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The results of calculations of physical parameters of the neutron source based on the model of a stellarator with a
traditional helical winding are presented. The LHD stellarator, the dimensions of which are increased one and a half
times, is taken as a basis for the design. The parameters of the source operating under conditions of high plasma
density, when the electron collision frequency always corresponds to the dependence D, o v are studied. It is
shown that fusion powers of the order of one hundred MW are achievable at the plasma heating powers planned for

the ITER.
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INTRODUCTION

In one act of DT-fusion 17.5 MeV of energy is
released with the birth of o-particle and neutron, and
one fission of a nucleus of a heavy element by a
thermonuclear neutron gives about 200 MeV. At the
same time, neutrons born as a result of nuclear fission
can cause new fissions. The number of such fissions is
determined by the multiplication factor Km, which at
Kn <1 according to [1] is equal to: 7= 1/(1-Ky)/w,
where v; is the number of neutrons born in one act of
fission. In the case of K, >1 the reactor enters the
uncontrolled chain reaction mode. Thus, when, for
example, the breeding system provides the number of
fission acts per one external neutron n = 10, the power
of the reactor can increase many times compared to the
power of the fusion neutron source. As a result, a fusion
device with a fusion power of about one or several tens
of MW is sufficient to create a power reactor of
gigawatt capacity. In contrast to a traditional reactor
based on nuclear fission, where the multiplication factor
is equal to one, in such a reactor at K,, < 1 there is no
possibility of an uncontrolled chain reaction.

The combination of fusion and nuclear fission
reactions in a single device defined the name of such
systems by the word — hybrid. Hybrid fusion reactors
have been considered as energy sources practically
since the beginning of research on the problem of
controlled fusion.

The incident with the nuclear reactor in Chernobyl
extinguished interests in hybrid systems for some time
and intensified work in the direction of creating pure
fusion reactors, in particular, the ITER project.
However, the prospect of solving the energy problem
with the help of pure fusion reactors remains rather
remote, so in recent years there has been renewed
interest in the development of hybrid systems [2], the
creation of which takes real shape due to the fact that
modern thermonuclear facilities have achieved a fusion
power of 10 MW [3, 4].

So far, hybrid fusion reactor designs have been
predominantly developed with tokamaks in mind. One
of the disadvantages of tokamaks is the impossibility of
maintaining a stationary thermonuclear reaction in the
system. This creates certain technical problems when
creating a stationary power source on their basis. The
above problem is removed in a stellarator, in which it is
possible to maintain a stationary fusion reaction. At the
same time, experimental studies of thermonuclear
plasma in stellarators have not yet reached the level of
studies on tokamaks, although the features in plasma
confinement obtained in experiments fit approximately
into the same regularities that are indicated in tokamaks
[5].

The results of comparison of the theory of plasma
confinement and experiments on stellarators give
grounds for the possibility of predicting the expected
plasma parameters in the next generation experimental
facilities, in particular, in systems that can be used to
create a neutron source. Transfer coefficients in
neoclassical theory are functions of local plasma
parameters, which allow us to obtain their spatial
distributions by solving a system of diffusion and heat
conduction type equations. Such solutions were
performed in the works on the calculation of plasma
parameters in different versions of the stellarator
reactor: experimental [6], demonstration [7], and power
[8], in which it was shown that, under certain
assumptions about the methods of fuel filling and
plasma heating, the stellarator reactor with comparable
dimensions can have energy characteristics similar to
the corresponding types of the tokamak reactor.

The possibility of creating a neutron source based on
a stellarator system was investigated by the author of
this publication in [9,10]. In [9], a neutron source whose
magnetic system is similar to the LHD stellarator with
dimensions increased by a factor of one and a half was
considered. In calculations of the plasma parameters, it
was assumed that they are neoclassical, corresponding
to the collision regime in which the dependence
D; o« v¥2 and for electrons D, oc v
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It is shown that in optimal cases at moderate heating
power consumption such a source can give neutron
fluxes from several to tens of MW of thermonuclear
power. In [10], a variant of a neutron source whose
magnetic system design is similar to that of the W-10X
stellarator was considered. The peculiarity of such a
design is the small values of the corrugations of the
helical magnetic field. In this case, the plasma losses
corresponded to the collision frequencies at which the
diffusion fluxes of plasma ions and electrons were in the

Di. oc v_'. In addition, the influence of recycling and
anomalous losses was taken into account. As a result, it
was shown that acceptable neutron fluxes can be
obtained at a sufficiently small fraction of anomalous
diffusion in the total plasma losses.

In the present publication, the parameters of the
neutron source whose magnetic system design
corresponds to the LHD stellarator were calculated, but
in contrast to the plasma confinement mode considered
in [9], it was considered that the diffusion losses of the
ionic component in can be both in the D; o v!?, so in
depending on D; v, In this case, the transfer mode
can be different at different radii of the plasma cord.

In the calculations, an analogue of the LHD
stellarator design is adopted, the linear dimensions of
which are increased by one and a half times. Such an
increase makes the parameters of the stellarator
comparable to the existing tokamak-type experimental
facilities. At the same time, the scale of the system is
sufficient to accommodate the propagating blanket
around the plasma.

NUMERICAL MODEL

Numerical calculations and studies were carried out
by using the numerical code used in publications [9,
10]. The numerical model is based on a physical model
described by a system of four equations that allow us to
solve a one-dimensional space-time problem of heating,
plasma confinement in a thermonuclear trap, and control
the process of neutron production due to the fusion of
deuterium and tritium nuclei.

The solved system of equations [10] consisted of
two heat conduction equations for plasma ions and
electrons, which, in addition to the diffusion terms, took
into account the energy release in electrons as a result of
dissipation of thermonuclear alpha particles, plasma
heating by external sources, collision and due to the
ambipolar electric field heat exchange between plasma
components, as well as cyclotron and braking losses.

The next two equations were the plasma diffusion
equation and the equation for the flux of neutral
particles. The flux of neutral atoms was chosen as S, = -
NaL 7/, Where vy is their thermal velocity, n, is the
density of neutral atoms. In this case, the source of

charged particles was ionization Ss= n, n<ov>j.

The maximum of neoclassical losses in the
stellarator is in the region where the effective collision
frequency ver= vi/&s turns out to be near the doubled
rotational frequency of the plasma in the radial electric
field g [11]. Here v; is the Coulomb collision
frequency of the plasma ions or electrons; e is the
effective amplitude of the ripples of the helical magnetic

field. In the considered problem, it was assumed that at
effective collision frequency less than 2 the ion losses
corresponded to the dependence D o v;"”. At higher
collision frequencies (ve >2wg), the diffusion fluxes of
ions and electrons decrease with increasing collision
frequency. In this problem, we calculated processes
with high plasma density, at which the effective
collision frequencies of both plasma components in
most cases were greater than 2oe.

The diffusion equations for plasma and neutral
atoms of deuterium and tritium, in addition to the
diffusion terms, contain a term that takes into account
ionization of atoms as a source and a sink. The
deuterium and tritium contents in the reactor were
assumed to be equal. Density maintenance at a constant
level was provided by injection of fuel pellets and by
ionization of neutral atoms entering the plasma by
recycling. The contribution of other elementary
processes was neglected due to its smallness. The value
of the radial electric field was found from the equality
of ion and electron neoclassical diffusion fluxes at each
node of the spatial grid along the small radius of the
plasma.

Various models of plasma heating by external
sources were used in the calculations: separate heating
of electrons, ions, or simultaneous heating of two
components. It was also assumed that the specific
heating power is proportional to the plasma density.
Different fuel pellet ablation models were used in
different calculations. The size of the pellet varied
between 1 and 2 percent of the total number of particles
in the reactor plasma. When the number of particles in
the plasma decreased below 0.99, another pellet was
thrown into the plasma. At the same time, the energy
consumption for heating of injected particles was taken
into account, and energy losses for tablet evaporation
and ionization of atoms were neglected due to their
smallness.

A stellarator with a large radius R = 6 m, a small
plasma radius r, = 1 m, and a magnetic field Bo =5 T.
Tesla was taken as initial parameters for numerical
calculations. The radius of the first wall of the vacuum
chamber r,, = 1.1 m. The helical inhomogeneity of the
magnetic field was modeled by the expression
en=0.01+0.05x"%" which approximately corresponds to
the radial dependence of ¢, in the LHD setup.
Sufficiently high plasma densities
(<n>=(15...2)10°m® were chosen for the
calculations. At the same time, the electron and ion
diffusion coefficients over most of the plasma radius
corresponded to the dependences D oc v,-'l.

CALCULATION RESULTS

The LHD stellarator has already been considered as
a basis for the design of a neutron source [9]. In this
work, the operating modes of the source with relatively
low plasma densities were considered. The transport
losses corresponded to the dependences D o vjl’z for
both plasma components. At the same time, fusion
powers at the level of one tens of MW were obtained.
In the present work, in order to optimize the transport
losses, the plasma densities were increased, which led to
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higher plasma temperatures and higher fusion powers
and, consequently, to an increase in neutron fluxes.

Figs 1 and 2 illustrate the time dependences of
fusion power and ion and electron temperatures during
plasma heating when plasma ions and electrons are
heated with the same power levels of 18 and 20 MW.
The average over the plasma cord cross-section value of
the plasma density in these calculations was equal to
1.5:10m™. The thermonuclear power of the source
depends significantly on the plasma heating power.
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Fig. 1. Time dependences of the fusion power of the
neutron source at two values of heating power 40
and 36 MW, <n>=15-10°m"
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Fig. 2. Time dependences of the average plasma
temperature at two values of heating power 40
and 36 MW, <n>=1.5-10"m"*

The average temperature values of ions and
electrons do not differ much. Their spatial profiles as a
function of the plasma radius averaged over the
magnetic surface are shown in Fig. 3. The difference in
temperatures is manifested mainly in the boundary
region, where the low plasma density does not provide
intensive heat exchange.

Fig. 4 shows the dependences of the effective ion
collision frequency and the plasma rotation frequency in
an ambipolar electric field. The ion collision frequency
is significantly larger than g, indicating diffusion
losses of both plasma components, which correspond to
the dependence D « v practically over the entire cross
section of the plasma cord.

The thermonuclear power of the neutron source and
the plasma density profiles depend significantly not
only on the heating power but also on the method of fuel

supply. Fig. 5 shows the radial distributions of plasma
density for two variants of fuel pellet vaporization. The
profile peaked to the center corresponds to the variant of
tablet vaporization in the center of the plasma, and a
flatter profile is formed when fuel is injected in the
middle of the plasma radius. Note also that the fusion
power is significantly higher when the fuel is injected
into the center of the plasma.
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Fig. 3. Radial temperature profiles of plasma electrons
and ions Phe=Phi=18 MW, <n>=1.5-10"m™
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Fig. 4. Radial profiles of the plasma rotation frequency
in the radial electric field and the effective ion collision
frequency. Phe=Phi=18 MW, <n>=1.5-10m"
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Fig. 5. Radial profiles of plasma density for two
variants of fuel injection into the plasma,
<n>=/.510"m>
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The ambipolar electric field plays an essential role in
the transport processes, equalizing the values of electron
and ion diffusion fluxes. Fig. 6 shows its typical radial
distributions. Its magnitudes indicate the realization of
the ionic neoclassical root of diffusion. Its depth at the
maximum is about 35 kV/m, which corresponds to the
gradient combination in the neoclassical ion diffusion
flux.
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Fig. 6. Radial profiles of the ambipolar electric field at
two plasma heating powers of 40 and 36 MW

CONCLUSIONS

The results of calculations of physical parameters
of the neutron source based on the design of a stellarator
with a conventional helical coil and dimensions close to
the ITER tokamak show that it is possible to obtain
neutron fluxes whose power can reach hundreds of
megawatts. Under conditions of neoclassical transport
processes, the obtained neutron fluxes can be varied in a
wide range by changing the modes of fuel supply and
power values of plasma heating sources.
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PO ®I3BUYHI MAPAMETPH JI)KEPEJIA HEMTPOHIB — CTEJIAPATOPA 3 TPAJIUIIINHOIO
I'BUHTOBOIO KOHCTPYKUIEIO MATHITHOI'O ITOJIA

B.A. Pyoakoe

HaBezieHo pe3ynibTaTd poO3paxyHKIB (I3MUHHMX MapamMeTpiB JpKepena HEWTPOHIB, 3aCHOBAHOTO Ha MOJeNi
cTenaparopa 3 TPaAMLIHOI TBHHTOBOIO OOMOTKOI. 3a OCHOBY KOHCTPYKLIi B3siTO crenapatop LHD, po3mipu
SIKOTO 30UIIBILIEHO B MiBTOpa pa3u. BUBYeHO NapaMeTpH JpKepena, o MPALIoE B yMOBaX BUCOKOT HIIIBHOCTI IIJIa3MH,
KOJIH YaCTOTA 3ITKHEHD eEKTPOHIB 3aBK/IM BianoBigae 3anexnocti D oc v, Tloka3aHo, 1m0 MPH 3aILIaAHOBAHKX I
ITEP noTyXHOCTSIX HarpiBy IjIa3Mu JOCSKHI IOTYKHOCTI CHHTE3Y HOPSIIKY OJHI€] COTHI METaBartT.
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