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nonlinearly towards resonance. Enhanced wave forcing 
close to resonance enables faster acceleration and 
correspondingly faster spallation rates. Resonance is 
governed by the physical properties, such as density, 
pressure, temperature, and state (neutral, ionized) of matter 
in the reactor cavity. Hence, an adequate reactor control 
requires knowledge of the specific resonance criteria.  

Because the Gradient force is proportional to the wave 
power (expression 4, 5), geometrical focusing of radiation 
(onto the fuel) also amplifies the spallation-efficiency. 
Depending on the geometry, geometrical focusing of the 
induced power will amplify the Gradient force by a factor 
κ, leading to a corresponding increase of the Gradient force 
and the associated neutron production as described in Fig. 
4, noting that the force here is derived for wavelengths well 
below resonance.  

 
 
Fig. 4 Gradient force for deuterium (0.1 g), lithium (1 g), 
and nickel (1 g) versus induced power in a model reactor 
without power focussing (κ=1) for frequencies well below 
resonance (expression 5). Notice that the above force 
curves depend on mass, i.e. the number of atoms affected 
by the gradient force.  
 

Heating, evaporation and ionization of deuterium and 
lithium may lead to neutron spallation in the reactor by 
virtue of a high core temperature, but without wave 
turbulence/resonance the production rate should be low. 
On the other hand, combining induction heating with high 
frequency waves, enhanced spallation rates may be 
achieved at modest temperatures. A comparison of Figs 2 
and 5 demonstrates that the force may be orders of 
magnitudes higher near resonance. Considering the power 
of electromagnetic wave forcing of charged particles, in 
particular in an environment where the ionization rate of 
the gas may exceed 10-2, electromagnetic wave forcing will 
be the dominant forcing term for the neutrals as well. It is 
therefore reasonable to treat the neutron spallation as a 
process governed by plasma resonances.  

 
Thermal Neutron capture and Isotope Transmutations.  
 
The RIToN process involves two aspects of isotope 
transmutation, thermal neutron spallation and thermal 

neutron capture, the former leading to lower-, the latter to 
higher isotope mass. The mass difference between the two 
represents the energy gain/loss. The process requires a 
thermal neutron source and an element with high thermal 
neutron capture cross-section such as nickel. Maintaining a 
stable and controlled power output over time requires a 
mix of “spallation nucleons” (e.g. 7Li) and high-yield 
thermal neutron capture nucleons (e.g. 58Ni or 40Ca). 
Neutron-capture starts for stable isotopes with lowest mass 
(e.g. 58Ni), neutron capture gradually forming isotopes of 
higher mass (e.g. 58Ni —> 62Ni). Transmutations to 
unstable isotopes may, if short-lived, lead to element 
transitions via β±-decay, and via neutron capture and 
another β±-decay back to the "original" element. 
Nevertheless, such charge-exchange transmutations do not 
alter the isotope transition concept.  

To enhance the power from neutron capture, faster 
neutron spallation rates are required. The latter can be 
achieved by enhancing the total input power. Besides 
enhancing the net power output, the latter may also provide 
a moderate enhancement of the net power Gain from 
enhanced wave turbulence. However, the most effective 
power gain is achieved for a tailored wave power input 
near resonance.  

The theoretical ratio between thermal neutron 
spallation and e.g. Ni58 —> Ni62 neutron capture varies 
between ≈1.34 (7Li), and ≈4.32 (2H). Therefore, a process 
entirely driven by input power thermal neutron spallation 
would only achieve the abovementioned gains. On the 
other hand, neutron spallation and neutron capture are 
mutually beneficial, i.e. internally produced excess power 
from neutron capture may induce further neutron 
production. The intrinsic driven excess power may raise 
the power gain by up to an order of magnitude, compared 
to the directly driven process.  

 
Simulation of neutron spallation and neutron capture 
  
Figure 2 illustrates that resonance takes place in a very 
narrow frequency band. A number of resonance conditions 
are feasible; all depending on the wave modes related with 
the states of matter – solid, fluid, gas, dusty-plasma, 
plasma. Considering that the gradient force is charge 
neutral, i.e. going in the same direction regardless of 
charge, widens the options to construct a gradient force 
reactor.  

The E-Cat reactor by Rossi and coworkers [23, 24] 
have demonstrated that a reactor producing at least 3 to 4 
times higher output power than input power is feasible. 
Some characteristics of the E-Cat reactor will be discussed 
in the next section. For the moment we note that the 
process responsible for the power output from E-Cat 
demonstrates quite clearly that it must be due to a nuclear 
process, a process resembling the one described in this 
article, RIToN.  

Central for the process is to maintain temperature 
“inertia” and wave resonance, the latter requiring 
production of waves up to resonance frequencies. A 
number of resonance frequencies are feasible. The 
magnitude of the integrated Gradient force onto the fuel 
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target depends on the state of the element, the frequency 
(ω ), power of the radiation input (Pi), and the geometrical 
amplification factor (κ ) with which the external power 
(e.g. from an induction coil) is focused on the target. From 
expression (4, and 5) we derive the following net 
integrated force: 

 
! !!!(N)! ! (6) 

 

Where  ξΑ is a material constants derived for lithium is 
ξLi=3.68·10-8 (N/W), deuterium ξD=6.19·10-8 (N/W), ! and!
nickel! ξNi=6.79·10-9 (N/W). Notice that the force versus 
power values for deuterium, lithium and nickel in Fig 4 
corresponds to ξAκ , i.e. they represent model reactor 
values. Furthermore, the above values are based on two 
different fuel mixes in the model reactor; for spallation 
isotopes 1 g lithium, or 0.1 g deuterium. Regarding neutron 
capture, 1 g nickel is used in both cases. The ten times 
higher lithium mass compared to deuterium gives about 
three times more lithium atoms, i.e. theoretically about 
three times higher total number of spallated neutrons. 
However, considering that the deuterium-nickel process is 
about three times more efficient compared to the lithium-
nickel process (Table 2), a ten times higher lithium mass is 
a reasonable ratio for equal energy production. 

Figs. 5a and 5b display the force response versus 
normalized (to the resonance) frequency for lithium, 
deuterium, and nickel, Fig. 5a representing the gradient 
forces per unit power and κ=1, Fig. 5b the force using 800 
W input power geometrically focused onto the fuel by a 
factor κ=5.3 (model reactor). Depending on boundary 
conditions such as the reactor chamber volume, the 
content, mix, and state of the fuel, interior and exterior 
chamber temperature etc, a number of options exist.  

We will exemplify the process with two types of 
resonances relevant to matter in the plasma state, using (1) 
An ion acoustic resonance of the corresponding gas/plasma 
(a=1.1·10-9 m, f=7.9·1013 Hz), and (2) An ion acoustic 
resonance of a Deuterium gas/plasma (10%), (a=6.1·10-9 
m, f=1.3·1013 Hz). The resonantly forced (F) ion 
acceleration up to spallation energy (E) may be described 
by the expression E≈F·a·f [J]. The total energy required for 
the spallation of one neutron from e.g. 7Li, 7.25 MeV, 
corresponds to 1.16·10-12 J. To produce 1014 neutrons/s, 
close to the minimum rate required to "trigger" the RIToN 
process, means that an external radiation input power (Pi) 
producing at least 116 J/s (W) is required. Furthermore, 
that power source must contain frequencies close to 
resonance (Fig. 5), operating at higher power (>400 W) to 
obtain a force >0.01 N. The frequency-dependent neutron 
production rate, R(ω),! may now be described by the 
expression: 

 
 (7) 

 
Where Ws is the spallation energy, η! is! an! efficiency!

factor!assumed!to!be!greater!than!0.1,!and!ω!is!the!wave!

angular!frequency. Theoretically, there is a linear relation 
between the radiation input power and the Gradient force 
well below resonance, meaning that the neutron production 
rate is proportional to the electromagnetic power applied to 
the gas/plasma of 7Li or 2H. The power versus neutron 
production rate relation is displayed in Fig. 6, under the 
assumption of a neutron production efficiency η =0.5.  

 

 
 
Fig. 5a Force per unit input power and unit geometrical 
focusing, demonstrating the non-linear increase of the 
gradient force near resonance. 
 

 
!

Fig. 5b Gradient forces in a model reactor operating near 
resonance. The input power is 800 W and geometrical 
amplification factor 5.3.  Notice that the lower Nickel force 
displayed relates to the external power response. Neutron 
capture heating will eventually make Nickel the ”hot spot, 
i.e. the main gradient force attractor in the reactor. 

 

Notice that the neutron production rate is closely 
connected with the Gradient force, reactor temperature, and 
frequency near resonance (Fig. 5), the Gradient force for a 
given temperature being a function of frequency. During 
operations the net power generated inside the reactor is 
balanced by the radiative loss, i.e. the power emitted from 
the reactor surface. Equilibrium between generated and 
emitted power is required for continuous and stable power 

F = − FZ dz∫ = −ξAκ
Pi ω( )

ω 2 −Ωa
2( )

R ω( ) = 2π η  
WS

F ω( )·a·ω (neutrons / s)
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production. Internal power production by neutron capture 
in effect leads to a chain-reaction; enhanced neutron 
production, further enhanced power, etc. 

Fig. 6. Neutron production rates versus externally applied 
power to Lithium and Deuterium ions in the model reactor.  

 
The internal neutron production rate is besides 

governed by the internal power (Fig. 6), also by the 
frequency of the external wave input (Fig. 5). In fact, new 
higher power equilibriums may be reached at preexisting 
power input by modulating the wave input frequency 
closer to resonance. This demonstrates that internal power 
generation becomes the main amplifying driver in the 
process, capable of magnifying the gain ratio (output 
power divided by input power) by a significant fraction (5-
10). In theory, once having reached hot equilibrium the 
process may become almost self-sustained, driven by 
effective internal neutron spallation from wave input close 
to resonance. 

 
Proof of concept - Experimental results 
 
Up to now experimental results by Rossi and coworkers 
and their E-Cat reactor provide the best experimental 
verification of the RIToN process. We conclude, based on 
the Lugano E-Cat-experiment [23, 24] that experimental 
results comply with the combined spallation and neutron 
capture theory presented here. The isotopic shifts of 
lithium and nickel in the Lugano experiment fits well with 
the power input and power output. For instance 7Li —>6Li, 
and 58Ni —>62Ni agrees with the isotopic pre-, and post 
experiment composition values. The 62Ni abundance after 
32 days is consistent with the highest neutron capture 
cross-section of the stable nickel isotopes (Table 2). 
Moreover, the power gain ≈3.6 requires about 10 times 
more neutrons than theoretically possible from just 
external energy supply to the reactor, implying that internal 
energy spallation provides most of the neutrons during 32 
days of operation. 

Figs. 7, 8 and 9 describe simulations performed for 7Li 

+ Ni58, and 2H + Ni58 reactors driven to equilibrium power 
generation, assuming resonant Gradient forcing. The 
simulation considers the time dependence of core processes 
in the reactor, such as heating, fuel states, the evolution of 

spallation and neutron capture. The time dependence 
during all phases is illustrated in Figs. 7 and 9. During the 
first transition phase, essentially all power goes to partial 
state changes of 7Li, from solid to gas, to plasma 
(percentage of 7Li-ions up to a few percent in the reactor 
chamber). Resonant Gradient force acceleration of 7Li-ions 
is assumed in the simulation. Gradient force spallation 
picks up rather quickly, and after a few minutes the reactor 
power (red), and excess power (blue) responsible for 
internal spallation, supersedes the nominal power input 
defined by the ratio between power from neutron capture 
and the spallation power (here 1.34). 

 
 

Fig. 7 Simulation of the “Lugano E-Cat” [23, 24], using 
comparable model input power values. Red diamonds mark 
the net E-Cat power [23]. Black curve marks the initial 
500 W input power, increasing up to 600 W after about 11 
days. Dashed curve marks the initial transition phase, were 
essentially all power goes to partial state changes of 7Li, 
from solid to gas, to plasma. Notice that the 100 W 
increase in the simulation leads to 1400 W increase of the 
core power, a power amplification by a factor of 14. The 
latter illustrates the non-linear behavior of the system. Red 
curve represents the reactor core power, blue curve the 
excess power enabling internal neutron spallation. 
"ref=0.685" is an efficiency/multiplication factor, a scalar 
of the internal neutron production rate. 

 
The power versus time diagram in Fig. 7 emulates 

fairly well the E-Cat performance in Lugano [23], noting 
that the simulated values correspond to reactor core power. 
However, there are also differences between the E-Cat and 
simulation. Such differences can be attributed to the more 
variable and complex physical processes taking place in 
the E-Cat reactor. The simulation is more idealized - 
strictly limited to, and variable within, the physical 
properties and boundary conditions used. Nonetheless, the 
simulation is adapted to the power and temperature 
constraints described in the Lugano-report [23], focusing 
on total power production.  

The general agreement between simulations and E-Cat 
is illustrated by besides the total power, also the non-linear 
power amplification following a 100 W rise of input power 
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after ≈9·105 seconds (≈11 days). Table 3, summarizing the 
simulated and measured (E-Cat) performance at maximum 
input power to the reactor (600 W), also display some 
disagreement in gain, the latter defined as the ratio between 
total input plus output power and the input power. Table 3 
also compares the energy production after 32 days. Notice 
also the comparison between the annual theoretical energy 
production from E-Cat and the simulation, 18 and 32 MWh 
respectively.  

The simulated RIToN gain, reactor temperature, and 
neutron production in Fig. 8, demonstrate the gradual 
changes with time. Both the reactor gain and the reactor 
temperatures changes with time in a similar way as that for 
the Lugano experiment, albeit with slightly higher 
simulation values.  

 

 
 
Fig. 8 Time series of physical parameters derived from the 
simulation and the Lugano E-Cat tests [23]. Upper two 
panels display a comparison between simulations and 
Lugano test values of gain and temperatures. The temporal 
evolution of simulated neutron production rates is 
displayed in the bottom panel. 

 
Using the spallation rate in Fig. 8 the fuel consumption 

of 7Li and 58Ni can now be derived. Assuming an 
average/maximum input power of 600 W, the total number 
of neutrons consumed by the Lugano E-Cat after 32 days is 
4.22·1021 neutrons, corresponding to 0.049 g of Lithium. 
Incidentally, we note from the above number of neutrons, 
that the E-Cat input power [23] only sustains about 10-
20% of the spallation energy required. The low external 
power clearly demonstrates that the excess power (Fig. 7) 
is the major source of neutron spallation at power 
equilibrium. The fuel budget for 58Ni neutron capture to 
62Ni implies a conversion of 0.14 g 58Ni.  

The corresponding annual 7Li and 58Ni mass budget 
derived for continued operation of a single E-Cat-type 
reactor becomes 0.5 g and 1.2 g respectively, a minute fuel 
consumption for a device producing some 20-30 MWh per 
annum. Table 3 summarizes the above comparison 
between model simulations and the Lugano experiment. 

The simulation in Fig. 9 displays the performance of a 
2H + 58Ni reactor, noting that because of the lower 
spallation threshold (2.25 MeV) compared to 7Li (7.2 
MeV), it can operate at a much lower power input. This 
also leads to besides a higher power output, also a higher 
gain, in this case 25. Overall, the 2H + 58Ni reactor gives a 
higher performance. In fact, by combining wave input at 
frequencies closer to resonance with decreasing external 
power, (low-power mode) a new equilibrium may 
theoretically establish where the gain/COP may exceed 
1000. 

 
 
Fig. 9 same as Fig. 8, but now using Ni58 +2H as reactor 
fuel, and for Grad-force 0.01 N. Compared to the Ni58 +7Li 
reactor, the Ni58 +D reactor can be operated at lower 
input power (in this case 300 W), yet providing a higher 
gain. The gain at equilibrium is here ≈25. The above 
simulation of a Ni58 +D gives an average annual energy 
output/year of 69 MWh, consuming 0.7 g deuterium and 
5.1 g Ni58. 
 
Conclusions 
 
Resonant Transmutation of Nuclides, RIToN, is a process 
combining two isotope transmutations; resonant neutron 
spallation and neutron capture, the former driven by input 
wave energy, the latter producing energy. The process is 
natural, expected to occur in e.g. deuterium-enriched 
matter subject to high temperatures and pressure. Because 
the output energy is generated by neutron capture, it 
produces mainly low frequency radiation and benign 
radioactive products (e.g. via β±-decay). This report 
demonstrates, theoretically and experimentally [23, 24], 
that nuclear energy production may be accommodated in 
rather small units, operating at modest temperatures (≈900-
2000°C), and produce sustainable power output in the 
range 1 – 10 kW - at minute fuel consumption (few grams 
per year). 

The empowering process producing neutrons, as well 
as maintaining the hot reactor core, is ponderomotive 
forcing, specifically the Gradient/Miller force. The 
Gradient force has three important properties: (1) The force 
is governed by e/m wave field gradients – i.e. gradients set 
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up when e/m waves penetrate into matter (solid, fluid, gas, 
plasma). (2) The force has a singularity with bipolar 
directional force shift at wave resonance, attractive below-, 
and repulsive above resonance. (3) The force is charge 
neutral, i.e. the force goes in the same direction for positive 
ions and electrons.  

The foremost important consequence of the gradient 
force is that e/m radiation at frequencies below resonance 
attracts matter regardless of charge, the force being 
proportional to the e/m wave power. The hottest (most 
irradiative) part - the main attractor and core in a RIToN 
reactor - is the element subject to neutron capture (e.g. 
Nickel). The two most useful elements for neutron 
spallation are deuterium and lithium. From 2H and 7Li one 
may derive neutrons at the expense of an energy input per 
neutron of 2.25 MeV and 7.25 MeV respectively.  

Model simulations of a 7Li + 58Ni reactor and 
experimental findings from the 32 days Lugano E-Cat test 
[2] are in general agreement in terms of power output, 
temperature, gain, and neutron production. The magnitude 
of the power output, delivered form a miniscule amount of 
fuel, demonstrates that it is a nuclear process with great 
potentials. Properly utilized the process has potentials of 

becoming a vast essentially unlimited and sustainable 
energy source, producing essentially no long-lived 
radioactive waist. 
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Table 1. Energy budget for Li7 neutron spallation and neutron capture by heavier isotopes, from 40Ca to 74Se. 

 

 
 

  

Binding Neutron No. of Lithium spallation
Abundance  Energy capture ∆E neutrons Input Output Gain

Isotope % p n  (MeV) σ (b) (MeV) rel./capt. (MeV) (MeV) ratio
H 0.015 1 0 0 -2.245 1

2H 99.985 1 1 2.245 0

6Li 7.6 3 3 31.994 -7.25 1
Li 7 92.4 3 4 39.244 0

40Ca 96.9 20 20 342.051 0.41 0
42Ca 0.65 20 22 361.895 0.39 19.84 2 14.50 5.34 1.37
43Ca 0.14 20 23 369.828 6.20 27.78 3 21.75 6.03 1.28
44Ca 0.14 20 24 380.960 0.88 38.91 4 29.00 9.91 1.34

58Ni 68.1 28 30 506.460 4.37 0
60Ni 26.2 28 32 526.850 2.50 20.39 2 14.50 5.89 1.41
61Ni 1.1 28 33 534.660 2.10 28.20 3 21.75 6.45 1.30
62Ni 3.6 28 34 561.750 14.90 38.80 4 29.00 9.80 1.34
64Ni 0.9 28 36 561.754 1.64 55.29 6 43.50 11.79 1.27
65Ni 28 37 567.852 22.40 61.39 7 50.75 10.64 1.21
65Cu 29 36 569.207 62.75 50.75 12.00 1.24

46Ti 8.25 22 24 398.194 0.59 0
48Ti 73.7 22 25 418.698 8.30 20.50 2 14.50 6.00 1.41
50Ti 5.2 22 26 437.780 0.18 39.59 4 29.00 10.59 1.37

52Cr 83.8 24 28 456.345 0.86 0
54Cr 2.4 24 30 474.003 0.41 17.66 2 14.50 3.16 1.22

64Zn 49.2 30 34 559.093 0.79 0
66Zn 18.5 30 36 579.113 1.00 20.02 2 14.50 5.52 1.38

70Ge 20.6 32 38 610.517 3.10 0
74Ge 36.5 32 42 645.664 0.52 35.15 4 29.00 6.15 1.21

74Se 0.9 34 40 642.890 52.2 0
76Se 9.4 34 42 662.070 84.8 19.18 2 14.50 4.68 1.32
78Se 23.8 34 44 679.988 0.43 37.10 4 29.00 8.10 1.28
80Se 49.6 34 46 696.865 0.58 53.98 6 43.50 10.48 1.24



!

! 11!

Table 2. Energy budget for thermal neutron spallation and thermal neutron capture by Ni58, comparison 
between Li7 and Deuterium. Notice the high thermal neutron capture of Ni65. Following the capture of 7 

neutrons the unstable Ni65 converts to Cu65 via electron capture. 
 

 
 

 
Table 3. Comparison between the power budget and gain factor for the model reactor and the CCat Lugano 

experiment [2]. Included are also estimates of the annual energy production. 
 

 Model reactor E-Cat Lugano  
Reactor power (W) 3800 2113 

Average input power (W) 600 599 
Gain factor* 4.5 3.7 

Sum Energy, 32 days (J)* 1.1·1010 5.8·109 
Sum Energy, 1 year (MWh)* 33 18 

     *Excluding system losses 
 

 
 
Table 4. Simulated model values for the Spallation rate and fuel (7Li and 58Ni ) consumption 

derived from the simulations based on the Lugano experiment (Fig. 8) at maximum power 
consumption. Notice the low annual fuel consumption (≈1 – 4 grams). 

 
 Model  

7Li spallation rate 1.50·1015 neutrons/s        
Sum 7Li spallations, 32 days 4.2·1021 neutrons 

1 g 7Li corresponds to 8.56·1022 neutrons 
Sum 7Li mass, 32 days 0.049 g 

∑58Ni -62Ni captures, 32 days 1.4·1021 captures 
∑ 58Ni mass, 32 days 0.14 g 
∑ 7Li mass, 1 year 0.55 g 
∑ 58Ni mass, 1 year 1.2 g 

!

Binding Neutron No. Lithium spallation Deuterium spallation
Abundancy  Energy capture ∆E  neutr. Input Output Gain Input Output Gain

Isotope % p n  (MeV) σ (b) (MeV) capt. (MeV) (MeV) ratio (MeV) (MeV) ratio
H 99.985 1 0 0 -2.245 1
2H 0.015 1 1 2.245 0

6Li 7.6 3 3 31.994 -7.25 1
7Li 92.4 3 4 39.244 0

58Ni 68.1 28 30 506.460 4.37 0
59Ni - 28 31 515.435 77.7 8,994 1 7.25 1.744 1.24 2.25 6.75 4.00
60Ni 26.2 28 32 526.850 2.50 20.39 2 14.50 5.89 1.41 4.49 15.90 4.54
61Ni 1.1 28 33 534.660 2.10 28.20 3 21.75 6.45 1.30 6.74 21.47 4.19
62Ni 3.6 28 34 545.258 14.90 38.80 4 29.00 9.80 1.34 8.98 29.82 4.32
63Ni - 28 35 552.100 24.40 45.64 5 36.25 9.39 1.26 11.23 34.42 4.07

63Cu 69.5 29 34 55.,376 4.5 44.92 5 36.25 8.67 1.24 11.23 33.69 4.00

64Ni 0.9 28 36 561.754 1.64 55.29 6 43.50 11.79 1.27 13.47 41.82 4.10
65Ni - 28 37 567.852 22.40 61.39 7 50.75 10.64 1.21 15.72 45.68 3.91

65Cu 30.9 29 36 569.207 62.75 7 50.75 12.00 1.24 15.72 62.75 3.99
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