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With the use of a one-dimensional spatial-temporal numerical code under conditions of ambipolarity of neoclassical transport fluxes
the regimes of the self-supported DT-fusion reaction in a reactor-stellarator are calculated. Cases of heating both ion and electron
plasma components are considered. It is shown that powers of heating of plasma of scale 25 MW can be sufficient for excitation in
reactor of the steady-state self-supported burning. Technical and physical parameters of such reactor correspond to characteristics of
a demonstration reactor.
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O OPUBNYECKUX TAPAMETPAX JEMOHCTPAIIUOHHOI'O PEAKTOPA-CTEJIVIAPATOPA, PABOTAIOLIEI'O B
PEXKUME CAMOIIOIEPKUBAIOIIEVICSI TEPMOSIIEPHOM PEAKIIAN
B.A. Pynakos
Huemumym ¢pusuxu naasmor HHL] XDPTHU,
Yxpauna, 61108, Xapvros, yn. Axademuueckas, 1

C HCTONB30BaHMEM  OJHOMEPHOTO MPOCTPAHCTBEHHO-BPEMEHHOTO  YHCICHHOTO KOAAa B  YCIOBMSX aMOHIIOISIPHOCTH
HEOKJIACCHYECKUX TPAHCIOPTHBIX ITOTOKOB PACCUUTAHBl PEKUMBI MOMKHTa caMomomjepkuBaromencss peaknuun DT-cuntesa B
peakTope-cTemiaparope. PaccMOTpeHs! cIydan HarpeBa Kak MOHHOTO, TaK M DJIEKTPOHHOTO KOMIIOHEHTOB IUIa3Mbl. [lokazaHo, 4To
MOIIIHOCTH HarpeBa IDIa3Mbl Macmraba 25 MBT Moker OBITH JOCTATOYHO JUISi BBIBOJA PEAKTOpPAa B PEKUM YCTOWYHBOTO
CaMOIOAICP)KUBAIOIIETOCsT TopeHns. TexHuueckne n (pU3nYecKHe ImapamMeTpbl TAKOr0 PeakTopa COOTBETCTBYIOT XapaKTepPUCTHKAM
JEMOHCTPAIMOHHOTO PEaKkTopa.

KJIFOYEBBIE CJIOBA: peakTop-cTemiapaTop, aMOHUMOJSPHOE 3JIEKTPUYECKOE IO0Je, HEOKJIACCHUKa, TPAHCIOPTHHIC MOTOKH,
SHEpPreTHYeCKUi OanaHc.

IIPO ®I3UYHI HAPAMETPUA JEMOHCTPALIAHOI'O PEAKTOPA-CTEJIAPATOPA, IKHM JI€ B PEXKUMI
TEPMOSIIEPHOI PEAKIIIT I3 CAMOIIATPUMAHHSIM
B.A. Pynaxos
Inemumym ¢hizuxu nnazmu HHI] XDTI,
VYkpaina, 61108, Xapkis, yn. Akademiuna, 1

I3 BHMKOPUCTaHHSAM OJHOBHUMIPHOTO IPOCTOPOBO-YACOBOIO YHCEIBHOTO KOJYy B YMOBaX aMOINOJISIPHOCTI  HEOKJIACHYHUX
TPAaHCIIOPTHHUX TIOTOKIB PO3paxoBaHi pexuMu minnamy peakuii DT-cunTesy, MO CaMOMITPUMYETHCS B pPEAKTOPi-CTENapaTopi.
OKpeMO pO3TIITHYTI BUITAIKH HArpiBaHHSA 10HHOTO 1 €JIEKTPOHHOTO KOMIOHEHTIB Iuta3Mmu. [loka3aHo, 110 MOTYXXHOCTI HarpiBaHHS
m1a3Mu Macmrady 25 MBT Moxe OyTH JOCTaTHBO IS BUBEIEHHS PEAKTOPa B PEXKHM CTIHKOTO TOPIiHHSI, MIO CaM IiATPHMYETHCS.
TexHiuHi Ta Qi3UYHI MApaMETPH TAKOTO PEaKTOPa BiIIOBIIAI0Th XapaKTEPHCTHKAM JIEMOHCTPAIiHHOTO peaKkTopa.

KJIIOUYOBI CJIOBA: peakrtop-crenaparop, amOINosipHe eNeKTPHYHE MOJIe, HEOKIACHKa, TPAHCIIOPTHI MOTOKH, HarpiBaHHS
IUIa3MH, EHepPreTHYHMH OaaHC.

Possibility of steady-state fusion reaction ignition and absence of global plasma disruptions, characteristic for
tokamaks, can be considered as main properties of a stellarator determining its potentiality as a base for a fusion reactor.
A stellarator possesses also some important features such as:

e  Vacuum magnetic configuration providing the steady-state plasma confinement in the processes of burn phase and
operating mode start-up and change;

e No pulsed thermal and power loads onto the first wall and equipment decreasing the device operating life;

e  Lowering of design requirements to superconducting magnetic field systems and plasma heating systems;

e  Possibility of divertor developing on the base of a natural magnetic field configuration.

Disadvantages of a classical stellarator include the complexity of a magnetic system including a toroidal field
system and a helical field system. The problem was somewhat simplified by the torsatron idea, namely, to use
unidirectional helical currents for creation of toroidal confining and helical magnetic fields, that was first suggested in
[1] and subsequently developed in [2]. It turned out that it is possible to obtain longitudinal and helical magnetic fields
using a solely system of unidirectional helical currents. A further research into simplification of the stellarator magnetic
system resulted in different ideas on the modular system construction [3-6]. A modularity of the construction
substantially simplifies the fabrication and maintenance of the system.

High plasma losses caused by the helical and toroidal magnetic field nonuniformity influence on the charged
© Rudakov V.A., 2012
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particle drift motion, first predicted in [7], until recent times were one of the main obstacles in developing the fusion
stellarator-reactor. Therefore, earlier fusion reactor studies led to large device sizes compared to similar projects on the
base of a tokamak system. A prototype reactor developed in the USSR [8] had a major torus radius R=36 m and the
minor plasma radius a=1.8 m. In the German project of a HSR reactor the major torus radius was equal to 22 m for the
case of a five-field-period (M=5) and to 18 m in the M=4 variant [9,10]. The Japan projects of Force-Free Helical
Reactors, (FFHR), based on the LHD experimental facility in different variants give a major radius R in the 10 — 20 m
range [11].

In further investigations [12-14] the plasma losses under conditions characteristic for a fusion reactor were studied
in more detail. An important peculiarity of these investigations was to learn about the role of an ambipolar electric field
in the transport processes. The ambipolar electric field establishes the equality of ion and electron diffusion fluxes
with conservation of plasma quasi-neutrality. It has been established that there are three electric field values permitting
the equality of ion and electron diffusion fluxes [4], two of them being stable. It seems that the fusion modes permitting
to realize a positive sign of radial electric field [14] (electron root) are more preferable.

The fusion plasma is characterized by the relatively low frequencies of Coulomb collisions at which the transport
coefficients are strongly dependent on the amplitude of magnetic field ripples &, produced by helical harmonics. A high
plasma loss level in the traditional stellarators because of a relatively high value of &, has stimulated the research of
magnetic configurations providing confinement properties close to these of tokamaks. These properties can be reached
by a special choice of a magnetic field harmonic composition when the effective helical field ripple is appreciably
decreasing. Such configurations are referred to as quasi-symmetric ones. Therefore, in recent years the designing and
building of new stellarator-type fusion facilities (e.g. NCSX, W7-X and CHS) is carried out with taking into account the
idea of quasi-symmetry. When designing such magnetic systems high requirements are set up for accuracy in
fabrication of magnetic field coils having a complicated spatial configuration that make their production difficult.
Therefore the period of W7-X construction was prolonged in time and the NCSX facility creation was stopped. Besides,
the magnetic systems with a LHD-type continuous helical winding and the modular version having similar properties
allows one to obtain the field with sufficiently low values of helical ripples [6,15].

At forecasting the parameters of reactors and large-scale experimental facilities it is necessary to take into account
the existing correspondence between the losses predicted by the neoclassical theory and losses observed in experiments
using operating facilities. Paper [16] analyses the data of comparison between the experimental results and the
neoclassical theory for three stellarators: LHD, W7-AS u TJ-1I. The electric field values were calculated by the DKES
code using the plasma density and plasma temperature distributions experimentally observed. In the case of ECR
plasma heating the electron root is realized with a low plasma density (#<3-10""’m™) and the ion root — with n>4-10""m"
[17]. For the central region of plasma column certain accordance between the neoclassical theory and experiment was
obtained in the facilities LHD and TJ-II [18, 19].

Design works on stellarator-reactors are carried out practically in all the scientific centers where the plasma
confinement in the stellarator systems is studied: Helias in Germany [10,20], series of FFHR reactors in Japan [11],
ARIES-CS compact reactor project in the USA [21]. In this works one uses numerical codes considering the
neoclassical transport (sometimes in combination with an anomalous one) and the ambipolar electrical field. The
scalings obtained from analysis of experiments at fusion facilities are taken into account too. Although, there are many
projects, it is difficult to find now these in which the steady-state fusion reaction can be realized as a result of a self-
consistent solution from the coupled diffusion and heat conduction equations with given sources. In particular, the
DKES code [22] is frequently used in which the spatial electric field distribution and other parameters are calculated
from the given plasma density and temperature profiles. Only the transport TOTAL P code realizes self-consistent
solutions, which have been developed by T. Amano and K. Yamazaki, can be mentioned according to the available
information [10]. One of the first results of this code application was density decreasing observed in the central plasma
region under conditions of the reaction sustaining by fuel pellet injection.

In the previous author’s paper [23] the one-dimensional space numerical code has been applied in which the
system of heat conduction equations for ions and electrons, as well as, the diffusion equations with given initial and
boundary conditions was used. The initial conditions were chosen so that the transition to the self-sustaining steady-
state burn could occur without additional plasma heating sources. The LHD device was used as an analog for the
structural model. The ambipolar electric field has been calculated from the condition of equality between the diffusion
fluxes of electrons and ions. As a result, the system was self-consistently evolving to the steady state sustained by the
fuel pellet injection model. It has been shown that using the fuel injection into the plasma column center it is possible to
reach the self-sustaining steady-state burn in the comparatively compact reactor with major radius R=10 m, minor
plasma radius ¢=2 m and magnetic field B=5 T. The results obtained were used to study in more detail the
demonstration experiment feasibilities.

It is obvious that a necessary stage of R&D works on the problem of controlled nuclear fusion is the creation of
the demonstration stellarator-reactor in order to demonstrate the self-sustaining fusion reaction of deuterium and tritium
nuclei with expending costs as minimum as possible. The problem posed is not to realize an economically profitable
project suitable for commercial use. Major R&D issues specific to the compact reactor include the following: the fact of
demonstration of fusion burn modes and development of control methods for them. In solving this problem the
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technical feasibilities for the project realization and its cost are very important. In particular, the engineering factors
such as sizes, magnetic field values and plasma heating source powers, as well as, structural materials and design
requirements should be within the limits of realizability. Then the reactor cost is proportional to its volume. In other
words, the smaller is the reactor volume the lower is its cost.

The purpose of the presented work was to reach the self-sustained burn in the reactor having sizes as small as
possible with conservation of acceptable magnetic field values using low plasma heating source powers as far as
possible. In the work the author uses a set of equations described in [23] with thermal neoclassical transport
coefficients. There the heat conduction equation includes additionally a term taking into account the energy exchange
between ion and electron plasma components due to the radial electric field action. The nonzero plasma heating sources
are used too.

SYSTEM OF EQUATIONS AND NUMERICAL MODEL
The system of equations being solved includes two heat conduction equations (for electrons and ions) and the
diffusion equation describing the spatial-time behavior of plasma in the stellarator-reactor. A one-dimensional space
dependence of plasma parameters on the average minor plasma radius is assumed. The system of equations differs from
that of [23] as the heat conduction equations for electrons (1) and ions (2) contain an additional term taking into account
the particle energy change as a result of their radial motion in the electric field.
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The third equation in the system is the diffusion equation. The first term in the right-hand side of electron heat
conduction equation (1) determines the temperature change provoked by the heat flux corresponding to the transport
mode 1/v in the neoclassical theory [13]. The second term in the right side describes the heating of electrons produced

during the fusion by a— particles with the energy £,=3.52 MeV. An equal deuterium and tritium content in the reactor
plasma is assumed. The coefficient K f determines the energy fraction given to electrons. It is considered that 95% of

energy and a—particles goes for plasma heating, therefore in the calculations we have taken K =0.95. The next terms
in the right-hand side of equation (1) are: Oy, - heating from external sources; Q,; - heat exchange with ions as a result
of Coulomb collisions; Q- bremsstrahlung; Q. - cyclotron radiation; Qg - particle energy change in the electric field

due to their radial motion. When these reactor parameters are used the cyclotron radiation can transport a significant
part of energy and, at the same time, it is well reflected from the chamber wall, therefore in the calculations its
reflection coefficient is taken equal to 0.95. As a result, the main part of cyclotron radiation remains in the plasma and
only 5% of power is absorbed by the reactor walls.

For numerical simulation we used different models of plasma heating by external sources: only the electron
heating, only the ion heating or simultaneous heating of two components. It has been supposed that the specific heating
power is proportional to the plasma density: Q, = k,y-N , where the subscript j denotes electrons or ions depending on

the equation. The total heating power was determined by the integral through the plasma volume: By, = §Qh jdv .
4
The ambipolar electric field effect on the plasma particle energy is taken into account by the quantity Qg =-S; E,
under conditions when the diffusion fluxes of electrons and ions are equal: S,=S;.
In [23] and in this paper the heat fluxes and diffusion particle fluxes determined in [13] were used. The plasma
electrons were assumed to be in the regime when the diffusion coefficient had the inverse dependence on the collision
frequency and the ion diffusion follows the dependence+/y . The right-hand side of density equation (3) contains the

diffusion term and the term with the source S 5 with which the plasma density has been maintained at an approximately

constant level. Diffusion losses have been compensated by the model of fuel pellet injection. As is shown in earlier
studies [23] from the point of view of plasma confinement the fuel injection into the central plasma column region is
optimum.

The system of equations (1 - 3) was supplemented with boundary and initial conditions. It has been assumed that

the spatial derivatives of density, temperature and potential in the plasma column center are equal to zero.
T'J',FO:O’N)C:O:O ) ¢x=020’ TX= =or, N, —1:511 )

x=]

and the initial conditions satisfy the expressions:
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where the subscript j denotes a particle sort, x is the current plasma radius normalized to unity. In most calculations the
exponent n at x in the initial conditions was taken equal to 2. The constants &, and oy determine the values of plasma
density and temperature at the plasma column boundary. In these calculations they were taken equal to zero.

The electric field has been determined from the equation of equality between the ion and electron fluxes, Se = S;, at
each step of space grid in the numerical code. Note, that in the general case there are three roots of the equation under
consideration [14]. The calculations show that in different sections of the plasma radius there are the solutions with one
and three roots simultaneously that complicates the choice of a solution which can be realized in the reactor. In [23] and
in this paper it has been assumed that in all cases the electric field corresponds to the left (ion) root giving its negative
values. Such a choice is not optimum from the point of view of reactor confinement properties. The more suitable might
be the regime in which the electric field positive values are realized [14] (electron root), however, such solutions exist
not always unlike the left (ion) root. It is logical to suppose that the reactor transition into the regime with a positive
sign of ambipolar electric field will not lead to termination of the self-sustaining reaction and its power can be regulated
by changing the corresponding parameters, for example, by the plasma density choice.

CALCULATION RESULTS
The present work similarly to [23] uses as a base the reactor concept providing the confining magnetic field B,
equal to 5 T with a minor plasma radius ¢=2 m. The value of helical magnetic field ripple amplitude at the plasma edge
&, has been taken 0.06. In the LHD stellarator the effective ripple at the plasma edge is 0.05 if the magnetic axis is

shifted on the radius R = 3.53 m [15]. In [23] the self-sustaining burn regime has been set by the self-consistent
evolution of plasma parameter profiles from the given initial conditions. The steady-state burning was successfully
obtained in the reactor with R — 10 m by the fuel injection into the center of plasma column.

Here also the fuel pellet injection was simulated by the expressionodn =n p(1—=1/A) that corresponds to their

“throwing” into the center of plasma having the evaporation region half-width A . The value A has been taken equal to
the half plasma radius a. The fuel pellet mass contained 1% of the particle number in the reactor volume. The next fuel
pellet is injected into the plasma when its density is less by 0.99 than the given value. In this case the energy losses on
heating the injected particles are taken into account, and the energy losses on the pellet evaporation and atom ionization
are neglected as they are comparatively small.

Unlike [23] here the fusion reaction ignition has been performed by the plasma heating starting from the relatively
low temperatures. Following the results of [23] firstly the calculations have been carried out for parameters of the
reactor with a major plasma radius R = 10 m. A total power of plasma heating used was varying from 20 to 80 MW.
External heating sources were shut down after reaching the given fusion reaction power, then the steady-state burn was
set with self-consistent spatial distributions of density, temperature and electric potential. In the case with a given
average value of the plasma density independently on the initial distributions of rest parameters, the reactor reaches the
ignition regime characterized by the same shape of spatial distribution of parameters and the same total fusion power.

In the process of heating and evolutionary alteration of parameters the shape of their distributions undergoes
appreciable changes. Fig.1 shows the initial density and temperatures distributions with mean values <Ny>=7-10"" m™

and <T,p> = lkeV, <Tj;> =1.5 keV, as well as, the ambipolar electric field distribution found from the equality of
electron and ion diffusion fluxes, the initial conditions being given. The high gradient and the value of the ambipolar
electric field are observed at the plasma boundary. A maximum negative electric field value is 60 kV/m at relatively
low electron and ion temperature values.
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Fig.1 Initial distributions of plasma parameters
a — density, temperatures of ions and electrons, b — ambipolar electric field. R=10 m, a=2, B;=5 T.
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The Fig. 2 shows the behavior in time of the reactor fusion power and average values of electron and ion
temperatures in the process of heating with subsequent transition to the self-sustaining burn regime. In the case under
consideration the ion heating has been carried out (P, = 40 MW). After reaching the thermal fusion power of 800 MW
the heating source was shut down and the system evolved to the steady-state regime with a power of about 900 MW. It
should be noted that this regime may be named as steady only conditionally because it is easy to see a slight variation
with time in the temperature of both components and in the total reactor power too. Are these variations a consequence
of in-reactor processes or the cause is related with the numerical code instability? It is yet not clear. Only one argument
argues for internal processes: similar solutions are repeated independently on the initial conditions and heating power.
By conserving the same average value of the plasma density the solutions give the same thermal power value in the
steady-state burn regime.

Note also that unlike the results of [23] the reactor thermal power is significantly lower (in that case with R=10 m
and <N>=6.4-10"" m™ the steady-state burn was started at P= 1500 MW) that is a consequence of the lower ion
temperature. The difference between the ion and electron temperature values is also appreciably larger then in the case
published earlier. The causes of the difference will be explained below.
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Fig. 2. Ignition process and reactor transition into the steady-state burn regime
a —reactor thermal power in time, b — variation of electron and ion temperatures. R=10 m, a=2 , By=5 T, <N>=7- 10”m?, ion
heating P, = 40 MW up to P, =800 MW

Fig.3 illustrates the spatial distribution of the density, electric field, ion and electron temperatures of the plasma for
the case of the steady-state burn. In the internal half of plasma column the plasma density considerably increases to N=6
10 m™ in the center. In the external radius section the plasma density decreases almost by two orders of magnitude as
compared with the center of plasma. The electrical field behavior is the same as described in [23] — decreasing from
zero in the center of plasma to 80 kV/m in the region of radius middle with a subsequent sharp rise to the close-to- zero
values at the plasma boundary. The phenomenon of a deep minimum of radial electric field is revealed in experiments
and is confirmed by calculations in installation W7-AS [16].
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Fig.3. Spatial distribution of parameters in the steady-state burn regime
a — densities of plasma and electric field, »— ion and electron temperatures. R=10 m, a=2 m, By=5 T, <N>=7-10"m’, ion
heating P;, =40 MW up to P,=800 MW, r=19.75 s.

The profiles of ion and electron temperatures are very different from these obtained in [23]. In the external half of
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plasma radius the ion temperature behaves similarly to the plasma density profile decreasing with a sharp gradient in the
middle radius section. In the external half of plasma the electron temperature has a convex profile with a much larger
value than that of ions. The difference in the spatial temperature distributions is caused by the electron-ions interaction
with the radial electric field: ions, overcoming the positive potential, give up their energy to the field, and electrons,
moving radially, on the contrary, take away the energy from the field. As a result, the average ion temperature is
appreciably lower than the average electron temperature that leads to the thermal reactor power lowering.

The calculations confirmed that the self-sustaining reaction can be reached not only for the case with a major
radius R = 10 m, but also in the reactor with R = 8 m by conserving the confining magnetic field values and minor
plasma radius: B¢=5 T, a=2 m. The Fig.4 represents the fusion power variation in time in the process of ion component
heating with P, = 40 MW for three values of the average plasma density: <N>=0.7..; 0.75... and 0.8-10* m™. The figure
also shows the temperature behavior in time for the case <N>=0.75-10**m™. In all the cases the heating source has been
shut down after reaching the fusion power of 800 MW. In the case of the plasma density <N> = 0.8-10°" m™ the fusion
power increase continues up to the level of 900 MW. When <N> = 0.75-10%° m™, the reactor power decreases and
reaches the steady-state level of about 780 MW. An appreciable power decreasing is observed when the plasma density
decreases to <N>=0.7-10°*m™. In this case the thermal reactor power reaches the level of 600 MW.
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Fig. 4. Ignition process and reactor transition into the steady-state burn regime
a — thermal reactor power in time:1 - <N>=7- 10,2 - <N>=17,5-10",3 - <N>=38-10" m™; b — variation of electron and ion
temperatures <N> = 7.5- 10" m3, R=8 m, @=2 m, By=5 T, Pj; = 40 MW up to P, =800 MW.

In the case of R = 8 m the spatial distributions of plasma density, electric field, temperatures, electrons and ions
are similar to the distributions given in Fig.3 for the reactor with the major radius R = 10 m. The Fig. 5 illustrates the
behavior in time of the bremsstrahlung and cyclotron radiation powers in the process of plasma heating and reactor
transition into the steady-state burn regime. The figure shows also the change in time of the electric potential difference
between the center and the edge of the plasma for the average density <N> = 7.5-10" m™ and the plasma heating power
P, =40 MW. After the reactor transition into the steady-state burn regime (¢ > 5 s) the potential, as well as, the rest
plasma parameters are not changing.
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Fig. 5. Ignition process and reactor transition into the steady-state burn regime:
a — cyclotron radiation power - P, and bremsstrahlung power — P, in time ; b — behavior of the electric potential difference - A@
between the center and edge of the plasma. <N>= 7.5:10° m>. R=8 m, a=2 m , By=5 T, Py; = 40 MW up to P, =800 MW.
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In the reactor with a power of 800 MW no more than 160 MW is released due to the a— particle energy absorption
in the plasma. As a result of bremsstrahlung and cyclotron radiations the power losses are 65 MW that makes more than
one third of all the power lost by the plasma. But, in the problem the impurity losses are not taken into account and, in
particular, one should consider the loss increase provoked by the bremsstrahlung due to the presence in the plasma of
some fraction of a— particles. Besides, in the problem it is assumed that only 5% of cyclotron irradiation is taken up by
the first reactor wall, and the rest 95% are absorbed in the plasma. An appreciable decrease in the coefficient of
cyclotron radiation can complicate the problem of obtaining steady-state burn regimes.

The energy loss increasing along the bremsstrahlung channel due to the a— particle presence in the plasma will be
evaluated using the following considerations. Denote the o— particle lifetime in the plasma by the symbol 7,. A
number of o— particles produced in the process of fusion in time 1, is easily determined using the division of the total
reactor power by the energy of one fusion event with the multiplication by the a— particle confinement time

Na = Ptta/Efa (6)

where E; is the energy released as a result of one fusion event. And the relative a— particle fraction is the result of
number N, division by the total number of plasma ions. Such an evaluation for the reactor with R = 8 m, average
density <N>=7.5-10"" m™ and thermal power P,=800 MW gives for the a— particle fraction

o= No7o/ <N>V=6.2-10" 1,

where V is the plasma volume. It may be assumed that the order of a— particle diffusion is comparable with the main
diffusion order. If the particle lifetime is approximately 3 s, a possible fraction of a— particles will be about 2% and
their influence on the bremsstrahlung loss value will be, probably, insignificant.

The Fig. 6 presents the spatial distribution of the specific fusion power P, and the quantity /S determining the ratio
of gas-kinetic and magnetic pressures. Also, in the figure shown is the time dependence of the pellet number that allows
one to determine the particle loss rate and. consequently, to determine their confinement time. Note the high level of the
quantity £ in the plasma center (about 25%) despite a relatively low level of its average value. The dependences under
consideration are the result of relatively sharp plasma density and temperature profiles. The same spatial distributions of
S and specific fusion power were observed in [23] too.
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Fig. 6. Spatial distributions of specific fusion power and £ values, and the time dependence of the pellet number
a — specific fusion power - Prand quantity Bin percents; b — increase of the pellet number in time. <N>= 7.5:10" m>. R=8 m, a=2
m, B=5 T, Pp; =40 MW up to P,=800 MW

The Fig. 2-6 illustrate the ignition and steady-state burn regimes in the stellarator-reactor for the heating power
P, =40 MW. The calculations for other heating powers have shown that the self-sustaining fusion reaction can be
reached with lower fusion powers. The Fig. 7 shows the fusion power behavior in the process of plasma heating using
three power values from three heating sources - 40, 30 and 25 MW, as well as, the ion and electron temperature
variations in time by injecting 40 and 25 MW into the plasma.

The use of a 40 MW heating power allows one to reach a 800 MW thermal fusion power in 7.5 s after the heating
startup, and then the reactor turns into the steady-state regime of the self-sustaining reaction. In the case of 25 MW
heating power the reactor reaches the 800 MW power level approximately in 14 s after the heating startup. When lower
powers have been used, the reactor transition into the self-sustaining burn regime was not achieved. Note that
independently on the Pj, value, having other parameters conserved, the reactor goes to the fusion power level with like
distributions of spatial density, electric field and plasma component temperatures.
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Fig. 7. Time dependences of the total thermal reactor power and of the plasma temperature calculated for different values of
plasma heating power - Pp; a — thermal power behavior: 1- Py; =40 MW, 2 - 30 MW, 3 — 25 MW; b — time dependence of the
temperature for two values of Pj; — 40 and 25 MW. lon heating up to 800 MW with subsequent shut down of the heating source.

<N>=7-10" m”, R=8 m, a=2 m, B=5 T.

DISCUSSION AND CONCLUSION
The table presents the result of reactor parameter calculations for two values of the major torus radius R = 10 m
and R = 8 m, and the parameters of the demonstration reactor of the DEMO-C tokamak are given too [24]. The minor
plasma radius, magnetic field and amplitude of helical magnetic field distortion in all the stellarator-reactor variants
were unchangeable. The average plasma density for the case R = 10 m was taken equal to 7-10" m™, and for R = 8 m
the density was changing from 7-10" to 8-10" m’. All the rest parameters are the consequence of the self-consistent
solution of the system of equations (1-3) with a given initial and boundary conditions determined by expressions (4, 5).

Table
Reactor parameters
RSt-1 DSt-2 DSt-3 DSt-4 | DEMO-C [24]
Confining magnetic field —B, T 5 5 5 5 1.7
Major torus radius — R, m 10 8 8 8 7.8
Minor plasma radius — a, m 2 2 2 2 1.5
Mean density — <N>,10""/m’ 0.7 0.7 0.75 0.8 1.55
Electron temperature — 7, keV 10.7 8.8 9.5 10.1 21
Ion temperature — 7}, keV 8 7.1 7.3 7.6 23
Helical ripple at the plasma boundary—epmax 0.06 0.06 0.06 0.06 0
Total thermal power — P, MW 920 600 780 900 2400
Load onto the wall — Oy, MW/m’ 1.15 0.94 1.22 1.4 2.5/3.4
Plasma pressure — <>, % 2.1 1.7 2.2 2.26 4.6
Energy confinement time — T, s 1.33 1.4 1.24 1.16 2.1
Particle confinement time — 1y, s 3.1 3.3 2.8 2.44 b

Note a distinct difference in the reactor temperature and power from the results of [23] for the variant of a reactor
with a major radius R = 10 m. Consideration of the radial electric field has led to the appearance of a significant
difference in the ion and electron temperatures in the external plasma region. The average ion temperature was
approximately by 2 keV lower as compared to the electron temperature. As a result, the reactor power was decreased.
Nevertheless, the regime of self-sustaining burn was conserved.

In the tokamak reactor the major radius is sufficiently close to the torus radius dimension of the stellarator-reactor
in the variant with R=8 m. The minor plasma radius in the tokamak is distinctly less (¢=1.5 m against 2 m in the
stellarator), however, its decrease is compensated by the significant increase of the magnetic field induction from 5 T to
7.7 T. The paper [24] does not contain information how have been obtained the plasma-physical parameters of the
demonstration tokamak reactor. Note that the plasma temperature and density values in the tokamak reactor are several
times higher than the corresponding values in the stellarator-reactor. As a result, the average value of fin the tokamak
reactor is more than twice higher than in the stellarator-reactor despite the higher value of the confining magnetic field.

! The time of particle confinement is unknown.
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Taking into account that the plasma temperature and density distributions have a maximum in the center of plasma, the
local values of f here can reach several tens of percents and, consequently, there is a problem of a steady-state
operation in such regimes. The local values of B for the case of the stellarator-reactor are shown in Fig.6 where
Lnax=25%. So, the problem of £ values is common for both reactor types.

The present work shows a possibility for the reactor to reach a self-sustaining burn regime using a comparatively
low (25 MW) power of the heating sources. Note, that in the DEMO-C project it is planned to use the plasma heating
sources with a power up to 110 MW [24]. And at the same time the reactor in any case will not operate in the regime of
self-sustaining reaction. Also here is shown the opportunity to control the reactor power by varying the plasma density.
When the average plasma density is changing from 7-10" m’ to 8:10° m™ the reactor power increases by a factor of 1.5. At
the same time, the fusion reaction ignition in the stellarator-reactor occurs with a much lower value of the confining
magnetic field and, consequently, under conditions being less stressed in the view of engineering problems. And so, the
demonstration stellarator-reactor seems more preferred than the tokamak reactor.
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