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Abstract: The Fusion‑FissionHybrid Reactor (FFHR) is a sort of reactor that generates energy through a subcritical
set, using neutrons produced in a nuclear fusion device. The viability of such a reactor has already been studied
by many authors. One of the most challenging problems to solve is that the energy generated by ϐission is usually
insufϐicient to feed the fusion device, but this could be addressed by using a Dense Plasma Focus (DPF) as a neutron
source in conjunction with the so‑called Multiplying Cascade (MC), which is a concentric arrangement of the fuel
elements. TheDPF is a very cheap and simple device that acts as a pulsed neutron source and seems to be promising
in the future nuclear industry. The use of composite materials like cermets as fuel can improve energy efϐiciency
by raising the operational temperature of the core. Also, a blanket of FLiBe, which is a molten salt, can provide the
required amount of tritium by using the outgoing neutron ϐlux. Because of the fast spectrum of this device, the use
of gas as a coolant becomes convenient. In this way, the FFHR becomes a Gas‑cooled Fast Reactor (GFR), allowing
it to combine high temperature and fast spectrum. It is possible to ϐind a function of energy that indicates under
what conditions the reactor can run. As the system includes fusion and ϐission in the same device, it inherits from
both processes the concepts of criticality and break‑even at the same time.
Keywords: Fusion‑Fission Hybrid Reactor; Dense Plasma Focus; Cermet; FLiBe; Gas‑cooled Fast Reactor

1. Introduction
Despite continued efforts in research, pure nuclear fusion reactors are still far from becoming a reality. In

such reactors, the nuclear fuel, deuterium (D‑D) or deuterium‑tritium (D‑T), is heated to such a temperature that
it becomes plasma, a state of matter consisting of ions, electrons, and perhaps some neutral atoms. Eventually this
plasma will produce nuclear fusion reactions. For a device of this type to work, the amount of energy obtained by
nuclear fusionmust at least be equal to the energy invested in heating and conϐining the plasma, a condition known
as break‑even. Keeping the plasma conϐined at the proper temperature and density long enough to reach the break‑
even point represents a big challenge not yet achieved. However, a nuclear fusion device can generate abundant
neutrons to feed a subcritical ϐission set. This arrangement is called a Fusion‑Fission Hybrid Reactor (FFHR). In
such a reactor, as the fusion device becomes just a neutron source, the operating requirements for the fusion device
are much easier to achieve than the break‑even of a pure fusion reactor.

Subcritical means that the ϐission arrangement can only be powered by an external neutron source, as its neu‑
tron multiplying parameter, 𝑘𝑒𝑓𝑓 , will always be 𝑘𝑒𝑓𝑓 < 1, so the system is inherently safe, and no control rods
are needed [1,2]. Furthermore, hybrid reactors, in general, would produce fast spectra that could be used to burn
undesirable isotopes [3–7].
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The ϐirst problem to solve in the FFHR is to ensure that the fusion device provides the neutrons at a reasonable
energy cost so that the total balance is favorable. Some proposals consider that this goal could be achieved if the
fusion device is a Dense Plasma Focus (DPF). A DPF is a simple device that consists of two concentric electrodes
housing the fusion fuel, usually D‑D or D‑T. By establishing a potential difference between both electrodes, the DPF
forms a sheet of plasma. This sheet accelerates axially until it collapses at the other end of the device. Then, the
plasma is violently compressed into a small packet called a pinch, reaching such a temperature and density that it
can produce many neutrons [8]. Although it is not entirely clear, it is believed that most of those neutrons come
from a beam‑target nuclear fusion reaction, and a small part is generated by thermonuclear fusion [8,9]. Anyway,
these devices can produce nuclear fusion reactions in small volumes with an energy efϐiciency not achieved by any
other device, and then, they produce a high neutron yield per input energy [10–13]. In addition, these devices are
so small and cheap that it is very tempting to use them as neutron sources. For instance, they don’t have coils, and
the use of easily activating materials like copper can be minimized.

Nevertheless, if the DPF is ϐilled with D‑T, it will produce 14 MeV neutrons, which is a very high energy for the
subcritical set. In addition, its yield would not be enough to drive the system. These problems could be solved if
the ϐission fuel were divided into two concentric fuel shells (FS) with a big void between them. This conϐiguration
will proϐit from the reϐlection of the neutrons between the shells, increasing the probability that each neutron will
produce a ϐission reaction and transforming the 14 MeV peak into a more convenient spectrum. This arrangement
is called a Multiplying Cascade (MC) and was proposed previously by many authors [13–16].

In an FFHR, thermal‑to‑electrical conversion is always required, since the fusion device, whatever it may be,
requires electrical energy to run. Then, the thermal‑electrical conversion efϐiciency plays a key role in the synergy
of the system. Higher efϐiciencies require increasing the temperature of operation. In addition, due to the fast
spectrum, water must be avoided in the coolant. These requirements suggest using gas. Then, the FFHR becomes
a type of gas‑cooled fast reactor (GFR). The GFRs are one of the types of reactors considered as part of Gen‑IV due
to their advantages in combining high energy efϐiciency and nuclear waste minimization [17,18].

On the other hand, the use of combined cycles and modern tungsten alloy turbines would allow efϐiciencies
above 60%, which will increase the temperature of operation (above 1300 K) [19–23]. This goal can be achieved
by using the so‑called cermets, that is, fuels made of ceramic + metal composite materials, particularly tungsten
and uranium dioxide, whose operational limit temperatures are close to 3000 K [24]. Cermets date back to the
1960s when, in the framework of the space race, fuels with the ability to withstand high temperatures began to be
studied, since only in this way would future Nuclear Thermal Propulsion (NTP) be efϐicient. Furthermore, due to
their expected reliability, the cermets were even proposed in the construction of nuclear jet engines. More recently,
new space travel projects have also renewed interest in cermets [24–28].

As the fusion device uses D‑T for its operation, the supply of tritium becomes relevant. Then, a layer of breeder
blanket is necessary. Suchmaterial is usually lithium titanate or silicate, given its high lithium concentration per vol‑
ume [29–31]. However, these materials typically decompose near 1200 K in such a way that in a high‑temperature
reactor environment, they will lose their structural properties [32]. A solution to this problem may come from the
molten salts. Among the molten salts recommended for this task is the combination of LiF + BeF2, known as FLiBe.
The FLiBe was originally intended to operate inMolten Salt Reactors (MSR), and then, it was also evaluated to work
in the environment of a fusion reactor [33–35].

2. Materials and Methods
This work analyzes a reactor formed with a subcritical set made of Cermet W/46U(50)O2. This cermet is the

most used one for high‑temperature purposes. W/46U(50)O2means tungstenwith 46%of 50%‑enriched uranium
dioxide, and 46% refers to weight (this would be equivalent to 60% in volume) of UO2 [24–26].

The dimensions were chosen to be close to those previously published under similar concepts. For example,
Clause et al. proposed a reactor ϐitted with two spherical layers made of 8%‑enriched metallic uranium and whose
total external diameter is 4 meters [14]. Talebi et al. proposed a cylindrical device with 3.77%‑enriched uranium
for the inner layer of fuel and 0.45%‑enriched uranium for the outer one, with a total diameter of around 10meters
[15]. And the reactor from Gallardo et al. is made of the fast‑spectra alloys U‑25Pu‑10Zr and U‑7Pu‑10Zr and has a
diameter of 9.6 meters [13]. The reactor in the present work is restricted to a total diameter of 3 meters.

Among the possible DPFs that can be used as neutron sources, there is the FF‑1, designed and built by Lerner
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et al. [10–12]. This is a small yet powerful device that occupies a volume of approximately one liter. The reasons
for choosing this device are that it has the highest yield for its size, it is well‑tested, and its concept is still in the
improvement stage. The energy that feeds a DPF is initially stored in a capacitor bank, being, in this case, 60 kJ.
This energy is released to the concentric electrodes of the device, discharging the capacitor. Of course, to charge the
capacitor again requires a speciϐic amount of time, making the DPF a pulsed device. In the literature, each of these
pulses is often referred to as a shot.

2.1. The Concentric Model
An FFHR based on DPF follows the concept of a concentric model. In this model, the fusion device is in the

center of many spherical shells [14,36].
The fuel is arranged to form theMC in this way: the ϐirst spherical fuel shell will be called FS1, and it surrounds

the DPF, followed by a second fuel shell called FS2. Between FS1 and FS2, there is a large space. These two shells
are equivalent to the core of a conventional ϐission reactor. The cermet W/46U(50)O2 is expected to have a good
performance in this reactor due to the reϐlecting and multiplying properties of the tungsten in the fast neutron
spectrum, as previously studied [37].

Surrounding the subcritical set is the tritium generator blanket (FLiBe), and ϐinally, a spherical reϐlector shield
that encloses the entire reactor. The voids between all these shells are occupied by the ϐlowing coolant, hydrogen,
or helium, usually.

2.2. The Fission Parameters
It is required to ϐind the multiplication factor 𝑘𝑒𝑓𝑓 of the whole system. This parameter has to fulϐill the condi‑

tion 𝑘𝑒𝑓𝑓 < 1, but as the system must be permitted to vary its 𝑘𝑒𝑓𝑓 , a range of possible values must be considered.
The lower the value of 𝑘𝑒𝑓𝑓 , the further the system is from criticality, making it safer. But this will also reduce the
energy obtained through ϐission, making it more difϐicult to reach the energy self‑sufϐiciency of the system. On the
contrary, a value of 𝑘𝑒𝑓𝑓 very close to onewould provide a good amount of energy, but it would reduce themargin of
safety as the probability of the system becoming accidentally critical (𝑘𝑒𝑓𝑓 = 1) would arise. There is a lot of discus‑
sion in the bibliography about the adequate operational limits of 𝑘𝑒𝑓𝑓 in the subcritical set. Many authors consider
the operational point close to 0.980, so the range considered here will be between 0.975 and 0.985 [13–16].

The ϐission energies 𝜀1 and 𝜀2 obtained for both FS1 and FS2, respectively, are also required for each value of
𝑘𝑒𝑓𝑓 . There are analytical models to ϐind approximately all these values for this sort of arrangement, but, given
the complex interactions of reϐlection and multiplication that occur within the system, it is more accurate to do
Monte Carlo simulations with MCNP5, including the high‑temperature libraries ENDF66e (3000K) and ENDF5mt
(800K) [13–15].

One of the most interesting properties of the MC is its geometrical capability of changing the value of 𝑘𝑒𝑓𝑓 in
the subcritical set by changing the radii of FS1 and FS2without changing the total mass of fuel. This occurs because
the reϐlective andmultiplying properties of theMCdepend strongly on the voids in the system. This propertywill be
used to obtain a set of different conϐigurations, each with different 𝑘𝑒𝑓𝑓 (and then, with different ϐission energies)
but with the same mass of fuel [14].

2.3. Energy Flow and Balance
As any fusion device works only with electrical energy, it is essential to take into account the conversion to

study the energy balance and to ϐind out if the whole system is self‑sustaining. Also, particularly as the DPF is a
pulsed device, the energy balance must be analyzed for each shot.

The diagram in Figure 1 describes the energy ϐlow in the system during a shot. Marked in bold, C, R, and G
represent, respectively, the capacitor (where the DPF energy is stored), the reactor itself (where the fusion‑ϐission
reactions occur), and the electrical generator. On the left, there is an arrow that indicates that the system must be
started with an energy 𝐸𝑜 , which is what the DPF requires to work. This energy is stored in the capacitor C and
is a key parameter since its value deϐines the number of neutrons generated by the device. Leaving C to the right,
approximately half of the energy, 𝐸1, returns to the capacitor C, and the rest, 𝐸2, is divided into a large part, 𝐸𝑠 , that
is converted into thermal energy and a smaller one, 𝐸𝑝, which is used to form the pinch in the DPF.
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Figure 1. To Start the System, an Energy 𝐸𝑜 Should be Provided, as Shown by the Arrow on the left. The Sectors C,
R, and G are, respectively, the DPF Capacitor, the Fusion‑Fission Reactor, and the Electric Generator. At the End of
the Cycle, the System Releases the Electric Energy E and Heat Q. The Brown Sectors Indicate Electric Energy, and
the Yellow Ones Indicate Thermal Energy.

This 𝐸𝑝 is what generates nuclear fusion and the neutrons that use the subcritical system R to produce the
thermal energy 𝐸𝑟 . Both 𝐸𝑟 and 𝐸𝑠 are used to generate electrical energy in G. If we call 𝜂 the efϐiciency of thermal‑
to‑electric generation, then𝐸𝑒 = 𝜂(𝐸𝑟+𝐸𝑠), where𝐸𝑒 is the total electrical energy produced by G, and𝐸𝑟+𝐸𝑠 is the
total available thermal energy. In turn, the energy 𝐸𝑝, which is used to generate the pinch, is only a small fraction 𝜁
of the energy 𝐸𝑜 initially in the capacitor; that is, 𝐸𝑝 = 𝜁𝐸𝑜 .

On the other hand, the energy 𝐸2 that is required to be returned to the capacitor bank to trigger the DPF again
is also a fraction 𝑓 of 𝐸𝑜; that is, 𝐸2 = 𝑓𝐸𝑜 . Both 𝜁 and the feedback factor 𝑓 depend exclusively on the DPF and are
usually typical values: 𝜁 = 0.07 and 𝑓 = 0.5 [11,38,39].

Finally, we must ϐind the relationship between the energy 𝐸𝑟 generated by the subcritical set and the initial
energy 𝐸𝑜 in the capacitor bank. If the masses of FS1 and FS2 are𝑚1 and𝑚2, respectively:

𝐸𝑟 = (𝜀1𝑚1 + 𝜀2𝑚2)𝑌(𝐸𝑜) (1)
where 𝜀1 and 𝜀2 are the ϐission energies per unit mass of fuel and per neutron in the source for both shells FS1 and
FS2, respectively, and𝑌(𝐸𝑜) is the neutron yield of the fusion device, which is a function of the energy𝐸𝑜 . In the case
of the DPF, there is a semi‑empirical rule that establishes that, for 𝐸𝑜 ≤ 100 kJ, the yield is 𝑌(𝐸𝑜) = 𝑐𝑦𝐸2𝑜 , where 𝑐𝑦
is a parameter that depends on each particular DPF and can be found from the ϐitting of experimental data [8,39,40].
Therefore, replacing 𝑌(𝐸𝑜) in eq. (1):

𝐸𝑟 = 𝛼𝐸2𝑜 (2)
where 𝛼 = (𝜀1𝑚1 + 𝜀2𝑚2)𝑐𝑦 . Then, it is possible to write down the net electrical energy 𝐸, obtained by the device,
as a function of the energy 𝐸𝑜 in the capacitor bank:

𝐸 = 𝜂𝛼𝐸2𝑜 + [𝜂(𝑓 − 𝜁) − 𝑓]𝐸𝑜 (3)
As stated in the previous subsection, 𝜀1 and 𝜀2 depend on the 𝑘𝑒𝑓𝑓 of the subcritical set, so varying 𝑘𝑒𝑓𝑓 will

result in parabolas with different openings.
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2.4. The Tritium Breeder Blanket
The tritiumbreederblanket is the layerwhere the systemproϐits fromthe remainingneutrons, i.e., theneutrons

that run outwards from the FS2, to produce tritium through the reactions 6Li(n, t)4He and 7Li(n, n’t)4He, with 6Li
and 7Li being the two isotopes composing natural lithium.

In a previous work by Gallardo et al., a lithium silicate was analyzed, giving a high amount of tritium. But, in
this case, the high‑temperature environment of the reactor would make this silicate lose its structural properties
[13,31]. To avoid this problem, the proposed material here for the breeder blanket is the molten salt FLiBe, which
is an eutectic made of 66% (mass proportion) of LiF and 34% of BeF2. This eutectic has a density of 2.46 g/cm3

when solid and 1.94 g/cm3 in liquid state. Its melting point is 733 K (460 °C), meaning that the reactor should be
running for the FLiBe to ϐlow [33–35].

The advantage of having a molten salt blanket is that it enhances the extraction of tritium, and also, it would
remove heat from the last layers of the reactor, thus acting as a coolant.

The amount of tritiumatomsgenerated in theblanket by eachneutron in the source andby each lithiumatom in
thematerial is called the Tritium Production Rate (TPR) and indicates the rate at which tritium atoms are produced
when exposed to a neutron ϐlux. The TPR can be obtained directly by MCNP5, and then it is possible to calculate
the ratio𝑁𝑇𝐺/𝑁𝑇𝑆 , which is the number of tritium atoms produced in the FLiBe compared to the number of tritium
atoms used in the source, using the formula 𝑁𝑇𝐺/𝑁𝑇𝑆 = 𝑁𝐿𝑖 TPR, where 𝑁𝐿𝑖 is the number of lithium atoms in the
blanket. This ratio is easier to read than the TPR, as 𝑁𝑇𝐺/𝑁𝑇𝑆 = 1 means that the tritium production equals the
tritium expenditure;𝑁𝑇𝐺/𝑁𝑇𝑆 < 1means insufϐicient production of tritium, and𝑁𝑇𝐺/𝑁𝑇𝑆 > 1means that a surplus
of tritium is being generated.

3. Results and Discussion
Experimentally, the maximum yield of the FF‑1 operating with D‑D is 2.5 × 1011 neutrons per shot when 𝐸𝑜 =

60 kJ. According to the bibliography to date, this device has never been ϐilled with D‑T, but it is easy to estimate its
neutron yield in such a case, as the DPF scales ×100 its yield when changing from one fuel to another in the same
device andwith the same conditions, according to previous experimental research. This is just a consequence of the
bigger cross section for the D‑T reactions keeping the same temperature and time conditions [38,39]. Therefore, a
device with the same characteristics of the FF‑1 operating with D‑T will give 2.5 × 1013 neutrons per shot, with the
same 𝐸𝑜 = 60 kJ, meaning thus 𝑐𝑦 = 6.94 × 109 kJ−2 [12,13].

As stated before, the operating point of the subcritical set has been established around 𝑘𝑒𝑓𝑓 = 0.980, giving an
operating range between 0.975 and 0.985. Then, three families of curves have been drawn by slightly varying 𝑘𝑒𝑓𝑓
inside this range (see Figure 2). To do this, both radii of FS1 and FS2 were varied, keeping their volumes constant
as explained before. The values of 𝜀1 and 𝜀2 were found by using MCNP5.

As an example, three possible values of the conversion efϐiciency 𝜂 are used: 0.55, 0.60, and 0.65. These values
would require different degrees of improvement in the real thermal‑to‑electric conversion being realistic (55%),
optimistic (60%), and very optimistic (65%).

In Figure 2, the line break‑even for 𝐸 = 0 has been drawn: below this line the reactor cannot operate, and
only for values𝐸 > 0 is there net energy obtained. Themost remarkable thing about this diagram is that the hybrid
reactor has a break‑even value of 𝐸𝑜 , a typical concept of a fusion reactor, for each value of 𝑘𝑒𝑓𝑓 , a typical concept of
a ϐission reactor. The hybrid reactor therefore inherits both concepts at the same time. The ϐigure also shows that,
to maintain the same output energy, when 𝑘𝑒𝑓𝑓 changes from A to B, it is necessary to increase the input energy 𝐸𝑜 .

Note the system’s sensitivity to 𝑘𝑒𝑓𝑓 . For 𝜂 = 0.60, a small 0.6% change in 𝑘𝑒𝑓𝑓 , i.e., from 𝑘𝑒𝑓𝑓= 0.979 to 𝑘𝑒𝑓𝑓
= 0.985, results in a 67% change in the output energy 𝐸. On the other hand, for a ϐixed 𝑘𝑒𝑓𝑓 = 0.979, a change in 𝜂
from 0.6 to 0.65, i.e., 8%, results in a 23% change in 𝐸. Of course, the variations are clearly nonlinear, and further
analysis is required to assess the system’s sensitivity; however, it reveals the implications that small variations in
𝑘𝑒𝑓𝑓 could have.

The previous analysis was calculated for one shot; but, to get an idea about the output power of the system,
an estimation of the shot frequency must be done. The time‑limiting factor of the DPF is the time of charge of the
capacitor bank. Frequencies of 1Hz have been obtainedwith capacitors as large as 150 kJ, andwith a 60 kJ capacitor,
higher frequencies are expected [40]. But supposing an arrangement of ten DPF shooting synchronously at 1 Hz
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each, a total frequency of 10 Hz is possible. A combination of many devices inside the inner void of the system
has already been proposed previously [13,15,16]. For example, Talebi et al. propose an arrangement of four DPFs
radially disposed, pointing to the center of the void. A similar conϐiguration of ten DPFs 10 cm high and 14 cm in
diameter can ϐit perfectly in the 90 cm diameter spherical void of the reactor analyzed in this work. From Figure
2, the DPF operates under reasonable conditions, which would be 𝐸𝑜 = 60 kJ, 𝜂 = 0.6, and 𝑘𝑒𝑓𝑓 = 0.979. This gives
E = 5 kJ per shot, meaning 50 kW output electric power (approx. 0.6 MW of total thermal power) shooting at 10
Hz. If a DPF similar to FF‑1 is able to work under extreme conditions (𝐸𝑜 = 100 kJ, 𝜂 = 0.65, and 𝑘𝑒𝑓𝑓 = 0.979),
the same analysis will give E = 37 kJ per shot or 370 kW of electric power (approx. 1.3 MW total thermal power).
These ϐigures are very low for a massive reactor like the one presented in this work, especially compared with the
commercial operating ones. This very low power/weight ratio is a consequence of the low neutron yield of the
source and the low shooting frequency: it will be necessary to somehow increase these two parameters for the
reactor to have a clear application.

Figure 2. Electric Output Energy from Equation 3 Produced in the Hybrid Reactor, as a Function of the Capacitor
Energy 𝐸𝑜 . The 𝛼 Factor was Obtained by Means of MCNP5 and the ENDF66e (3000K) and ENDF5mt (800K) Li‑
braries. The Path Between Condition A and Condition B Keeps E Constant by Increasing 𝐸𝑜 .

The spectra obtained from FS1, FS2, and the FLiBe are shown in Figure 3, where it can be seen that it is indeed
a fast reactor. In the FLiBe, the neutron spectrum shows the typical peak structure of 19F close to the 0.1MeV region
[41]. The FLiBe blanket is separated inwards by a thin layer of tungsten (approx. 2 cm). The thickness of this inner
layer is very important since it acts as a semi‑reϐlector of neutrons coming from the core. Outwards from the FLiBe
layer, there is the thick shell of tungsten, acting as a reϐlector. As can be seen in Figure 3, the absorption of neutrons,
despite being greater than in the case of silicates (see ref. 13), is not too much to absorb too many neutrons.

Table 1 shows the values of TPR and the ratio 𝑁𝑇𝐺/𝑁𝑇𝑆 obtained in the system for three values of 𝑘𝑒𝑓𝑓 . If
compared with the values obtained in solid silicates and titanates, it can be said that in this case it is considerably
lower, and this ismainly due to the lower amount of lithiumper blanket volume [29–31]. From thework of Gallardo
et al., for instance, the ratio 𝑁𝑇𝐺/𝑁𝑇𝑆 = 36 for its massive blanket of 300 tons [13]. Taking into account that the
blanket mass in the present work is just 2.3 tons, the results of Table 1 are relatively good. Besides, for this system,
the ratio 𝑁𝑇𝐺/𝑁𝑇𝑆 is always greater than one, even for the lower 𝑘𝑒𝑓𝑓 , so the system would be self‑sufϐicient in
tritium supply.
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Figure 3. Neutron Spectra in the FLiBe and the Fuel Shells FS1 and FS2, Normalized by Total Flux Φ𝑜 = Σ𝐸Φ𝐸 .
For Comparison Purposes, the Cross‑Sections for the Reactions 6Li(n, t)4He and 7Li(n, n’t)4He Were Added on
Top [42–46].

Table 1. Variation of the Tritium Generation in the FLiBe Layer as a Function of the Neutron Multiplication Factor
𝑘𝑒𝑓𝑓 .

𝒌𝒆𝒇𝒇 TPR 𝑵𝑻𝑮/𝑵𝑻𝑺

0.976 3.7 ×10−29 1.267
0.979 4.4 ×10−29 1.523
0.850 5.9 ×10−29 2.052

Figure 4 shows schematically the general conϐiguration of a possible system based on FFHR running a com‑
bined thermal cycle. According to the concentric model, the DPF arrangement is placed at the center of the void,
producing neutrons that escape radially, reaching then the ϐirst fuel layer, the FS1. In FS1, a combined effect of
ϐission, reϐlection, and multiplication will generate more neutrons that reach the FS2, traversing the large void be‑
tween them. The ϐission in these two shellswill generate the thermal energy that heats the helium that ϐlows radially
from the center (gray arrows). The shell FS2 also emits neutrons that were produced by ϐission or bymultiplication
in the tungsten. The neutrons that escape from FS2 outwards reach the blanket of FLiBe, covered internally by a 2
cm layer of tungsten that separates the FLiBe from helium and acts as a semi‑reϐlector. The tritium recovery system
from the irradiated FLiBe is also shown in the ϐigure. Fluid circulation and the water/helium and helium/FLiBe
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heat exchangers were also drawn, the latter acting as part of a second cooling system. Finally, the outer shell of the
reactor is a 10 cm thick layer of tungsten that acts as a neutron reϐlector and as shielding. The general data for this
reactor are summarized in Table 2.

Figure 4. Possible Conϐiguration of a Hybrid Reactor Based on a Cermet and Molten Salts Breeder Blanket. The
FS1 and FS2 Fuel Layers Surround the Fusion Device in the Center (DPF). A Fluid Layer of FLiBe Then Captures the
Outgoing Neutrons. TheHeliumFlows Through This System,WhichWorks as a Combined Cycle. The Entire Reactor
is Shielded by a Layer of Tungsten.
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Table 2. Summarized Data for the Hybrid Reactor Based on DPF and MC. The Fuel Mass in This System is Just 23%
of the Total Mass.

Fuel

material Cermet W/46U(50)O2
FS1 internal radius 45 cm
FS1 thick 20 cm
FS2 internal radius 77 cm
FS2 thick 38 cm
total mass 19 Ton.

Internal Reϐlector

material natural tungsten
internal radius 133 cm
thick 2 cm
mass 9 Ton.

Breeder Blanket

material FLiBe
internal radius 135 cm
thick 5 cm
mass 2.3 Ton.

Shielding

material natural tungsten
internal radius 140 cm
thick 10 cm
mass 51 Ton.

General Parameters diameter 3 m
mass 81.3 Ton.

4. Conclusions
The Fusion‑Fission Hybrid Reactor has been presented as a possible step between the conventional ϐission re‑

actors and the future pure fusion reactors. The conϐiguration described here is based on the Dense Plasma Focus
(DPF) and the multiplying cascade (MC) previously studied by many authors. To obtain high thermal‑to‑electric
conversion efϐiciency, it is necessary to reach high temperatures, which suggests the system should become a high‑
temperature gas reactor. This would only be possible with suitable materials in the core, such as cermets. However,
the temperatures for which the cermets were designed far exceed those that conventional gas turbines can with‑
stand. It must be remembered at this point that cermets were developed to be used in systems where the greater
proportion of the energy is converted into propulsion, such as NTP devices. So, if we want the reactor to be used to
generate electric energy, it will be necessary to greatly improve the alloys of the turbines to take advantage of the
high‑temperature gas leaving the reactor core. On the contrary, if the thermal energy is the main output to be used,
like in the case of the NTPs, the power/weight ratio must be highly improved.

As an advantage, this system would be able to electrically control the output energy, which makes the typi‑
cal control rods unnecessary. Eliminating these rods is an advantage that should not be overlooked, especially in
applications where the reactor should move.

One key factor to take into account in favor of the DPF device is the cost. For example, the total cost of the FF
project, which includes the FF‑1 and the new FF‑2B (still under testing), is less than US$ 500,000 [10]. However, the
DPF is a pulsed device, and the characteristic charging time of the capacitor bank (ranging from seconds tominutes)
imposes a limitation on the frequency of the shots. For a DPF in the range of 𝐸𝑜 = 100 kJ, this frequency is of the
order of 1 Hz. Also, a restriction to 𝐸𝑜 is imposed by the 100 kJ limit of the DPF scaling law. The only way to avoid
these problems is to install many DPFs and shoot them synchronously. This does not seem to be a great difϐiculty,
since the DPF itself is a small device, and in the internal void of the reactor, several of them could ϐit. For example,
these DPFs could be installed radially as proposed by previous works. The capacitor bank and accessory systems
could be located outside the shielding. If ten DPFs are installed, then 10 Hz is possible, allowing an electric output
of a few tens of kilowatts. For any application, increasing the shooting frequency would be a great improvement in
the machine’s performance.

Another point to highlight is that the curves in Figure 2 were obtained from the maximum yield of the FF‑1,
assuming the use of D‑T. Unfortunately, that yield cannot be sustained over several shots, since, for many reasons,
it decreases considerably: by taking several shots, the average yield is approximately 60% of the maximum value.
Although research is still ongoing, one of the causes of this phenomenon could be found in the particles released by
the electrodes. These particles could be contaminating the plasma. But even if this state‑of‑the‑art device works at
its maximum capacity, the yield would remain so low that it would require a subcritical set with a 𝑘𝑒𝑓𝑓 > 0.976 to
reach the break‑even. From the point of view of the amount of fuel, this makes it practically indistinguishable from
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a conventional critical reactor. The DPF, although a simple device, needs to be improved.
And ϐinally, perhaps the biggest ϐlaw in this concept is that it requires 50%enricheduranium, putting the device

far beyond the 20% required to accomplish the LEU IAEA certiϐications, thus raising concerns about proliferation.
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