 3. This conjecture is consistent with accelerator experiments
that suggest a Ue of 300 eV from the deuteron bombardment of vacancy-rich Zr, whereby the theoretically
predicted Ue of pristine Zr is 112 eV [60]. However, a full phase space integration would be required to
confirm this proposal. More details on locally enhanced screening are given in supplementary note S2.3.

The discussion so far only considers equilibrium conditions. In actuality, deuterium nuclei inside a metal
lattice are dynamic [61–64]. The timescale discrepancy of atomic/electronic oscillations (≫1 fs) and fusion
events (≪1 fs) is large. This discrepancy implies that short-lived extrema in atomic position and electron
density are long from the perspective of two fusing nuclei. To account for dynamic atomic positions, the
tunneling probability must be evaluated across all occurring proximities resulting from fluctuations [65].
Fluctuations are caused by factors such as lattice oscillations (phonons) or atomic diffusion and can cause
temporary increases in proximity on the order of 5 pm over equilibrium values [65]. This change in
interatomic distance corresponds to an expected enhancement of the D–D fusion rate of∼8 orders of
magnitude (see supplementary note S2.4). Fluctuations in electron density are also relevant; it was recently
proposed that the use of electronic fluctuations (plasmons) could temporarily increase electron density
between deuterons in PdDx, with a calculated increase in Ue of 40% [45, 46]. Such an increase would
correspond to an enhancement of D–D fusion rates of∼15 orders of magnitude (see figure 2(c)).

To summarize, the atomic physics perspective contains mechanisms that will—non-contentiously and
demonstrably—change fusion rates in the solid state: the effect of proximity as determined by equilibrium
positions of hydrogen nuclei in their respective environments (site occupation); increased proximity caused
by interactions of hydrogen nuclei with free electrons (electron screening); and further temporal
enhancement of proximity (structural and electronic oscillations). These mechanisms manifest to differing
degrees in any metal-deuterium system.

Our evaluation suggests that a fusion rate enhancement upwards of∼25 orders of magnitude can arise from
such mechanisms without controversy.

Applying this enhancement to a fusion rate of 10−64/s for D2 at ambient temperature and pressure yields
a fusion rate of 10−39/s. This is∼20 orders of magnitude below the alleged ‘cold fusion’ rate of∼10−23/s.
Some authors have argued that locally enhanced screening effects in the vicinity of lattice defect sites may
further increase fusion rates by as much as another 15 orders of magnitude [58]. However, more research is
needed to substantiate such conjectures.

In either case, when viewed exclusively through the lens of atomic physics, observable fusion at ambient
conditions is not achievable.

3. The nuclear physics perspective

Nuclear physics frames fusion with more granularity than atomic physics. Here, nuclei are seen not as point
masses and point charges but as objects with intranuclear structure [66]. The need for this increased
granularity is apparent from empirical fusion data [67] (figure 3(a)). For example, proton-boron (p–11B)
fusion exhibits peaks of the reaction probability near 162 keV and 675 keV. Atomic physics alone cannot
account for these peaks. The Gamow equation yields a smooth curve when reaction probabilities are
evaluated as a function of energy [21]. Differences between reaction probabilities predicted by the Gamow
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Figure 3. (a) Empirical fusion probabilities of different fusion reactions (left) [75]; and deuteron fusion rate data
(right)—reproduced from Figure 1 in [76]. (b) A pictorial representation of how intranuclear resonances can cause certain
incident energies (vertical axis) to exhibit higher tunneling probabilities (horizontal axis) than predicted using Gamow model
assumptions. (c) The thick-target yield equation (left) and a graphical interpretation of relevant variables (right) used to
determine empirical cross sections in solid-state targets. Y t is the yield of nuclear products, f (E) is the center-of-mass energy of
incident particles, σ(Ē) is the cross section, Nd is the nuclear reactant density, and dĒ/dx is the stopping power of incident
particles.

model and empirical reaction probabilities are attributed to intranuclear structure that results from nucleon
interactions [68, 69]. For p–11B fusion, the observed peaks originate from the resonant dynamics of the
resulting 8Be+4He nucleon clusters—a temporary molecule-like configuration of the twelve
nucleons—which then rapidly disintegrates through sequential alpha decay into three 4He nuclei [70]. For
deuterium-tritium (D–T) fusion, a broad peak centered around 100 keV is attributed to a resonance
associated with the polarized 3/2+ spin state of the resulting 5He nucleus, which then disintegrates into a 4He
nucleus and a neutron [71]. Resonances—i.e., increased reaction probabilities at specific energies—occur
when a particular configuration of nucleons can favorably accommodate a discrete amount of energy
(figure 3(b)). Such conditions enable higher fusion rates if the energy imparted to the reactants is
well-matched to their collective dynamics [72–74].

The p–11B and D–T resonances were not predicted, but measured. Several authors have sought to
describe and predict intranuclear resonances on the basis of first-principles nuclear models [60, 71, 77, 78].
However, doing so is still aspirational due to the complexity of calculating nucleon-nucleon interactions [68,
69, 79–81]. This complexity can be divided into three challenges: (i) the strong nuclear force exhibits
three-nucleon effects in addition to nucleon–nucleon effects; (ii) the strong nuclear force is strongly
attractive between 1 fm and 2 fm, yet strongly repulsive at distances less than 1 fm; and (iii) the strong
nuclear force is not organized around a center. Classical computations cannot easily handle these challenges
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[82]. Accordingly, our understanding of intranuclear resonances is presently heavily dependent on what is
experimentally accessible [67, 79, 80, 83].

No resonance has been experimentally detected for D–D fusion in the well-characterized high-energy
range (10–1000 keV) [67] (figure 3(a)). Themedium-energy range (5–10 keV) is less characterized for D–D
fusion, but the sparse data reported suggest a fusion rate substantially higher than what is predicted by
atomic physics considerations alone [47, 49, 52]. A hypothesis to explain unexpectedly high D–D fusion
yields in the medium-energy range is the existence of a resonance for the resulting 4He nucleus close to the
reaction threshold near 23.85 MeV [60]. According to this hypothesis, the narrow maximum of this
resonance would be in the low-energy range (<5 keV), with a tail that extends into the medium-energy range.
Knowledge of such a putative resonance could then enable tuning of reactant energies to increase D–D fusion
rates at low energy. A combination of theoretical considerations and comparisons with experimental data led
Czerski and colleagues [60, 76] to predict resonance-based D–D fusion rate enhancement by 3–7 orders of
magnitude in the eV range (see supplementary note S3.3 for a discussion of this predicted resonance and
figure 3(a) for the experimental data used to motivate and calibrate it).

This hypothesis presents a clearly defined research issue, as there is limited published data for D–D
fusion—or any fusion process—in the low-energy range (figure 3(a)). Moreover, the sparse data sets in this
range are inconsistent between experiments for purportedly identical materials. Reliable<5 keV fusion rate
data is necessary to develop low-energy fusion models required to verify or disprove the 4He
narrow-resonance hypothesis—and any other hypotheses related to the role of intranuclear structure at low
and medium energies.

The sparsity of such data has a prosaic explanation that requires understanding how fusion rate
measurements are performed and how reaction probabilities are calculated from the experimental data.
Inconsistent data in prior work has been attributed to experimental challenges [49, 60, 84, 85]. Fusion rates
are measured by accelerating particles (e.g., H+, D+) into collision targets containing reactants (e.g., D, T,
11B) and then detecting the resulting nuclear products (e.g., γ, n, 4He, H+). The fusion cross section
σ(Ē)—which corresponds to the fusion probability—is subsequently determined by solving the thick-target
yield equation (figure 3(c)). Determination of σ(Ē) requires measuring four Svariables: dĒ/dx (the stopping
power of incident particles); Y t (the yield of nuclear products); Nd (the nuclear reactant density), and f(E)
(the center-of-mass energy of incident particles). There are fundamental challenges for the determination of
each variable for experiments in the low-energy range. dĒ/dx is on the same scale as most material
passivation layers (<100 nm) [51]. Due to differences in materials processing, the passivation layer
composition and thickness will vary between targets that are presumed identical [49, 85]. This implies that
low-energy fusion experiments that appear identical may not be performed on the same material. Moreover,
measurements of Y t for low-energy experiments are weak enough to challenge the signal-to-noise limits of
modern nuclear diagnostics [48, 51, 86]. Low observable fusion rates necessitate long experiments, which
introduces the additional issue of Nd changing with time [49, 85]. Finally, many experimental setups
measure a wide distribution of f(E) values that make it difficult to identify narrow resonances [48, 51]. The
consequence of these issues is sparse, inconsistent low-energy fusion rate data. If the role of intranuclear
structure for low-energy fusion is to be clarified, experimental apparatus that enable total control of the
variables within the thick-target yield equation must be developed.

To summarize, nuclear physics describes intranuclear resonances that demonstrably increase fusion rates
at high energy (10–1000 keV) [67]. Similar resonances at low energy (<5 keV) are hypothesized to extend
into the medium-energy range (5–10 keV) and account for unexpectedly high fusion rates observed in that
range [47, 49, 52]. Due to the complexity of nuclear modeling, such hypotheses are presently only verifiable
through the acquisition of low-energy fusion rate data [87]. Collection of reliable data sets at low energies is
an unsolved challenge in experimental nuclear physics [48, 86]. Ambiguity about the role of intranuclear
structure in low-energy fusion will remain until this challenge is met.

As concluded in section 2, the possibility of D–D fusion rates on the order of at least 10−39/s—when
considering D2 in a palladium lattice with uniform electron screening at ambient conditions—is broadly
accepted [51, 54, 88]. Additional application of the proposed intranuclear-resonance-based D–D fusion rate
enhancement of 7 orders of magnitude then yields a rate of 10−32/s. When combined with the 15 orders of
magnitude enhancement from locally increased screening at lattice defect sites, as also posited in Czerski
2022 [76] and discussed in section 2, an overall predicted fusion rate upwards of 10−19/s results. This is
positioned within range of alleged ‘cold fusion’ rates of>10−23/s. However, more research is needed to
discern whether the posited low-lying nuclear resonance of 4He exists.

When viewed through the lens of both atomic physics and nuclear physics, observable fusion at ambient
conditions is within the realm of possibilities.
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Figure 4. Schematic illustrations of deexcitation processes. (a) Nuclear fusion as spontaneous emission of a two-level system
between an excited state (D2) and ground state (4He). The result is an exponential decay enhanced only by the mechanisms
presented in section 2. (b) Coherent resonant energy transfer between coupled D2 and 4He. D2 and 4He exhibit perfect resonance.
No energy leaves the system and the energy transfer shows no observable effects. (c) D2 could decay to 4He while exciting
matching states of nearby nuclei (e.g. here for illustrative purposes 105Pd). The excited acceptor system is unstable and
disintegrates, resulting in energy leaving the system (i.e., an increase in the observed fusion rate and a change in the expected
nuclear product distribution). Note that in an actual scenario, a large number of nuclei would be expected to be involved. Models
representing these systems are discussed in the supplementary notes S4 and S5.

4. The quantum dynamics perspective

Quantum dynamics—the study of evolving quantum systems as a function of time—frames nuclear fusion
distinctly from atomic physics and nuclear physics. Here, fusion is treated as a quantum state transition rather
than a quantum tunneling event4. From this viewpoint, a deuteron pair D2 is an excited state of 4He [89, 90].
The D–D reaction is represented by the D2 four-nucleon cluster (i.e., the excited state) relaxing down to the
more compact 4He four-nucleon cluster (i.e., the ground state). The fusion rate is then equivalent to the state
transition rate (figure 4(a)), and increasing the deexcitation rate corresponds to increasing the fusion rate.

Mechanisms for enhancing state transition rates have been described and experimentally demonstrated
at both the atomic [91–95] and the nuclear level [96–100]. This acceleration occurs if excited atoms or nuclei
are provided with alternative channels for deexcitation, which are faster than conventional channels. The
fastest channels typically involve quantum coherence across interacting atoms or nuclei [101].

4 Note that a quantum state transition at the atomic level—such as a 2s to 1s transition in a hydrogen atom—is a hindered reconfiguration
of electrons but still occurs with a mean probability (which is the half-life or state transition rate, akin to a tunneling rate). Similarly, a
quantum state transition at the nuclear level—such as a 3/2- to 1/2- transition in a 57Fe nucleus—is a reconfiguration of nucleons that is
hindered but still occurs with a mean probability. A state transition from a higher energetic state to a lower one is a deexcitation with a
rate associated with it (Γ).
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Two classes of phenomena are at the heart of accelerated state transitions: the first one is resonance energy
transfer (RET) [102, 103], a mechanism in which excitation energy is transferred nonradiatively from one
system to another resonant or near-resonant system that is coupled. This means that the transfer of energy is
achieved not through the radiative emission of a particle carrying the excitation energy, but through the
coupling of both systems to a common field. The electromagnetic field is an example of such a field. At the
atomic level, this mechanism is widely known and exploited in biology and chemistry (FRET experiments)
[104]. Nonradiative energy transfer is conventionally believed to play a much less prominent role at the
nuclear level because of the weakness of couplings that affect nuclear energetic states, compared to their
much larger state transition energies. However, these weak couplings can be increased under particular
circumstances (see box 1). Nonradiative transfer of nuclear energy has been theoretically described and
experimentally emulated with precisely engineered resonant cavities [100, 105–109].

The second mechanism to accelerate deexcitation is superradiance, also known by the more general term
Dicke enhancement [110]. This is a phenomenon that can occur when N excited emitters are coupled
together, which then deexcite at a rate that depends on N (and is in some configurations proportional to N2).
For large N, this can be substantially faster than the typical exponential decay from spontaneous emission
[98, 99]. In recent experiments, multiple 57Fe nuclei were collectively excited by an x-ray free-electron laser
[96]. The affected nuclei comprised a quantum system in superposition that was able to absorb and emit
nuclear excitation collectively. An acceleration proportional to the number of excited nuclei has been
experimentally observed for the deexcitation of the first excited state of 57Fe nuclei [96], following the
dynamics predicted for atoms by Dicke in 1954 [110] and for nuclei by Terhune and Baldwin in 1965 [111].
These studies empirically demonstrate that nuclear decay can be manipulated and accelerated through
quantum coherent effects in the solid state.

RET and Dicke enhancement can be combined: when a large number of atoms or nuclei N participate in
a coherently coupled quantum system within which RET occurs, then transfer can be accelerated by an
enhancement factor up to N2 [112]. This acceleration of transfer follows directly from the application of
canonical quantum dynamics models—such as the well-known Dicke model [113]—to the configuration of
coupled quantum systems described above (see supplementary note S4 and S5). Dicke-enhanced RET is
referred to as supertransfer and has been experimentally demonstrated at the atomic level [114, 115]. Related
mechanisms such as loss-based acceleration of transfer can provide further enhancement [116, 117].
Supertransfer is expected to also manifest in excitation transfer at the nuclear level [99, 109].

An increased deuterium fusion rate for molecular D2 in a metal lattice that results from accelerated
nuclear state transitions is predicted by a corresponding Dicke model if: (i) a coupling—even if weak—exists
between nuclear states of nearby nuclei via common oscillator modes; (ii) coupled acceptor nuclei exhibit
states that are well-matched to the energy held by the D2 donor state (∼23,848,109 eV); and (iii) the system
evolves coherently with large Dicke enhancement factors [118]. A precise match for the D2 donor state is a
coupled 4He nucleus, as it is capable of accommodating the energy released in the |D2⟩ → |4He⟩ transition
resonantly through the complementary |4He⟩ → |D2⟩ transition [119]. In the presence of coupling and
substantial supertransfer enhancement (figure 4(b)), accelerated deexcitation |D2

4He⟩ → |4He D2⟩ is
predicted, when applying the established Dicke model to this configuration. This process would manifest as
nonlinear occupation probability oscillations between two population states, i.e., nonlinear Rabi oscillations
(see supplementary note S5). The maximum transfer rate for this process is estimated to be faster than the
|D2⟩ → |4He⟩ spontaneous emission rate (based on the incoherent tunneling probability in the Gamow
model)—see supplementary note S5.

If energy redistribution is limited to remain within a coherent closed quantum system, then it is
experimentally difficult to be detected and practically not exploitable. In the example above, every
accelerated (exothermic) fusion event |D2⟩ → |4He⟩ would be offset by a matching (endothermic) fission
event |4He⟩ → |D2⟩ with all energy remaining within the closed system. However, if acceptor nuclei
disintegrate before the next transfer, the closed quantum system becomes open, with energy leaving in the
form of energetic particles (figure 4(c)). In a metal-deuterium lattice with impurities, many common nuclei
exhibit a dense number of excited states in the higher MeV range and represent acceptor candidates for
nuclear RET processes (see supplementary note S5.4). Transferring to heavier nuclei than 4He can involve
less hindred acceptor states, making the process faster (see supplementary note S5.5 ff.). And with many
available states, many different secondary reactions become possible, depending on exact conditions. For
instance, upon receiving a large quantum of energy, some nuclei would promptly disintegrate through
nuclear emission processes (4He, H+, n, γ). The result would be nuclear products, and a variety of such
products based on the identity of available impurities—as is suggested by certain experimental reports
[14–16, 19] (see supplementary note S1.3). This implies that rigorous fusion research in solid-state materials
may necessitate purity requirements as well as deliberate doping similar to the semiconductor industry [120].

8
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If acceptor nuclei are present in such a coupled system that can absorb the donor energy as a group, then
RET to multiple acceptor nuclei becomes possible, as long as the donor energy matches the sum of acceptor
energies [118] (see supplementary note S5.7 ff.). The conversion of large energy quanta into multiple smaller
quanta is known as downconversion [121, 122].

To summarize, quantum dynamics offers mechanisms for increasing state transition rates at both the
atomic and nuclear levels. Acceleration of atomic [91–95] and nuclear [96–99] state transitions has been
described and demonstrated. Treatment of nuclear fusion as a quantum state transition provides
underexplored handles for fusion rate enhancement. RET mediated by interactions between nuclear states
and oscillator modes available in the lattice, enhanced by supertransfer effects, are candidate phenomena for
increasing fusion rates in the solid state. For the situations considered above—D2 coherently coupled to
resonant acceptor nuclei (figures 4(b) and (c))—the relative change in the D–D fusion rate has been
estimated, resulting in an increase upwards of 30 orders of magnitude (see supplementary note S5).
Application of this enhancement to the (unscreened) baseline spontaneous fusion rate of ambient deuterium
at 10−64/s yields a fusion rate estimate of about 10−34/s. Adding a Pd screening potential to the calculation,
per the discussion in section 2, yields a fusion rate of>10−14/s. This is positioned within range of alleged
‘cold fusion’ rates of>10−23/s. Note that these numbers derive from an idealized model that emphasizes
conceptual simplicity (per supplementary note S5.5)—a more detailed technical treatment, which explicitly
takes into account the need of transfer rates to exceed conservative decoherence times, arrives at even higher
numbers and is provided in supplementary notes S5.8 ff.

When viewed through the lens of both atomic physics and quantum dynamics, observable fusion at
ambient conditions is within the realm of possibilities.

Questions remain to what extent this theoretically predicted mechanism does indeed lead to observable
outcomes. For significant effects, excited states of lattice nuclei would—individually or collectively—need to
be close to the 23.85 MeV transition energy of the |D2⟩ → |4He⟩ transition since the transfer probability
decreases rapidly with deviation from resonance. Moreover, the lifetimes of such states would need to be
sufficiently long to participate in coherent dynamics [123] (supplementary note S5.4 and S5.8). What excited
states are available in lattice nuclei, and what their energy levels and lifetimes are, has not been
comprehensively charted, but can be predicted, e.g., based on liquid drop model calculations [123–125]
(supplementary note S5.4). As for long lifetimes, some nuclear cluster states are known to be comparatively
stable. Moreover, the coherence domain would need to be sufficiently large and long-lived to provide
substantial Dicke enhancement factors and transfer rates (supplementary note S5.8).

To study the robustness of Dicke-enhanced nuclear excitation transfer in practice we suggest exploring
the phenomenon based on simpler basic science experiments such as a modified Chumakov experiment
[96], where—instead of exploiting superradiance—the delocalized 14.4 keV excitation of 57Fe is transferred
to other 57Fe nuclei. This would have the advantage of having perfectly resonant receiver nuclei available as
well as a comparatively small transition energy, both of which would ease the demands on coupling strengths
and the size and lifetime of the coherence domain.

Box 1. Interactions between nuclei

Quantum systems such as atoms or nuclei can interact with one another through fundamental forces
and form superposition states that can redistribute energy. Interactions can be mediated by oscillators,
which are treated as shared quantum fields. The extent to which such interactions manifest (i.e., the
coupling strength) determines the rates of induced dynamics (e.g., 57Fe

∗ → 57Fe+ γ).
Interactions between nuclei are canonically weak compared to interactions between atoms. At the

atomic level, dominant interactions originate from the antenna-like nature of atomic dipoles.
Comparable interactions exist at the nuclear level but are weaker due to the small dipole of nuclei.
Electromagnetic interactions between atoms can be on the order of 50 meV (e.g., photosynthesis [126,
127]) and between nuclei they are on the order of 0.1 neV (e.g., nuclear magnetic resonance [128, 129]).

Both nuclear and atomic interactions can be driven by external stimulation. For example, at the
atomic level, the coupling between phonons and superconducting qubits can be increased by expanding
the phonon population in a phononic cavity [130]. At the nuclear level, magnon-nuclear coupling can
be increased by an external radio frequency (RF) field and by internal magnetic fields, whereby the
induced coupling scales with the field strength [131, 132]. Internal magnetic fields can be activated via
the stimulation of phonons and spin waves [133]. For both phonon-qubit and magnon-nuclear systems,
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coupling strengths of 100 neV are typical [93, 131]. Some examples for undriven and driven couplings at
the atomic level and the nuclear level are shown below:

Undriven Driven

Atomic level Electric dipole–dipole coupling between
molecules (e.g. between chlorophylls in
photosynthesis). Coupling strength:
∼50 meV [134]

Phonon-qubit coupling (e.g. a phononic
cavity as a quantum bus between
superconducting circuits). Coupling
strength:∼100 neV [130]

Nuclear level Magnetic dipole–dipole coupling
between nuclei (e.g. between C nuclei in
13C NMR measurements). Coupling
strength:<0.1 neV [135]

Magnon-nuclear coupling (e.g. 57Fe
nuclei interacting with an RF field).
Coupling strength:∼100 neV [131]

Phonon–nuclear coupling is suggested to be larger still and also externally driven [136]. The
coupling originates from the center-of-mass contribution to nucleon motion resulting from lattice
oscillations [136]. This contribution represents a boost to the nuclear spin-orbit coupling, which affects
nuclear states. Coupling strength estimates for 181Ta nuclei interacting with a 10 THz field are on the
order of meV [137].

5. Conclusion

Within the three major communities presented—atomic physics, nuclear physics, and quantum
dynamics—mechanisms are known that increase nuclear fusion rates in solid-state materials. No individual
mechanism appears to traverse the>40 orders of magnitude necessary to make solid-state fusion at ambient
conditions technologically relevant. A combination of them might.

This final claim is only useful if it leads to testable hypotheses. Consider D–D fusion in PdDx through the
perspective of the three fields discussed above. Considerations from the atomic physics perspective
necessitate that D2 exists in the lattice. This insight provides a clear research target to pursue for solid-state
fusion studies—vacancy-rich PdVacyDx that can accommodate D2. This target can be pursued without
contention, as vacancy-rich metal–hydrogen alloys are of interest to multiple communities. Nuclear physics
suggests that anomalously high D–D fusion rates at low energy (<5 keV) could be explained by intranuclear
resonances centered in the<1 keV range. Highly controlled D–D fusion rate measurements in that energy
range would provide clarification. The challenges associated with collection of such data are firmly in the
domain of materials science and nuclear diagnostics, and would benefit from collaboration between chemists
and physicists. This gives a clear research target to pursue—the development of experimental apparatus for
the collection of high resolution D–D fusion data in the<5 keV range. Again, this pursuit advances our
understanding of nuclear physics and can be done without contention, as such data contributes to nuclear
model development. Quantum dynamics suggests possible mechanisms of significantly increasing nuclear
reaction rates in the solid state through quantum coherent effects. Mechanisms such as superradiance have
been empirically demonstrated to accelerate nuclear state transitions while supertransfer has been
demonstrated to occur at the atomic level. The question whether supertransfer can occur at the nuclear level
follows naturally. This gives a clear research target to pursue—fabrication of materials with controlled
quantities of donor nuclei (e.g., 57Fe∗) and controlled quantities of resonant or near-resonant acceptor
nuclei, and subsequent study of nuclear state changes in these materials under coherent stimulation (e.g. via
phonons, plasmons, or magnons). Such studies could ideally be expanded to include vacancy-rich materials
with high deuterium loading that also benefit from proximity and screening enhancements (e.g. PdVacyDx

with x > 0.9 and y > 0.01), as discussed in section 2, taking advantage of multiple enhancement
mechanisms. Experiments with reports of unexpected nuclear products from low-energy stimulation of
metal–hydrogen samples [14–19, 138] may in principle have matched these criteria, but well-controlled and
well-characterized investigations of such systems are lacking. If the presented mechanisms are indeed behind
the experimental reports of energetic particle emission from stimulated metal–hydrogen systems at ambient
conditions, the technological implications would be substantial. This pertains most immediately to fusion
technology development but may extend to other areas of nuclear engineering such as nuclear isotope
production.

Observable fusion at ambient conditions—when viewed through the lens of atomic physics, nuclear
physics, and quantum dynamics—is a research subject of interest.
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The research targets above cross multiple scientific disciplines. Research of fusion in solid-state
environments requires no sacrifice when it is recognized as a question that will be asked and answered
through the advancement of established fields. We call on the scientific community to explore the
mechanisms described here—individually and in conjunction with one another—to push the frontier of
physics into unexplored territory. If the possibility of technologically relevant fusion in the solid state cannot
be readily precluded within the framework of known physics, then we have a societal obligation to explore it.
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[132] Kôi Y, Tsujimura A, Hihara T and Kushida T 1961 Internal magnetic field in iron and iron alloys measured by NMR J. Phys. Soc.

Japan 16 1040
[133] Berk C, Jaris M, Yang W, Dhuey S, Cabrini S and Schmidt H 2019 Strongly coupled magnon–phonon dynamics in a single

nanomagnet Nat. Commun. 10 1–6
[134] Briggs J S and Eisfeld A 2011 Equivalence of quantum and classical coherence in electronic energy transfer Phys. Rev. E 83 051911
[135] Tycko R and Dabbagh G 1990 Measurement of nuclear magnetic dipole—dipole couplings in magic angle spinning NMR Chem.

Phys. Lett. 173 461–5
[136] Hagelstein P 2016 Quantum composites: a review, and new results for models for condensed matter nuclear science J. Condens.

Matter Nucl. Sci. 20 139–225
[137] Hagelstein P L 2018 Calculation of the boosted spin—orbit contribution to the phonon—nuclear coupling matrix element for

181 Ta J. Condens. Matter Nucl. Sci. 29 392–400
[138] Nassisi V 1998 Transmutation of elements in saturated palladium hydrides by an XeCl excimer laser Fusion Technol. 33 468–75

14

https://doi.org/10.1088/1367-2630/12/7/075020
https://doi.org/10.1088/1367-2630/12/7/075020
https://doi.org/10.1371/journal.pone.0235197
https://doi.org/10.1371/journal.pone.0235197
https://doi.org/10.1098/rsta.2011.0213
https://doi.org/10.1098/rsta.2011.0213
https://doi.org/10.1038/nmat4448
https://doi.org/10.1038/nmat4448
https://doi.org/10.1088/1367-2630/10/11/113019
https://doi.org/10.1088/1367-2630/10/11/113019
https://doi.org/10.1088/1367-2630/12/6/065002
https://doi.org/10.1088/1367-2630/12/6/065002
https://www.jstor.org/stable/24216595)
https://doi.org/10.1364/OE.20.027510
https://doi.org/10.1364/OE.20.027510
https://doi.org/10.1016/S0022-2313(99)00514-1
https://doi.org/10.1016/S0022-2313(99)00514-1
https://doi.org/10.1016/j.adt.2010.09.002
https://doi.org/10.1016/j.adt.2010.09.002
https://doi.org/10.1103/PhysRevC.33.2039
https://doi.org/10.1103/PhysRevC.33.2039
https://doi.org/10.1038/nature05678
https://doi.org/10.1038/nature05678
https://doi.org/10.1088/1742-6596/302/1/012037
https://doi.org/10.1088/1742-6596/302/1/012037
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1126/sciadv.abc3991
https://doi.org/10.1126/sciadv.abc3991
https://doi.org/10.1143/JPSJ.16.1040
https://doi.org/10.1143/JPSJ.16.1040
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1103/PhysRevE.83.051911
https://doi.org/10.1103/PhysRevE.83.051911
https://doi.org/10.1016/0009-2614(90)87235-J
https://doi.org/10.1016/0009-2614(90)87235-J
https://doi.org/10.13182/FST98-A46
https://doi.org/10.13182/FST98-A46

	Known mechanisms that increase nuclear fusion rates in the solid state
	1. Introduction
	2. The atomic physics perspective
	3. The nuclear physics perspective
	4. The quantum dynamics perspective
	5. Conclusion
	References




