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Control Method of Plasma Burning in Tokamak Fusion Reactor
with Neutron-Free p!'B Fuel via Alpha-Proton-Alpha Avalanche
Reaction Mechanism

This article deals with the problems of neutronic fuels. The characteristic features of plasma burning control
in tokamak fusion reactor with neutron-free p''B fuel via alpha-proton-alpha avalanche reaction are analyzed.
On the basis of the study the author suggests, a model with no dimensions for plasma ignition, where equa-
tions for particle and energy equilibrium are utilized. In this framework p''B fuel are considered. In fact, this
work presents a novel method to control the burning plasma such that we can control the system variations,
the rate of fueling and supplementary power. Applying the simulation equations and we calculate quality fac-
tor for p''B fuel. The neutronic fuels come with two main drawbacks: (i) they generate neutrons that necessi-
tate protection and can harm and activate the reactor’s structure, (ii) the production of trittum involves added
complexity, expense, and the need for radial space for a lithium blanket. It has been demonstrated that the
neutron-free p''B reaction is often regarded as a potential remedy for these issues.
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Introduction

Managing plasma density and temperature within fusion reactors constitutes one of the key challenges
in advancing this technology. The source of instability arises from the fact that, with lower temperatures, fu-
sion heating enhances as plasma temperature rises. To maintain stability at such operational levels in fusion
reactors, a dynamic control system will be crucial. Throughout the years, various techniques for managing
the burn conditions have been explored. Among these studies, three specific forms of actuation have been
identified: (i) deliberate impurities injection, (ii) fueling rate adjustment, and (iii) power of supplemen-
tary [1-3]. Control systems that rely on altering the supplementary power function necessitate functioning at
sub-ignition levels where the supplementary power is active [4-6]. When the plasma temperature increases
due to a positive initial temperature fluctuation, the control system decreases the supplementary power out-
put. Conversely, managing negative initial temperature fluctuations is less complex, primarily depending on
having sufficient heating capacity. Control systems that adjust the fueling rates enable functioning at ignition
levels where supplementary power remains inactive [7—11].

Despite their capability to manage disruptions in starting conditions that result in thermal excursions,
they struggle with disturbances in starting conditions that cause quenching. Intentionally introducing impuri-
ties can effectively amplify radiation losses within the plasma, serving to avert thermal excursions. When
faced with significant positive shifts in the initial temperature, this strategy necessitates a substantial quantity
of impurities. Consequently, once the thermal excursion is regulated, extra supplementary power must be
supplied, which leads to a decrease in Q, to counteract the radiation losses brought about by the impurities
until they are entirely eliminated from the reactor. Previous studies have studied the control of plasma burn-
ing in a tokamak fusion reactor with D*He and DT fuel. However, the innovative design of this work is that
we study the method of controlling the burning of neutron-free p''B plasma through the alpha-proton-alpha
avalanche reaction mechanism.

The main objective of the article is checking the burning plasma stability conditions in fusion reactor
for p!'B fuel. Therefore, the paper is organized as follows. In Section.2 fuel selection consideration is intro-
duced. Section.3, indicates a zero-dimensional burning plasma model. Section.4, indicates the control meth-
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ods. In section.5, we discus on the simulation parameters and results, for selected fuels (p''B). Section.6,
summarizes the conclusions.

Two different fuel combinations, DT and p!'B, are viewed as the most promising options for achieving
functional fusion reactors in the near future.

D+T—>n+ *‘He
p+'"'B—>3%He

Although DT is the most common fuel used for fusion reactor but p!'B fuel is considered in this work
due to the advantages of reduced radioactivity, reduced radiation damage, increased safety and efficiency,
lower cost of electricity and potentially shorter path to commercialization p!'B fuel.

Managed fusion with sophisticated fuels, especially hydrogen-boron-11, stands out as an incredibly
promising energy source. This hydrogen-boron fuel mainly generates energy as charged particles rather than
neutrons, which greatly lowers or could even eradicate induced radioactivity. The principal reaction,
p+""B—3*He, results solely in charged particles. In addition, a secondary reaction, *He+'' B —>"N+n,

generates neutrons as the alpha particles created by the principal reaction decelerate within the plasma; how-
ever, these neutrons account for just about 0.2 % of the overall fusion energy, with an average energy of only
2.5 MeV.

Zero-dimensional burning plasma model using alpha-proton-alpha avalanche reaction mechanism

As illustrated in Figure 1, the processes involved in the p!'B avalanche reaction that generates a surge
of alpha particles include: [19] (i): an alpha particle produced from the fusion of p!'B strikes a proton that is
stationary in the laboratory setting. (ii): This alpha particle subsequently collides with a second proton in the
surrounding medium, which is also at rest. The resulting energetic proton then engages with one ''B atom in
the environment, which remains stationary. (iii): This leads to the formation of three additional alpha parti-
cles. So that:

(i):p+B" >, +a, +05;;
(ii): @, +H(restlab) > a; + p'+e

(iii):p’+ ""B(restlab) —> o, + o, +a, +11e.

2.9 MeV

&
>1 MeV \ Resting ;?ef 2.9 MeV
« / proton Proton °

-

2.9 MeV

Figure 1. Exploring the mechanism of the a-p-a avalanche reaction. When an a particle strikes a resting proton,
this proton gains sufficient energy to engage with !'B, resulting in the generation of three o particles

These three o particles can once more generate accelerated protons, leading to an avalanche of a parti-
cles. The equations that describe the coupled nonlinear point kinetics of the p''B fusion reaction, taking into
account the alpha-proton-alpha avalanche process, can be expressed as follows:

In this work, a model with zero dimensions is utilized for the process of plasma ignition, employing the
equations for particle and energy equilibrium [12, 13]. Within this framework, the characteristics of p''B fuel
and its density are evaluated independently, enabling us to identify appropriate isotopic fuels suitable for use
as an actuator. The representation of the model can be illustrated through these equations:

dn

o n,
EZ—T—+3}’anHB<Gv> (1)

o
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G L S +5 ?
dr T, g \OV) + 11,0V, +9,, @
dn” n,
B=——B _nn, (cv)+S,_, 3
T ()5 ¥
dE E
—_— = Qanpnllg <GV> _Prad + I)aux + ])()hmic s (4)
dt Ty

here o, denotes the elastic cross-section and v, is the proton-alpha relative velocity before the elastic colli-
sion. In the above equations, n,, n,, n,, are the alpha, hydrogen, and boron 11 particle densities respective-

ly, and E signifies energy. T.,,7,,T,, T; are boron 11, hydrogen, alpha, particles along with energy con-

p> fa’

finement duration, respectively, that are connected by relationships: 1, =k,t;, T, =k, Tz, T, =k, T, pa-
rameters of which k .k, and k,  are listed in the Table 1. The energy confinement duration scaling refer-

enced in this research focuses on ITER9OH-P [14]. The design of the controller does not rely on this scaling,
and the scaling applied is:

,CE — f0‘08211,02R1.6BO.15AiO.SK;O.lQPAO.47 , (5)

fis scaling factor and established by evaluating the relationship between the power required for the L-H tran-
sition and the overall plasma heating power P. In this work, the system operates continuously in H-mode,
and we set f'to 0.85 for our simulation purposes. The quantities R, /, k_, and B remain fixed and are given in

Table 1.

nll . o . . . .
The isotopic number 4, =3y+2(1-y)=y+2 (y= 2 is boron 11 densities fraction which is

p T iy
equal to 2.5 for the 50:50 p''B mixture). P, is radiation loss which approximated as:

Rad = Phrem = AbZeﬁnez T (6)
4 W’ nZ: n,+n, +4n,
Where 4, , ,=5.35x10 7 :Z = B and n =n_+n, +2n refers to
o(r'"8) JKe ) n c ot B *

the coefficients associated with bremsstrahlung radiation [15], the effective atomic number, and the density
of electrons respectively. Also, Z, denotes the atomic number of different ions. <csv> is known as fusion re-
activity which is temperature dependent and calculated by:

(ov)=C¢ g exp(—3€%§) £ 541x1075T 2 x exp(_ﬁ) ,
_ GT+CI* +C T
1+C3T+C5T2 +C7T3 ’
£E=C,/ TV -
Where the parameter C, is found in [16]. S, and S, are boron 11 and the hydrogen fueling injection

£=1

rates as control inputs, and P, _ is supplementary heating in the fuel of p!'B.

0, denotes a -particles energy, where O, (p”B):2.9MeV for p''B fusion reaction [17]. P, . (Ohmic
power) is given by:
P = (8)
Here:

T3/2 -4 -3/2
n=In x1.03x10*xT"Z,, )

Iz, \n
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n is referred to as Spitzer resistivity while j denotes the current density of plasma. In the equation (9), T is

measured in Kelvin [18]. The temperature, the total power of plasma heating P, and the density plasma are
expressed as follows:

_2E

T = 10

3 (10)

P= Pfusion _Prad + Paux + Pohmic (1 1)
n=2n,+2n, +3n, (12)

Where fusion power for p''B fuel is given by:
Pision = Quty iy (0v) = Qv (1=7) 5, (o) (13)

Such that: Mg =M, g 1s the summation of first and second fuel densities.

Table 1
Parameters of reactor

1) |Plasma volume (m?) V= 1500
2) |Plasma current (MA) 1=24
3) [Minor radius (m) a=3.8
4) |Major radius (m) R=14
5) [Boron 11 (Helium 3) particle confinement constant ki, =2.6
6) |Hydrogen particle confinement k,=3.6
7) |Alpha particle confinement constant k, =17
8) |Magnetic field (T) B=35
9) |Elongation at y, (x,) Kk, =2.2

The equilibrium numerical values for various densities, ﬁ“B, n ﬁp , energy, E , along with the source

o

of fueling terms S, , S , and the auxiliary (supplementary) heating P

aux

g are established by solving a set of

nonlinear equations obtained by setting the left side of equations 1-4 to zero. It is important to mention that

in these equations, the variables B = 2/(1’1 T ,7,and T are selected randomly [19].
Lo
n, __ /—
Oz—?—+npn”B <GV> (14)
no_ = =
0:—?—p—npn,lB<Gv>+Sp (15)
P
ﬁll —_ I =
Oz—f—B—npn”B<Gv>+S”B (16)
IIB
0= _f_—i_Qaﬁpﬁ”B <Gv>_Frad +Faux +Pz)hmic (17)
E

For arbitrarily values of [_3, ¥, T, equilibrium values 7_, n,, My s E, S P S, , P calculated from equations

s 4 aux

14—17 are shown in Table 2 [20]. Defining the difference from the average values as: Moy — ﬁ”B’ n,=n,—n,,

n,=n,—n, E = E—E , therefore, the equations describing the changes can be formulated as:
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dn(‘z_n_“_n_“.g_sa (18)
dt T, T,
dn n o n
P=—2L_L_§ +5, (19)
dt T, T,
dn, Ay, Ny
—B:——B——B—SerSllB (20)
dt Tug T
d_E:_£_£+QqS(x_R’ud+R:1n +Rhmic (2’1)
dt T, Tg "
To simplify S, is written as follows:
S, (E,na,np,n,lB)=npn,lBGv=y(l—y)n;,lBGv (22)

Notice that, <cv> is a function of n, ,n,,n,, E . The starting fluctuations 7, .7, , 7,, E are compelled to
become zero, and this research is accomplished through the adjustment of the fuel sources (S, and S,) and
the supplemental energy (P, ).

Table 2

Equilibrium point

7 |Temperature 250 keV
B Plasma Beta 93 %
1, |Density of Hydrogen Density 1.2x10"° m™
n  |Total Density 9.44x10"” m™
n, |Density of Alpha particle Density 1.53x10”m™
S, |Hydrogen Fueling Rate 1.30x10"7 m~s™
§“B Boron 11 Fueling Rate 1.60x10"7 m~s™
P, |Supplementary Power 1.80x10° W/m’
P |Net plasma power 1.59x10°W /m’
E |Energy Density 6.7x10°J /m™
Y |Boron 11 Fraction 0.5
Control methods

The controllers operate at sub-ignition and ignition points. Controllers that rely on the modulation of
supplementary power must function at sub-ignition levels, where the supplementary power is not zero. In
contrast, when the controllers adjusted by the fueling rate are utilized, they can operate at ignition points
where the supplementary power is zero. In the following both cases can be considered. First, to stabilize the

energy the following conditions put in equation (21):

chSot - ])rad + })uux + Pohmic = £ (23)
g
The equation (21) is satisfied and written as follows:
aE = _E (24)
dt T,

E demonstrates exponential stability as T, is greater than zero. Condition (23) is satisfied by adjusting
the o -heating component O, S_ and the supplementary heating. We can manipulate the o -heating term by
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nllB
n,+n,,

changing the ratio y= in the plasma. Stabilization control is performed in according to the follow-
ing steps:
1) Beginning in equation (23), we set P,

aux

=0, y=v" and to solve this equation for y":

E

Qoty* (l_y*)_R’ad +Pohmic = (2’5)
Tg
E + Prad - Pahmic
* * T
v (1-v")==£ =C
0.1, (o) 26)
. 1FN1-4C

Y =+T 27)

If C<0.25, the two resulting solutions for y* are real and less than 0.5 and would be acceptable. If
C >0.25, there is no real answer and we are moving on to the second step.

2)If y" =0.5, simply adjusting the y ratio will not satisfy condition (23), thus requiring changes
through heating. To achieve this, the supplementary power is determined as follows:

E 2 * *
IDaux :T__HPIIBGVQQY (1_"{ )_])ohm[c +1)ra¢1 (28)

E

In accordance with the control aims and prior stages, ideal benchmark values for the energy E and the
fraction of fuel particles y~ are established.
According to obtained dynamical equations in above, we choose Lyapunov function as follows:

K E>+ k9 + ﬁQI,B
_ p
2

Where k, =10", k, =10 and the derivative of Lyapunov function V' with simplification is as follows:

(29)

} 2 2 2% | kln Ed) n, n,. n
T B B S S T S S BT S Y S |
LS T R S Tig B T, T, 8
’ (30)
n,. n
+ {——B——”—ZSQ +S, +SI,B}
Ty, T,
By stabilizing of equation (30):
_ nllB np ~
S!’_T_+T_+2S“_S”B_K[’np”B (31)
llB V4
Where K, >0. This selection reduces equation (30) to:
2 I ~
N kin HBE(I) n, L - K E® -
V:2— pi__B_S +S11 —-n ., +K,I’l 1 - -K }’l2” 32
nP11B|: kz2 Tig ‘ ? g ! nr ! g e 32
Finally, we take:
klznpllBEd) n”B . ~ A
SIIB :_T+T_+Sa +np“BY —KpnpuBY—KuBY (33)
2 g
klznpllBEd) np Lk ~ ~
S, =T+1_+Sa —n ¥ =Ky (I-y)+ K. 7 (34)
2 P
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The results of the calculations are shown in the next section.
Results and Discussion

In the study of nuclear fusion, the Lawson criterion, initially formulated for fusion reactors, serves as a
crucial standard for assessing the circumstances required for a fusion reactor to ignite. Achieving this condi-
tion means that the energy produced from the fusion reactions can effectively heat the plasma enough to keep
its temperature stable despite any losses, all without the need for external energy sources. This criterion can
be expressed as follows:

12T (keV)
o, <Gv>

The results of Lawson criterion calculation for p''B fuel are shown in Figure 2. As seen in Figure 2,
Lawson criterion is true for p!'B fuel.

(35)

nt, 2

x 10
4.2¢ g : -
ul :
\
\
I nty .
\\\ ,,,,,,,,,,,,,,,,,, -12T/(Q,<ov>)
3.6F S~ 7
3.4 ’ i ;
0 100 200 300 400
Time(s)

Figure 2. Lawson criterion for p!'B fuel

The simulation in this work is performed for the initial values E(0)=1.2E, n,(0)=1.27,,
y(O) =.88Y, g (O) =.8;7p“3. It has been observed that a controller is capable of adjusting its inputs to

achieve the intended result on the system’s output. A specific kind of control system, where the output does
not affect the input signal’s control actions, is known as an open loop system (Fig. 3). This type of system is
characterized by the absence of measurement or feedback of the output signal or condition for evaluating
against the input signal. Thus, these systems are often labeled as non-feedback systems. Moreover, since an
open loop system lacks feedback to verify if the intended output was reached, it operates on the assumption
that the input’s target was met, as it is unable to rectify any potential errors and cannot adjust for any external
influences on the system.

Figure 3. Open loop state
In the simulation of open loop, the system is first fluctuated, while the actuators (S, P, ,
tain their steady-state values (Table 2) as equations (1-—4) are resolved. The results of the simulation indicate
that in the absence of active control, a thermal deviation arises, causing the system to stray from the intended
equilibrium point. Figure 5 (dotted-black) illustrates the changes in the states over time.
In the open-loop state (Fig. 4), the densities of alpha particles, energy, hydrogen, and boron-11 particles
decrease. The behaviors of total particles density, temperature and 3 for these states (open loop) are shown

in Figures 6(d, e, f). A control system that incorporates one or more feedback paths is known as a Closed

§,) main-
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Loop System. Closed Loop Control Systems are commonly used in managing processes as well as in elec-
tronic control applications. Feedback systems have part of their output signal fed back to the input for com-
parison with the desired set point condition. The kind of feedback signal may lead to either constructive
feedback or detrimental feedback. Within a closed-loop system, a controller is employed to assess the sys-
tem’s output against the target condition and transform any discrepancies into control actions aimed at mini-
mizing the error and restoring the system’s output to the intended response. Subsequently, closed-loop con-
trol systems utilize feedback to assess the real input to the system and may incorporate multiple feedback
loops.

Input Process Output

Feedback

Figure 4. Close loop state

In a simulation of closed loop, the regulator must adjust fuel and thermal levels to achieve the ideal
equilibrium of the system. Figure 5 (solid-blue) illustrates the progression of the states regarding densities
and energy throughout the simulation, while Figures 6(a, b, ¢) depict the temporal changes in overall particle
density, temperature, and 3 for the closed loop condition. Following a thermal fluctuation, the progression of
densities and energy successfully converges to their target equilibrium levels.

Figure 7 illustrates how the actuator and fuel ratios change over time in a closed-loop state. These Fig-
ures demonstrate the variations in supplementary power, fuel injection rates, and fuel fractions over time to
manage the system’s energy. As shown in Figure 7, in this system supplementary power is nonzero at first
and so system is controlled based on modulation of fueling rate and change of supplementary power (sub-
ignition point).

19 18
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Figure 5. Time evolution of p!''B fuel in open loop states (black-doted),
close loop states (blue-solid) and equilibrium value (red-dashed)
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Figure 8 shows the time evolutions of the fusion, radiation, ohmic and net plasma heating power which
compared with equilibrium values. Fusion and ohmic heating power increases and radiation heating power
decreases over time that as a result the net plasma heating power is close to the equilibrium value after time
.04 s. The quality factor in fusion reactors is defined as:

Pfusion
Q=—— (36)

auxiliary

This factor is shown in Figure 9 and as be seen after time 300 s is close to .13.
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Figure 8. Fusion, radiation, ohmic, and overall Plasma heating power (shown in blue and solid)
as opposed to their steady-state values (represented in red and dashed).
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Figure 9. Time evolution of quality factor

Conclusions

In order to burning control, the supplementary power is put to zero initially and by changing the fueling
rate and boron 11 fraction, system approaches to control values. Since the supplementary power is zero, sys-
tem operates in ignition point and when the fueling rate approaches to its equilibrium value and the bo-
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ron 11 — hydrogen ratio 50:50 the supplementary power should be added to control the system so this system
operates in sub-ignition point and the system (energy and particles density) is controlled. In the case of p!'B
fuel the system is controlled by adding the supplementary power and since the supplementary power is non-
zero the system operates in sub-ignition point and hydrogen — boron 11 ratio in primary times is equal to
50:50 (Fig. 6) and as a result system (energy and particles density) approaches to its equilibrium values.

Compared to a deuterium-tritium (DT) reactor, the lower neutron flux in a p''B reactor provides signifi-
cant advantages in engineering, safety, and environmental impact, including:

1. There is no risk of structural melting during a loss-of-coolant incident.

2. The first wall does not need to be replaced frequently, which results in increased reactor uptime and
greatly diminished radiation exposure for workers.

3. There is a significant decrease in tritium emissions and concerns regarding radioactive waste.

4. Tritium breeding is unnecessary, eliminating the need for a large lithium blanket and avoiding issues
related to liquid metals.
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Aab(pa-npoToH-ajb(a KOMKIHI peakuuscbl MEXaHU3Mi APKbLJIbI
HelTpoHchI3 p''B oThbIHDLI 6ap TOKAMAK TEPMOSIIPOJILIK PeAKTOPbIHIA
IUIA3MAaHBI KAFyAbl 0aKblIay dAici

Makasa HeliTpOH/IBIK OTBIH MpoGieMaapbiHa apHajiraH. AJbga-npoToH-ainbda KOUIKiHi peaKIUsChl apKbLIbI
HeWTpoHCH3 p!'B OTBIHBL Gap TOKaMakK TEPMOSAIPOJIBIK PEAKTOPBIHIA IUIA3MAHBIH JKAHYBIH GaKbLIAyIbIH
CHUITATTAMAIIBIK EPEKIIENIKTepl TaJgaHFaH. 3epTTey HeTi3iHAe aBTopijap OeImeKTep MEH JHEPrHs Tere-
TEHJITIHIH TeHIeyJiepi KOJIaHbUIaTHIH [UIa3MAaNIbIK TYTaHy eIIIeM/Iepi )KOK MoJebi ychiHaabl. OCcbl MOJIETb
menGepinae p''B oreiHel KapacTeipbUiFad. IlbIH MoHiHZE, OV SKYMBIC SKaHBIN JKaTKaH ILIa3MaHbI
GacKapyaAblH JKaHa SMICIH YCBIHAJBI, OCBhUIAMINA JKYHEHIH ©3repyiH, jkaHapMal KYIO XKbUIIAMIBIFBIH KSHE
KOCBIMIIIA KyaTThl Gackapyra Gonaubl. Mojenbaey TeHAey IepiH KoJdaHa OThIphII, p''B OTHIHBIHEIH cama
koo urmenTi ecenrenmi. HeHTpOHIBIK OTHIHHBIH €Ki Heri3ri kemmrimiri Oap: (i) omap KOprayabl KakeT
€TETIH JKOHE PEaKTOPIbIH KYPBUTBIMBIHA 3USTH KENTIPETiH jKoHE OeceHipeTiH HEHTpOHAap bl IIbIFapabl, (ii)
TPUTHI OHIpici KOCBIMIIA KYPICTITIKTI, IIBIFEIHAAPABI KOHE JIUTHH KaOBIHBI YIIiH paJuaiabl KeHICTIKTiH
KaxeTTinirin kamtusl. Helitporcsis p!''B peakiuscel koGiHece 0Chbl Mocenenep/li WENTyIiH JIE€YETTi Kypabl
peTiHIe KapacThIPbUIATBIHBI KOPCETIITeH.

Kinm ce30ep: mna3zma, TepMOSIPONIBIK CHHTE3, IMHAMUKA, HEHTPOHCHI3, SHEprus, Oakpuiay, KeUlKiH, anbda,
MPOTOH, OTBIH

C.H. Xocceitnumoranar, M.A. 3apeii, A. Illakepu

Cnoco0 ynpaBJieHUsI TOPEeHUEM IJIa3Mbl B TEPMOSIIEPHOM peaKkTope
TOKaMaK Ha 0e3HeldTpoHHoM Tomuse p''B mo mexanusmy
ajab(a-npoToH-ajabda JABUHHON peakunu

CraTbg MoOCBsIIEHa MpobjeMaM HEHTpoHHOro ToruuBa. [IpoaHanu3upoBaHBl XapaKkTepHBIE OCOOEHHOCTH
yNpaBIeHHUs] TOPEHHEM IIa3Mbl B TEPMOSJEPHOM PEAKTOPE TOKAMaK C HCIOJIb30BaHHEM Oe3HEHTpOHHOTO
TorMea p''B mocpencTBoM JIaBUHHOM peakiuu anbpa-npoToH-atbda. Ha 0CHOBE MPOBEIEHHOTO HUCCIIENO-
BaHHUS aBTOPHI TMpeIaraoT Oe3pasMepHy0 MOJETb 3aKUTaHUS IAa3Mbl, B KOTOPOH HMCMONB3YIOTCS ypaBHe-
HUs PABHOBECHS YAaCTHIl M DHEprud. B pamkax sTodl mMojenu paccmarpusaercs tommso p''B. B paGore
MPE/ICTABIICH HOBBI METOJ YIPABJICHUS TOPSMIEH IUIa3MOMH, ITO3BOJIIONINN KOHTPOIMPOBAThH N3MEHEHHS B
CHCTEME, CKOPOCTb 3alpPaBKH TOILUIMBOM ¥ JOIOJIHHUTEIBHYIO MOITHOCTH. [IpHMeHsIst ypaBHEHHS! MOJEIHPO-
BaHusl, ObULT paccunTan Ko3GHUIMEHT KauecTBa TomBa p''B. V HEHTPOHHOIO TOMIIMBA ECTH J1BA OCHOBHBIX
HenocTaTka: (1) OHO reHepupyeT HEHTPOHbI, KOTOpble TPEOYIOT 3alUThl U MOTYT HOBPEAUTH KOHCTPYKIIHIO
peaKkTopa M aKTUBHpPOBATh €€, (ii) MPOM3BOACTBO TPUTHUS CONMPSIKEHO C JIOMOJHUTEIBHOH CI0XKHOCTBIO, pac-
X0/aMH U HEOOXOIMMOCTBIO B PafiuadbHOM MPOCTPAHCTBE IS JUTHEBOro MokpeiTHs. Ilokasano, uro Ge3-
HelTpoHHas peakuust p'!'B yacTo paccMaTpuBaeTcs Kak MOTEHIMATBHOE PEIIEHHE STHX MPOOIEM.

Knouesvie cnosa: mnasma, TepMOSIIEPHBIN CHHTE3, TUHAMUKA, 0€3 HEUTPOHOB, SHEPTHsI, YIIPaBICHNUE, JIABH-
Ha, ab(a, IPOTOH, TOILTUBO
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