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Conceptual development activities on a stellarator-mirror-based fission-fusion hybrid system (SM hybrid) are reviewed. Intended for
transmutation of spent nuclear fuel and safe fission energy production, SM hybrid consists of a fusion neutron source and a powerful sub-
critical fast fission reactor core. Its fusion component is a stellarator with an embedded magnetic mirror. The stellarator allows for the
confinement of a moderately hot (1—2 keV) deuterium plasma. In the magnetic mirror, the hot sloshing tritium ions are trapped and
fusion neutrons are generated. The magnetic mirror is surrounded by a fission mantle, where transmutation of minor actinides and energy
generation take place. One candidate magnetic confinement device for the SM hybrid is the advanced DRACON magnetic trap system,
which, unlike the «classical» DRACON version, has one short, rather than two longer mirrors with a relatively short size of 3—6 m. A
comparative numerical analysis of collisionless losses occurring in the magnetic trap part of the single-mirror DRACON leads to a con-
clusion about the possibility for high-energy tritium ions to be fairly well confined in the magnetic trap area. The Uragan-2M (U-2M)
stellarator is used to test the SM hybrid concept with experiment. To fit a magnetic trap into U-2M system, one of the toroidal coils had
to be switched off. A radial escape of charged particles may spontaneously give rise to a weak radial electric field, which may result in
closing the particles’ drift trajectories and thereby substantially improve their confinement. Background plasma confinement without
destructive instabilities is demonstrated in the stellarator-mirror regime of U-2M) operation. The sloshing ions driven by radio-frequency
heating are detected in the mirror part of the device with NPA diagnostics. A novel fission mantle design for the SM hybrid is proposed.
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PA3PABOTKA KOHIENINUA CTEJLJIAPATOPHO-ITIPOBKOTPOHHOM
T'MBPUJTHON YCTAHOBKU CUHTE3A-JIEJTEHUS
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P.O. Hasnuuenxo', A.H. Illanosan’, B.B. KopoeuHI, M.M. I(o3yﬂﬂ1, H.B. 3amanos’, A.1O. KpaC}OKI,
E.B. Ciocvko’, H.E. I'apxywa’

!Hayuonanvnwtii nayunviii yenmp «Xapokosckuii (pusuxo-mexnuueckuti uncmunymy, Xapvkos, Ykpauna
2Vncanvcuil ynusepcumem, rabopamopus Anecmpem, Yncana, Illeeyus

PaccmarpuBaeTcss KOHIENITYalbHBIH IIPOEKT CTEIAPATOPHO-NPOOKOTPOHHOW THOpHIHON cucTeMbl cuHTe3a-fgeneHus (CII-rubpun).
IIpenna3HaueHHBIN A1 TPAHCMYTalUy OTPabOTABILIETo SIEPHOTO TOIUIMBA M GE30MaCHOr0 MPOU3BOICTBA SHEPTUH NPU JETICHUH TSDKE-
nbix saep CII-ruGpua COCTOUT M3 MCTOYHHUKA TEPMOSAECPHBIX HEHTPOHOB M MOIIHOW IMOAKPHUTUYECKONW aKTHBHOM 30HBI peakTopa Jese-
HUSI, paboTaromero Ha ObICTPBIX HeHWTpoHax. Ero TepMosiiepHbIii KOMIIOHEHT SIBJISICTCS CTEIUIApaTOPOM CO BCTPOCHHBIM NTPOOKOTPOHOM.
Cremmapatop MO3BOJISIET yIEp)KUBATh YMEpeHHO ropsiuyio (1—2 x3B) meiirepueByro mrasmy. B mpoOKoTpoHe ropsaue Iuiemtymmecs
WOHBI TPUTHS 3aXBATHIBAIOT M TEHEPHUPYIOT TEPMOsAepHbIe HEHTPOHBI. [IpOOKOTPOH OKpPYKEH MaHTHEH, B KOTOPOH IPOUCXOMAT JeICHHE
TSOKENBIX S7ep, TPAHCMYTALMsl MUHOPHBIX aKTUHOHMJOB U reHepalys 3Hepruu. OJHUM U3 BO3MOXHBIX YCTPOWCTB MAarHUTHOTO yAepia-
Hus ans CII-rubpupa sBisieTcss ycoBepIICHCTBOBaHHAs cucteMa MarHUTHOH noBymiku JIPAKOH, kotopas B oTinmyme OT «Kiaccuye-
ckoit» Bepcuu JIPAKOHA numeer oguH KOpOTKHI IPOOKOTPOH, a He Ba Oojee UIMHHBIX, IMEIONHH pa3Mep B npenenax 3—6 M. Cpas-
HHUTEIbHBIN YHCIEHHBIN aHaM3 GECCTOIKHOBUTEIBHBIX MOTEPh, BO3HUKAIOLUIUX B TOH 4acTu MPOOKOTPOHA, IJe HAXOAUTCS MarHUTHas
noBymka JIPAKOH, mo3BossieT caenaTs BEIBOA O BO3ZMOXKHOCTH JOCTATOYHO XOPOIIO yAEP>KIUBATh BBICOKOIHEPTeTHIECKHIE HOHBI TPHTHS
B obJyacTy 3To¥ MarHuTHOH JoBymKkH. Cremaparop «Yparan-2M» (U-2M) ucnions3yercs [Uist SKCHEPHIMEHTaIbHON MPOBEPKU KOHIIEH-
IIUM THOPHMIHON CTeIUIapaTOpHO-IIPOOKOTPOHHOM cHCTeMBbI. [ yCTaHOBKM MarHHTHO# JoBymKkH B cucteMy U-2M Heob6xoanmo ObuI0
OTKIIOYUTH OJJHY U3 TOPOUJANBHBIX KaTylleK. PafiuanbHbIil BEIXOI aMOUTIONSAPHBIX YACTHII MOXKET CTIOHTAHHO BBI3BATh C1a00€ paanalb-
HOE 3JIEKTPHUYECKOE TI0JIe, KOTOPOE MOXKET 3aMKHYTh TPAEKTOPHH Apeii(a JacTUIl ¥ TEM CaMbIM CYIIECTBEHHO YIydIIUTh UX yAepKaHHe.
VYnepxkanue miasMel 6e3 pa3pylnIMTeIbHBIX HEYCTOHYMBOCTEN MPOAEMOHCTPHPOBAHO B CTEIUIAPATOPHO-IPOOKOTPOHHOM pexkume pado-
el U-2M. T'opsiuvie MOHBI, NMOSBUBIIMECS B Pe3yjbTaTe Pajno4acTOTHOTO HarpeBa, PEerHCTPUPYIOTCS B MPOOKOTPOHHOH YacTH STOrO
YCTPOICTBa ¢ MOMOIIBIO aHATU3AaTOPa HEUTpabHBIX yacTull. [IpemnoskeHa HoBast KOHCTPYKLUUS siaepHoit yactu s CII-rubpuna, B Ko-
TOpPOH OyIeT POUCXOJUTH JeTICHHE SIIep.

Knrwuesble ciioBa: FI/I6pI/IZ[Haﬂ CUCTEMA CUHTE3a-ACJIICHUs, CTEJ1apaTop, HpOGKOTpOH, TpaHCMYyTalus aa€p.

INTRODUCTION

Current nuclear power plants rely mainly on 2*°U fission for power generation. The ore reserves of this
uranium isotope are not large, and the future of nuclear power production is associated with utilizing ***U
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and *?Th, which are abundant. This situation has three implications. Number one is that the large amount
of spent nuclear fuel already generated by the nuclear industry continues to grow. Today, the preferred op-
tion for nuclear waste management is long term geological storage with a view to keep the wasteisolated
until the radionuclides have decayed to acceptable levels. However, the decay may last thousands of centu-
ries, which is hardly acceptable. Therefore, geological storage should be looked upon as a way to gain
some time before a full-scale incineration of spent nuclear fuel is in place. Unlike geological storage, in-
cineration is consistent with the sustainability concept.

Number two is the inevitable need for introducing a new fuel cycle to allow **U and **Th to be used as a
fuel. Both isotopes cannot be directly burned, and the first stage of this fuel cycle includes breeding of >**Pu and
2331, The fission of these isotopes, as well as many others, results in a twice as small fraction of delayed neu-
trons as the fission of 2*°U. This seriously hinders the controllability of critical reactors. Another need is for in-
troducing a closed fuel cycle, in which, in the best-case scenario, waste would only consist of fission products.
Such waste could be stored in a geological repository for a much shorter time of about 300 years. In the closed
fuel cycle, all fissionable isotopes involved in the nuclear chain must be burned. This is only possible in fast
reactors. Unfortunately, many fast reactor concepts are difficult to implement due to the positive reactivity ac-
companying a temperature increase. This, coupled with the shortage of delayed neutrons, has a serious impact
on reactor safety. Implication number three is that 2*>U cannot be easily synthesized. If we burn it up complete-
ly, there will be no U left for future generations.

A solution is a subcritical fast reactor driven by an external neutron source. Inherently safe, it can be used for
burning fertile components of spent nuclear fuel, nuclear breeding and energy generation under the closed fuel cy-
cle. The neutron source for this reactor must be powerful and efficient. Two obvious candidates for the role of
drivers of a sub-critical fast reactor are the spallation and fusion neutron sources, of which the latter are more com-
pact, more feasible and less costly. In turn to, there are three major lines of fusion-fission hybrids (subcritical fis-
sion reactors driven by a fusion neutron source), i.e. tokamak, mirror and stellarator-mirror based hybrids.

Tokamak [1] offers the best plasma confinement. However it allows an acceptable neutron budget to be on-
ly achieved with an excessive neutron production. Tokamak’s another inherent weakness is the pulsed-mode
operation with a long (~100 s) duty cycle.

In a mirror-based hybrid [2], plasma confinement is poor, which translates into the machine’s low energy
efficiency and huge size.

The SM hybrid [3, 4] has an acceptable plasma confinement, stationary operation and a very compact design.

THE SM HYBRID

NBI Fission In the SM hybrid, fusion neutrons are generated

reactor in a deuterium-tritium plasma, confined magnetically

I;;ﬂgfer; Fission  in a stellarator-type system (Fig. 1). The plasma con-
nef‘llltlr;’n tains a warm electron component, and the majority of

deuterium ions are in thermal equilibrium with elec-

trons. The stellarator provides a steady-state opera-

;231:121 tion and offers a relatively good confinement for
plasma such a warm Maxwellian plasma. Hot minority triti-
Stellarator um ions are sustained in the plasma by a radio-

Mirro part frequency (RF) heating [5—38]. Considering the stel-
part larator’s inferior ability to confine high energy ions,

it is proposed in [3] to integrate it with a magnetic

Magne- trap with lower field. Hot ions mostly have perpen-
tic coils dicular to the steady magnetic field kinetic energies.
Because of the trapping effect, the hot (sloshing)

Fig. 1. Sketch of the fission-fusion hybrid ions’ motion is restricted to the mirror part of the

112 BAHT. Cep. Tepmosinepnsiii cuntes, 2021, T. 44, BbIm. 2



Developments for stellarator-mirror fusion-fission hybrid concept

device. The containment of hot sloshing ions and, therefore, contraction the neutron production zone to the mir-
ror part is favorable, as it makes it sufficient to only have the mirror part surrounded with a fission mantle. Fur-
thermore, all sensitive plasma diagnostics and plasma control devices could be located at the stellarator part, but
at a distance of the fission reactor zone, where the neutron flux is reduced.

It is not only RF heating that can sustain hot sloshing ions, but also a continuous neutral beam injection
(NBI). The latter is implemented in both stellarators [9] and mirror machines [10].

For mirror-based hybrids, a quasi-tangential injection to the mid plane is typical. In comparison with nor-
mal injection, it allows the injection energy to be increased. However, a mid plane injection can seriously affect
the reactor design, requiring either the reactor division into two independent nuclear reactor cores [11] or, in the
case of a single reactor core, introduction of beam lines within the reactor core. Each of those modifications is a
major engineering challenge.

Normal injection seems preferable, as it implies a smaller neutron loss from fission core and allows beam
lines to be placed out side of the reactor core. To avoid beam shine-through, the shorter beam-plasma interaction
distance is offset with a tolerable plasma density increase. The configuration with an NBI at the mirror ends,
presented here, is similar to the scheme reported in [12]. The NBI is normal to the magnetic field and targets
plasma just near the fission mantle border (see Fig. 1). Shined-through atoms, outnumbered by injected atoms,
hit the armor made of refractory material (tungsten) and placed opposing to the NBI port.

The first step in the study of the SM hybrid is to analyze the power balance [4, 13] and thereby estimate the
plasma machine size, the magnetic field strength, power needed for the sustain of hot ions and the overall power
efficiency. The analysis used the results of the ISS04 stellarator scaling [14] and kinetic calculation. The calcu-
lations resulted in a compact device with achievable characteristics. The parameters of the device chosen as a
demo machine are given in [3]. They are as follows:

Stellarator beta . . . 0.01
Mirror beta . . . 0.15
Tritium injection energy, keV . .. 150
Beam shine-through parameter (ratio of ion mean-free path to plasma radius) . . . 1.5
Background plasma temperature, keV . . . 1.6
Stellarator part magnetic field, T . . . 4.1
Mirror ratio . . . 1.7
Angle of rotational transform . . . 0.8
Inverse aspect ratio . . . 0.05
Plasma density, cm™ . . . 1.5-10™
Tritium concentration (in mirror part) 0.11
Heating power, MW . . . 20
Fission power, MW . .. 570
Plasma minor radius, cm . . . 20
Torus major radius, m . . . 4
Mirror length, m . . . 32
Electric efficiency Q. (for nuclear mantle with ke = 0.95) . . . 4.8
Estimated cost, M$ . . . 500

This SM hybrid version is used for neutronic calculations and cost estimates.
FUSION PART OF THE SM HYBRID

The SM hybrid’s magnetic system is a combination of a stellarator and a mirror. It was first implemented as
part of the U-2M stellarator at the Kharkiv Institute of Physics and Technology in Ukraine. There are two big
questions about this magnetic system, viz. (i) whether it can have magnetic surfaces, and (ii) whether it can con-
fine hot ions in its mirror part.

Studies at U-2M. Stellarator U-2M was involved in modeling such system, [15]. It has the advantage of a
winding availability, which allows using an additional toroidal magnetic field. The winding accommodates
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16 separate magnetic coils. The switching off of one of them produces a local mirror inside it with a proper mir-
ror ratio of 1.5 [16].

First Biot-Savart magnetic calculations were done to model the field with the coil switched off. Several
practically important cases were identified, where the field lines formed nested magnetic surfaces in the
device. Next, experiments to measure the magnetic configuration had been performed [17], which verified
the theoretical data and demonstrated the magnetic configurations of U-2M with an embedded magnetic
mirror.

A theoretical study was carried out to analyze the behavior of fast ions in the mirror part of U-2M [18].
It involved Biot-Savart magnetic calculations and drift surface calculations based on motion invariants. The
study confirms poor confinement properties of the magnetic mirror created in the U-2M stellarator by
means of switching off one toroidal field coil. The created magnetic mirror had a flaw, namely, a curved
magnetic axis. Calculated drift surfaces were not closed, hence, there was no radial confinement. Such a
situation can be avoided if the embedded mirror would have a straight magnetic axis. Unfortunately, this
cannot be realized in U-2M. Meanwhile, the radial electric field can improve the situation substantially in
U-2M. It causes a particle drift in the poloidal direction which competes with the vertical magnetic drift.
Above a certain value of the electric field, mean drift surfaces become closed, and particle confinement
improves. This value can be obtained from e ~ pAB, where ¢ is the electric potential, p is the magnetic
moment and AB is the variation of the magnetic field across the confinement volume. To establish the elec-
tric potential in the plasma column, a very small amount of lost ions is sufficient. The electric potential
seems to be small enough to perturb the diffusive character of confinement of the bulk plasma.

Such an opportunity to confine fast ions is checked experimentally at U-2M (see below). Since the RF heat-
ed ions are confined at the mirror part of U-2M, one can suggest that the regime with the radial electric field is
realized in that case.

Plasma generation in U-2M in SM hybrid regime. The U-2M — based experiments proved the possibil-
ity of background plasma production and confinement. A discharge was initiated by a RF pulse of a crankshaft
antenna [19]. The discharge start-up was successful, as produced a ~10'> cm™ plasma. The OV and CV lines
showed up in the discharge. Their intense emission, especially that of the CV line, indicates an electron tem-
perature of at least 100 eV. The parameters of the stellarator-mirror discharge are lower, but compatible with
those of regular discharges.

Experimental study of fast ion generation in the embedded mirror. An experiment to generate sloshing
ions in an embedded mirror was carried out on the U-2M stellarator. The magnetic beach approach was em-
ployed. A compressional Alfven wave was launched with a two-strap (W7-X like) antenna operated in mono-
pole phasing. It is expected [5] that on the way to the embedded mirror, at a lower magnetic field, the wave
reaches the ion cyclotron layer and accelerates the trapped ions. The neutral particle analyzer is used to detect
high-energy ions.

The U-2M stellarator was recently equipped with a passive single-energy channel electrostatic small-angle
30° CX neutral particle analyzer (NPA) without mass separation similar to that described in [20]. Sweeping
voltage NPA operating regimes [21] were used. A 2—5 ms analyzing voltage with triangular temporal shape
was applied to electrostatic plates to enable a fast (2—35 ms) measurement of energy distribution using a single-
energy channel analyzer. An additional 15 keV acceleration of ions after the electrostatic separation and ion-
electron conversion allowed the suppression of the NPA collector energy sensitivity [21]. The NPA was located
close to the switched off toroidal field coil and not far away from the W7-X like RF antenna, used for the ion
cyclotron heating. Nitrogen was used in the NPA gas stripping cell. The 10—100 eV energy range was not cov-
ered by the NPA. Variations of line of sight angle allow us measuring the CX flux distribution from the plasma
center to the edge. Very high CX fluxes in U-2M RF discharges allowed an analog NPA signal to be obtained.
The NPA signal integration time was 0.1 ms, and its sampling rate was about 50 000 samples/s. Substantial CX
flux as well as fraction of fast ions with perpendicular energy characterized by temperature of 400—500 eV was
observed in pure hydrogen RF discharges in the U-3M stellarator [21], as well as in recent experiments invol-
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ving the U-2M stellarator. Here we are demonstrating
the strong transient CX flux in a «hybrid» configura-
tion discharge, as shown in Fig. 2.

The CX flux radial distribution indicates that the
energetic ions are localized in the centre of the plas-
ma column. It should be admitted that the sweeping
voltage of 1 kV corresponds to ion energy of 4.5 keV
due to the NPA calibration coefficient [21, 22]. Ions
with energies of 4.5 keV in the U-2M hybrid configu-
ration are clearly seen in Fig. 2. Here we report the
first experimental evidence of fast ions in a hybrid
system. Although the presence of 0.5—4.5 keV ions
is evident, some unclear points, e.g., different mech-
anisms of energetic ion generation in conventional
stellarator and hybrid configurations are yet to be
addressed.

DRACON as a plasma confinement component
of the SM hybrid. One candidate magnetic confine-
ment device for the SM hybrid is the DRACON mag-
netic trap system, which, unlike the «classical» DRA-
CON version, has one short, rather than, two longer
mirrors. The equilibrium stellarator configuration
DRACON (see [18] and references therein) consists
of two rectilinear regions and two curvilinear ele-
ments (known as CREL), which close the magnetic
system and whose parameters are chosen so as to
keep the Pfirsch—Schluter currents within the CREL
and to prevent them from penetrating into the recti-
linear sections. In order to improve plasma confine-
ment, the magnetic field in the CRELs is higher than
the field in the rectilinear parts. So, in fact the recti-

0.8

# 602020-11-11

5 10 15 20 25 30
t, ms

Fig. 2.Waveforms of the row NPA signal, NPA sweeping voltage,
spectral lines Cu and Hoq emission and line-averaged density in
hybrid  configuration pure H  discharge: p =2.4x1073 Pa,
Bo=0.38 T, 2.5 ms (start of the pre-ionization with K-2 RF gene-
rator), 12.5 ms (shutdown) K-2: /o=5.36 MHz, U, = 4kV, RF
power ~30 kW, 12.5 ms (start of main pulse with K-1 RF genera-
tor), 27.5 ms (shutdown) K-1: fi=49MHz, U. = 55kV, RF
power ~80 kW

linear parts represent two mirror traps, which are closed by the CRELs. Fusion reactions in such a device can be
realized in the mirror parts, which help to confine the hot ion component (tritium) with high perpendicular ener-
gy. A comparative numerical analysis of collision less losses occurring in the magnetic trap part of the single-
mirror DRACON [18] leads to a conclusion about the possibility for high-energy tritium ions to be fairly well

confined in the magnetic trap area.
FISSION PART OF THE SM HYBRID

The acquired knowledge of the fusion neutron
source parameters can be used to obtain the initial
conditions for a preliminary design of the hybrid’s
fission mantle part. The mantle design is mostly based
on the results of engineering research described in
[23].The cylindrical reactor is compact, with a 1.6-m
radius and a 4-m length. Its major parts (Fig. 3), mov-
ing from the axis to the major radius, are the inner
opening for the plasma column, the first wall, the LBE
(lead-bismuth eutectic) buffer, the metal fuel-loaded,
LBE-cooled active zone, the core extension zone
(filled by LBE), and the reflector. Fuel for the fission
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Fig. 3. Reactor part of the SM hybrid: / — axial reflector (HT-9
steel 70% and LBE 30%); 2 — 60:40 Vol.% mixture of the stainless
steel S30467 tipe 304B7 with water, the steel contains 1.75% wt of
natural boron; 3 — coolant (lead and Bismuth eutetic); 4 — fission
blanket; 5 — first wall; 6 — neutron souce (D—T-plasma); 7 —
radial reflector (HT-9 steel 70% and Li17Pbs3 30%, enrich 20% °Li);
8 — borated water with B, 10 g/kg; 9 — magnetic coils
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component is produced by separating uranium and fission products from spent nuclear fuel. Actual fuel material
is an alloy (TRU—10Zr) consisting of transuranic elements with 10% wt zirconium [24]. The active zone size is
chosen using MCNPX calculations to achieve the effective neutron multiplication factor ket = 0.95. For the dis-
cussed reactor, the calculated fusion power multiplication factor is 65. There are only 5 t of transuranic elements
in the fuel. This suggests that a nuclear plant operated at full capacity will need to refuel every 1—2 years.

PRELIMINARY COSTS ESTIMATES

There is no point in doing the required experiments based on a downscaled prototype, as the hybrid ma-
chine itself is quite small. Taking the Wendelstein7-X stellarator’s cost, EUR 1 billion
(https://en.wikipedia.org/wiki/Wendelstein 7-X), as a reference and considering that:

— the SM machine is smaller;

— the diagnostic equipment is less advanced;

— the coils and the vacuum chamber are much simpler (in DRACON’s case);

— the cost could be decreased to EUR 0.2—0.3 billion.

The fission mantle is expected to be installed after the completion of the «plasma part» test. Its cost can be
put at EUR 0.2 billion based on the cost of the BREST-OD-300 (EUR 0.3 billion), the project carried out by
Russia’s Rosatom (https://www.riatomsk.ru/article/building_%?20reactor seversk). The total cost estimate for a
hybrid with a fission mantle is then in the range of EUR 0.4—0.5 billion. This is less than the cost of the acce-
lerator-driven MYRRHA system (around EUR 1.6 billion (https://en.wikipedia.org/wiki/MYRRHA)).

DEMO MACHINE OPERATION PROSPECTS

The DEMO device needs 20 MW of RF power, which is high, but not exceptional: such a power is availa-
ble, for instance, at the JET tokamak. Power supply could be provided by 1—2 MW modules and enlarged step
by step to a total of 5 MW, needed for initial experiments. Frequency could be set at 27.2 MHz, the standard
industrial value. It makes sense to start those experiments using the *He—H mixture, a halved magnetic field
and low power (5 MW). For a 3/4 magnetic field, the D—'He mixture could be used. The fission mantle can be
installed after the completion of the «plasma part» test.

With around EUR 0.5 billion of investment, the SM hybrid based on the spent fuel incineration technology
could be developed in 10—15 years.

SUMMARY AND CONCLUSIONS

The U-2M experimental studies suggest that the SM hybrid key properties are achievable. This machine of-
fers the prospect of a successful implementation of the stellarator-mirror plasma trap technology. It is designed
in such a way that the desired properties, including background plasma confinement and generation/confinement
of hot ions at the mirror part are fully feasible. There is reason to be hopeful that developing an appropriate de-
vice is a realistic undertaking.

Calculations suggest that the plasma part of the SM hybrid could be a DRACON-like device with a single
embedded mirror as short as needed.

The MCNPX calculations for the fission mantle are in line with a robust device design and operation, with
no major engineering challenges looming.

The fuel mass is small enough, and refueling is needed every 1—2 years.

The estimated cost of the DEMO device for the SM hybrid is just EUR 500 million, which is the lowest for hy-
brid devices. It is just twice as large as the cost of a critical reactor of the same power. But the safety advantage could
be a decisive argument in favor of hybrids to be used for regular power production under the closed fuel cycle.
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