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The secondary runaway electrons generation is the process in which already existing high energy runaway electrons knock out
thermal plasma electrons directly into the runaway region by close Coulomb collisions. Such knocked-on electrons are immediately
accelerated to ultrarelativistic velocities, since in the runaway region the toroidal electric field force overcomes the collisional friction
force with thermal plasma particles. The avalanche of runaway electrons with mega-electron-volt energy emerges, hit of which with
the construction elements of large-scale tokamaks and future international tokamak ITER can lead to catastrophic consequences. Due
to its importance, this phenomenon is being actively studied both theoretically and experimentally in leading thermonuclear fusion
centers. It is known that during secondary generation, the value of the transversal component of knocked-on electrons momentum
with respect to the confining magnetic field may be significantly higher than the longitudinal one: p. >> py. Thus, conditions for
knocked-on electron trapping in a non-uniform tokamak magnetic field occur (banana orbits). Such electrons can no longer be
accelerated by the inducted toroidal electric field to high energies, avalanche formation is partially suppressed. The question is how
long this population of knocked-on and trapped electrons exists. In the presented paper, it is shown the additional possibility of
formation and existence of such long-lived banana orbits of suprathermal electrons under conditions of plasma MHD activity when
MHD instability spikes induced the strong burst of the toroidal electric field that results in the abrupt growth in these knocked-on and
trapped electrons. This phenomenon is considered for the recent low-density EAST (Institute of Plasma Physics, Chinese Academy of
Sciences, Hefei, China) tokamak quasistationary runaway discharges. Long-lived trapped electrons (p1 >> py) also have an influence
on the intensity of ECE emission. The considered phenomenon is important for correct interpretation of the runaway experiments on
present-day tokamaks.
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The runaway electrons during major disruptions can cause serious damage to plasma-facing-component surfaces in
large tokamaks like ITER [1, 2]. The strong electric fields induced during the tokamak disruptions can generate many
runaways (REs). The energy of these REs can reach as high as tens of MeV. Due to close Coulomb collisions of these
REs with the electrons of the background plasma, the effect of avalanche occurs (secondary runaway generation) [3].

The knocked-on secondary electrons may have significant transverse momentum, pi>>py (pi and p. are
longitudinal and transversal components of momentum with respect to the confining magnetic field, correspondingly).
In tokamaks, electrons trapped in a non-uniform tokamak magnetic field may appear in this case [4]. As the result of
close collisions, the formation of long-lived trapped suprathermal electron population under conditions of working gas
(deuterium) puffing during runaway tokamak discharges (DIII-D runaway experiments under quiescent conditions [5])
was investigated in [6, 7].

In the present paper, it is shown the additional possibility of long-lived banana orbit formation of suprathermal
electrons during MHD spikes in runaway tokamak discharges (EAST experiments [8-10]). This is the objective of this
investigation.

RUNAWAY EAST DISCHARGE WITH THE STEPWISE JUMP INCREASES OF THE NON-THERMAL
ECE SIGNAL DURING MHD BURSTS

During EAST experiments with runaway electrons [8-10], peculiar events have been investigated: rapid changes in
the synchrotron spot shape and its intensity that coincided with step-like jumps in the electron cyclotron emission (ECE)
signal (cyclotron radiation of suprathermal electrons) and the MHD (m/n=2/1) Mirnov signal spikes (m and n are the
poloidal and toroidal mode numbers, respectively). These phenomena were initially observed in TEXTOR (Tokamak
Experiment for Technology Oriented Research), where these events only occurred in the current decay phase or in
discharges with thin stable runaway beams at the ¢ = 1 drift surface [11] (g is the safety factor).

The runaway ohmic discharge #28957 in EAST was performed in the limiter configuration with the toroidal
magnetic field Bo=2T, the plasma current 7,=250kA, the inductive equilibrium electric field
Ei = Vieop/2wRo = Eg = 0.1 V/m, the central line-averaged density <n.>=2.210Ym3, the plasma major radius
Ro=1.86 m and the minor radius a = 0.45 m [8-10]. At the plasma center, the electron temperature 7. = 0.55 keV was
obtained using a soft x-ray pulse height analysis (PHA) system during the plasma current flat-top phase (duration of
impulse was 5 s). MHD modes m/n=1/1 (the soft x-ray signal) and m/n=2/1 (the Mirnov coil signals) existed in the
plasma. Runaway electrons were created by the ohmic coil during the start-up phase of the discharge, the runaway
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current was significant. The runaway electrons were located near the ¢ = 2 rational magnetic surface at » = (20-30) cm
(ring-like runaway electron beam).

In shot #28957 three types of events were observed with the stepwise jump increases of the non-thermal ECE
signal that are described and discussed in details in Refs. [8-10]. Here, we give only a short summary of these papers
results:

1. The MHD (m/n=2/1) small amplitude spikes (type I events, small non-thermal ECE jumps) emerged
approximately every 0.02 s and coincided with sawtooth m/n=1/1 peaks.

2. Huge MHD spikes (type II events) emerged approximately every 0.5 s.

3. Larger amplitude MHD (m/n=2/1) spikes (type III events) were observed approximately every 0.3 s after each
huge MHD spike (type II events).

In cases II-III types events the MHD (m/n=2/1) spikes of the non-thermal ECE jumps were not small. In these
cases, MHD spikes were not correlated with the m/n=1/1 sawtooth oscillations peaks.

These ECE jumps were visible in the ECE channels, which should receive the second harmonic X-mode emission
of the thermal electrons from the tokamak low-field-side (Ifs).

Due to the local runaway generation processes, local changes in the plasma current density profile should occur
(around the g =2 rational magnetic surface, where the runaway electrons are located). In [10] it has been shown that
these local changes in the current density profile are a possible trigger for enhancement of magnetohydrodynamic
(MHD) tearing mode activity and fast changes in runaway beam behavior. For these shots, the MHD m/n=2/1 bursts
were resulted from tearing mode instability with induced bursts of the strong electric field during magnetic
reconnections.

In low-density plasma (n.~ 10" m™), the occurrence of runaway electrons is connected to their continuous
acceleration by the tokamak toroidal equilibrium electric field £y = Ey = 0.1 V/m. The runaway energy Enn ~ 30 MeV
was deduced from a joint analysis of the synchrotron radiation spectra and the synchrotron radiation spot shape in
EAST discharge #28957 [9]. This means that in EAST discharge #28957, the secondary runaway generation process
should take place (runaway avalanche).

2D MOMENTUM-SPACE ANALYSIS OF SUPRATHERMAL ELECTRON GENERATION
The generation of both high-energy runaway and suprathermal electrons should be enhanced abruptly during these
MHD spikes. Because of the fast changes in the magnetic flux (squeezing and reconnection of the magnetic field lines)
the bursts of induced electric fields, Ey(f), occurred [12]. The value of Ej(f) may reach values of an order of ten V/m.
During these bursts of the induced electric field Ey(f), the avalanche process was enhanced with corresponding
avalanching time [13]

t, =N12mcL(2+Z,,)/ 9eE,(t) - (1)

The electron runaway region increased very fast because of the value of parameter (this key parameter determines
boundaries of runaway region)

po(E, () =¢e'm,n,L/4re, E, (1) 2)

dropped during the burst of Ey(¢) (Fig. 1), e, m. are the charge and rest mass of electron, respectively, L is the Coulomb
logarithm.
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Fig. 1. The evolution of runaway region in 2D plane (py, p1) during MHD burst.

The abrupt growth in the suprathermal electron population occurred during these bursts of Ej. In [10, 14]
conclusion was made that the step-like non-thermal ECE jumps may be explained by the abrupt growth in the
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suprathermal electron generation (number of runaways) during MHD m/n=2/1 spikes. In Fig. 1 the evolution of
runaway region in 2D plane (py, p1) is shown. Normalized variables are used:

E (t)> E (t)/ Ey, p. = P/ P (Ey), t>t/T,, . 3)

Here S(Eo, EotEwm) and Sa(Eo, EotEn) are separatrixes (compare with [13, 15]) for plasma parameters at £y and Eot+Em,
where Ey, is the maximum amplitude of the toroidal electric field during MHD spike, zr ~ 1ms is the time during which
the value of electric field changes from Ej to Eo+Em.This analysis is based on the equations (compare with [13, 15]):

d E (0
@ _, 0 E(1)-(z,+2)—2— |, @)
dt br I eff N 2\3/2
pcrO (p” +pJ_)
dp? eE, (0) 1 ( pnz ]
=2, S0 (7 42 1. 5)
& P

The first term in expression (4) describes the test electron’s acceleration by E)(f), and the second one describes the
frictional force due to collisions of this electron with thermal particles. The total momentum (kinetic energy) of the test
electron also changes due to eEv term and collisions that leads to change of transversal component of momentum:
expression (5). The runaway region lies just above the separatrix S;. Electrons situated above S; lie on trajectories
aiming asymptotically outward along S, and therefore run away. In Fig. 1 Ey=0.1 V/m, as example the value
En=5V/m is used. Note, the value £, =12 V/m of the induced electric field was found during a series of minor
disruptions in the T-10 tokamak [16].

Note that in accordance with the conservation laws of energy and momentum, the knocked-on electrons of
secondary generation are arranged on elongated ellipses, the major axes of which are equal to the momentum of the
incident mega-electron-volt electrons. Secondary runaway region in the phase space (py, p1) is filled by these ellipses. In
case of EAST shot #28957 the ring-like runaway beam contained high energy electrons with energy more than 20 MeV
and pi/pi ~ 0.15 (p1 >> p1) [8, 9]. The bulk electrons knocked out in runaway region by these very high energy

electrons are born near the parabola [4]:
P =4 (2meC/pcr0)pH . (6)

This curve (6) is shown in Fig. 1, the locus of the knocked-on electrons lies below this curve. The suprathermal electron
population with p1 > py occurs. These electrons may be trapped in a non-uniform tokamak magnetic field (¢ = r/Ro)

B,

B(r,0)=——2— 7
(.6) l1-¢£cos@ 2
if the inequality

p./p >1/\2e (8)

holds at poloidal angle § = z. In Fig. 1, straight lines
p,/p =1/2¢ ©)

are shown for the values of » =20cm and » = 30cm. The entire range of locus of the knocked-on electrons in 2D plane
(p1, p1) lies above straight lines of Eq. (9). It is necessary to distinguish situation on the outer (Ifs) and inner sides of the
tokamak discharge. The trapped suprathermal electrons may appear in the Ifs region, only.

In Fig. 2 narrow banana orbits of the trapped suprathermal electrons are shown for the radii »=20cm and
r=30cm. Recall, the ring-like runaway electron beam were located near the ¢ = 2 value at these » = (20-30) cm [8, 9].

The calculations were carried out on the base of the well-known equations of motion of a charged particle in
nonuniform tokamak magnetic field (see, e.g. [17], ws=eBo/m.):

dr _ vH2 +0.5v7 Ging . (10)

dt  |w,|R,

r vH2 +0.5v]

r—=y, +
dt qR,(1-£cosB)  |wy|R,

cosf . (11

More strong losses of these trapped electrons may occur from the plasma region where these electrons are located
(outer part of discharge). It is even possible formation of supertrapped electrons (on the ripples of a toroidal magnetic
field) which immediately escape from the plasma owing to toroidal drift.
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For considered energy of suprathermal electrons, the time-scale for pitch-angle equilibration (isotropization
process) is much shorter than the momentum evolution time-scale [18]. The time-scale during which banana orbits may
exist is much shorter in comparison with the isotropization time zco.

The pitch angle that corresponds to banana orbits existence, Eq. (8), was taken into account in the estimation of the
value of Teffcoll

Tef/&'{)]l

=72/ (1+2¢) (12)
and well-known expression for 7., is used:

-1

T =¢e'nmL/Are; (pl +p/)"*. (13)

Note that the value of ion effective charge Z.+ was not high in shot #28957.
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Fig. 2. Narrow banana orbits of suprathermal electrons
a) banana width (1.0-1.4) cm, energy ~230 keV; b) banana width (0.5-0.7) cm, energy ~ 100 keV. The values of p1 and pj
corresponds to point at 0 = 7. Directions of the toroidal magnetic field and plasma current are shown.

In Fig. 3, comparison of the bounce period of trapped suprathermal electrons (7 < 1ps) with the effective collision
time shows that 7i, << 7emeon. The long-lived banana orbits of suprathermal electrons have arisen. Ratio zereon / 7 can
reach about five orders of magnitude. However, for p < 0.1 the value of teseon decreases fast and zesreon — 7. In this
region, the possibility of long-lived banana orbit formation is lower. The energy of suprathermal electrons
corresponding to p; = 0.1 is about 20 keV. For calculation of 7., the values of p, were chosen close (but below) to the
parabola of Eq. (6).
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Fig. 3. The bounce period, 7b, of trapped suprathermal electrons and the effective collision time, eficol.
In the EAST case, trapped knock-on secondary electrons were created far enough from the magnetic axis. These
trapped electrons drift radially inwards due to the Ware pinch effect [19]

dr __E®
dt B,

; (14)
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here By is the poloidal magnetic field. They may be detrapped and run away (compare with [20]). Because of a very
short time of the MHD spikes, the linear time dependence of changes of the bursting electric field Ej(7) was taken for
integration of Eq. (14).

For analysis of the time Atw, required for a trapped electron to become passing (during the MHD burst), we obtain

the next equation:
2
At E, t At A
D) o Loy o | 2w | o Dw g, (15)
Tbr Em Tbr Tbr TbrE m / B 9

where Arw ~ (5 — 10) cm is the required radial displacement for detrapping process, o ~ 1ms, fy = toro — fho, here fio
corresponds to the start of the burst, fy is the time when the banana was born, By~ 0.1T. Even for the value of
Enm=10 V/m from Eq. (9) we get Atw ~ 1ms, that means Aty >> T,

CONCLUSIONS

The formation of long-lived knocked-on and trapped suprathermal electrons (long-lived banana orbits) in non-
uniform magnetic field during MHD spikes in tokamak runaway discharges is shown, because of the effective collision
frequency of these trapped electrons with background plasma particles is much smaller in comparison with the
oscillation frequency of the bounce motion of trapped suprathermal electrons. The MHD spikes acted as a trigger for the
enhancement of additional suprathermal electron generation (because of bursts of the toroidal electric field) during
magnetic reconnections.

Such electrons can no longer be accelerated by the inducted toroidal electric field to high energies. The
avalanching (secondary runaway generation) process may be suppressed in part.

The observed stepwise increases in the non-thermal electron cyclotron emission (ECE) signal coincided with the
spikes of the MHD activity confirm abrupt growth of suprathermal electrons, and stepwise form of this signal may be
explained by the existence of these long-lived knocked-on and trapped electrons population. The intensity of ECE
signal must be strongly enhanced due to the existence of the long-lived suprathermal electron population with a high
value of transversal momentum (p1 > pi).

The energy domain of these suprathermal electrons is shifted to more high values; in considered case, it is higher
than 20 keV. The RE distribution function changes in this region of energies may be expected.

The considered phenomenon is important for correct interpretation of the runaway experiments.
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OBPA30BAHHME JOJITOXKHUBYIIUX BAHAHOBBIX OPBUT HAATENJIOBBIX 3JIEKTPOHOB BO BPEMS
BCHBIIIEK MI'I AKTUBHOCTH B PA3PAJAX TOKAMAKA C YBEI'AIOIIUMHU 3JIEKTPOHAMMU
U.M. MMaukparos'?, B.IO. Bouxo!
! @usuxo- mexnuueckuti paxyromem, Xapbkosckuii Hayuonaibhblil ynueepcumem umenu B.H. Kapasuna
nn. Ceo6oowi 4, 61022 Xapvkos, Yrpauna
2Hncmumym ¢usuxu nrazmor, HHI] “Xapokosckutl usuxo- mexnuueckuii uncmumym”’
ya. Akademuyeckas 1, 61108 Xapvros, Ykpauna

Bropuunas remepanust yOerarompx >JIEKTPOHOB — 3TO IIPOLECC, IPH KOTOPOM YXKe CYIIECTBYIOIIME BBICOKOPHEPTEeTHUECKHE
yOeraromue >JIeKTPOHBI BEIOMBAIOT TEIUIOBBIE JIEKTPOHBI IUIA3MBI HEIIOCPEICTBEHHO B 0o0JacTh yOeraHus B pe3ysbTaTe OJIU3KHX
KYJIOHOBCKHX CTOJIKHOBeHMH. Takue BBIOWTHIE OJJIEKTPOHBI MIHOBEHHO YCKOPSIOTCS 10 YJIBTPApelSITUBHCTCKUX CKOPOCTEH
MIOCKOJIbKY, B 00JIaCTH yOeraHusi CHja CO CTOPOHBI TOPOUAAIBHOTO JIEKTPHYECKOT0 MOJIS 3HAYNTENBEHO MIPEBOCXOANUT CHIIY TPEHHUS
00YCIIOBJIEHHYIO KyJIOHOBCKMMH CTOJIKHOBEHUSIMU C TEIJIOBBIMU YacTHLAMHU IUIa3Mbl. BO3HHKaeT JaBMHA METra’ieKTPOHBOJIBTHBIX
yOeraromux 3JeKTPOHOB, MOMaJaHHe KOTOPHIX HA 3JIEMEHTHl KOHCTPYKIMM COBPEMEHHBIX OONBIINX TOKAMaKOB M CTPOSAIIETOCS
MEXIYHapOJHOTO ToKaMmaka-peakropa MTOP MokeT nmpuBecTH K KaTacTpopHUECKUM HOCIEACTBISIM. B cHiTy cBOEi akTyanbHOCTH, B
HACTOSIIEEe BpEMs 3TO SABIECHHE MIMPOKO H3ydaeTcs KaK TEOPETHYECKH, TaK M SKCIHEPHMEHTATHHO B BEIYIIUX TEPMOSICPHBIX
LeHTpax. 3BeCTHO, 4TO NpH BTOPUYHON TEHEpalMH Yy BHIOMTHIX OSJIEKTPOHOB BEIMYHMHA IIEPHEHANKYJSIPHOTO HMITYJbca IIO
OTHOIICHNIO K MATHUTHOMY ITOJTIO TOKaMaKa MOXKET CYIIECTBEHHO IIPEBBIMATh POAOIBHYI0 KOMIIOHEHTY: p1 >> pj. Takum oOpazom
BO3HUKAIOT YCJIOBUSI 3aXBaTa BBIOMTHIX O3JIEKTPOHOB HEOJHOPOAHBIM MarHUTHBEIM IIOJIEM TOKaMmaka (OaHaHOBBIC OpPOWTEI).
3axBadyeHHbIC JIEKTPOHBI YK€ HE MOTYT YCKOPSTCS MHAYKIMOHHBIM TOPOMIAJIBHBIM JIEKTPHYESCKHM IIOJIEM JI0 BBICOKHX JHEPTHH,
JIaBUHOOOpa3oBaHKe yOeramux JeKTPOHOB YaCTHYHO MoJaBisieTcs. Bo3HUKaeT BOIPOC, Kak JOJITO Takasl MOMYJISALHs BEIOUTBIX U
3aXBaUYCHHBIX HAJTEIUIOBBIX DJEKTPOHOB CyllecTByeT. B naHHOW paboTe mOKa3aHa JONOJHHUTENIbHAs BO3MOXHOCTb IUIS
(OpMHpOBaHUS M CYIIECTBOBAHHS ONTOKUBYIIUX OaHAHOBBIX OPOMT HAATENIIOBBIX EKTPOHOB B ycnosuss MI'Jl axTuBHOCTH
I1a3Mbl, Koraa Bo Bpems Bembimiek MI'Jl HeycTOWYMBOCTH MHAYLUpYETCsS CHIBHOE TOPOMAANBHOE JNIEKTPUYECKOE IOJe 4TO U
MIPUBOAUT K PE3KOMY POCTY TaKUX BBIOUTHIX M 3aXBAYCHHBIX IEKTPOHOB. JTO SIBICHUE PACCMOTPEHO IJISI HEJABHUX 3KCIEPUMEHTOB
¢ yOeratomumu snekTpoHamMu Ha Tokamake EAST (Muctutyr oOmsmkm mnasmel, Xededl, Axagemuss Hayk Kwuras) B
KBAa3KMCTALIMOHAPHBIX Pa3psiaXx ¢ HU3KOW IUIOTHOCTBIO. JIOJrOXKHBYLIME 3aXBauCHHBIC JJIEKTPOHBI (p1>>pj) TaKXkKe OKa3bIBAIOT
BiusiHre Ha nHTeHCHBHOCTE ECE m3mydenus. PaccMoTpeHHOE sIBIEHHE BaXKHO IS MPABIIIBHOM MHTEPIIPETANN SKCIIEPUMEHTOB C
yOeraromumMu 3J7eKTpOHAMU Ha COBPEMEHHBIX TOKaMaKax.

K/IIOYEBBIE CJIOBA: Tokamak, yOeraiompe 5JE€KTPOHBI, HAATEIUIOBHIE JJICKTPOHBI, OaHAHOBBIE OPOUTEI, 3IEKTPOHHOE
mukiotponHoe u3nyuenue (ECE)

®OPMYBAHHJ JOBI'O)KUBYUNX BAHAHOBHUX OPBIT HAATEIIVIOBUX EJIEKTPOHIB ITIJ{ YAC CITAJIAXIB
MI'T AKTUBHOCTI B PO3PAJAX TOKAMAKA 3 EJEKTPOHAMUA-BTIKAYAMU
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6yn. Axademiuna 1, 61108 Xapxis, Yrpaina

BropunHa reHepailisi eIEKTPOHIB-BTiKaUiB — I1€ MPOILIEC, i/ 9ac SKOr0 iCHYr0Ui BHCOKOCHEPTETHYHI BTiKar04i eICKTPOHU BUOHBAIOThH
TEIJIOBI €JIEKTPOHH IITa3MH Oe3MocepesHb0 B 00JIaCTh BTIKAHHS B Pe3yibTaTi ONU3BKHX KYJIOHIBCHKHX 3iTKHEHb. Taki BHOWTI
€JICKTPOHU MUTTEBO NMPHCKOPIOIOTHCS IO YJIBTPAPEIATUBICTCHKUX IMIBUAKOCTEH, TOMY LIO B 00OJNAcTi BTIKaHHS CHJIA TPUCKOPEHHS
TOPOIfAJIbHUM €JIEKTPUYHUM MOJIEM 3HAYHO MEPEBMILYE CHIIy TePTS BHACIIJOK KyJOHIBCBKHX 3iTKHEHb 3 TEIUIOBUMH YaCTHHKAMU
u1a3Mu. BHHUKae JTaBHHA METaeleKTPOHBOJIBTHUX CJICKTPOHIB-BTiKaYiB, IOTPAIUITHHS SKUX Ha KOHCTPYKI[IHHI €IeMEHTH Cy4YacHHX
BEJIMKOMAcIITAOHUX TOKaMaKiB i MKHApOIHOTO CIOPYIKYBaHOTO Tokamaka-peaktopa ITEP moxke mpu3BecTn 10 KaTtacTpogigHUX
HacHigkiB. BHacmimok cBoei akTyalpHOCTI, y TeNepiliHii dYac JaHe SBUINE AKTUBHO MOCTIPKYETHCS SIK TEOPETHYHO, TaK i
SKCTICpUMEHTAJIFHO Y MPOBITHAX TEPMOSAEPHHUX IIeHTpax. Binomo, mo npu BTOpUHHIN reHepanii y BUOUTHX eIeKTPOHIB BeTMYHHA
MePIEHIMKYISIPHOT KOMIOHEHTH IMITyJbCy II0 BiJHOIICHHIO JIO MAarHiTHOTO IOJsI TOKaMaka MOXKE 3HAYyHO IEepeBHUIIYBaTH
TIOB3/IOBKHIO KOMIIOHEHTY: p1 >> p|. TakuM YMHOM, BUHHKAIOTh YMOBH 3aXOIUICHHS] BHOUTHX €JIEKTPOHIB HEOTHOPITHUM MarHiTHUM
nosieM Tokamaka (0aHaHOBI OpOiTH). 3aXOIUICH]I eJICKTPOHM OiNbIlIe He MOXKYTh IPUCKOPIOBATUCS 1HIYKOBAaHUM €IEKTPHYHUM I10JIeM
JO BHCOKMX €HEpriif, JJaBUHOIOMAIOHE yTBOPEHHs CJCKTPOHIB-BTiKa4yiB YAaCTKOBO MPUTHIUYEThCs. BHHUKAae MUTaHHS, SK JOBrO
HOIMyJIsilliss BUOUTHX 1 3aXOIUICHMX HAATEIUIOBUX CJEKTPOHIB icHye. Y pnaHiii poOOTi Moka3aHa [0JaTKOBAa MOXIIMBICTH IJIst
(opMyBaHHS Ta iICHyBaHHS JOBTOXHUBYYHX OaHAHOBUX OpOIT HAATEIJIOBUX ENEKTPOHIB B yMoBax MI'J] akTHBHOCTI M1a3Mu, KOJIHU [
yac cnanaxiB MI'Jl HecTiHKOCTI iHIYKYEThCS CHIIBHE TOpOidajibHE ENEKTPUYHE IOJie, IO MPU3BOAUTH JO PI3KOTO 3POCTaHHS
KIJIBKOCTI TaKMX BHOMTHX 1 3aXOIUICHHX €JeKTpOHIB. JlaHe sBHINE PO3IISHYTO IS HEMIOJABHIX €KCIEPHMEHTIB 3 eJICKTPOHAMH-
BrikadamMu Ha Tokamami EAST (Imctutyr ¢ismkm mmasmm, Xedei, Axamemis Hayk Kwuraio) B KBasicTarioHapHHX po3psaax 3
HU3BKOIO IIIIBHICTIO IDIa3MH. JIOBrOJKHBYYI 3aXOIUIEHI €JIEeKTPOHH (p1>>p|) TaKoX BIUIMBAIOTH Ha iHTeHcHBHICTE ECE
BUTIPOMIHIOBAaHHS. PO3risHyTe sBHIE BaXJIMBE JUIS HPaBHJIBHOI iHTeprperamii eKCIEPHMEHTIB 3 eJIeKTpOHAMHU-BTiKadyaMH Ha
Cy4acHUX TOKaMaKax.

KJIFOYOBI CJIOBA: Tokamak, eJIeKTPOHH-BTiKaui, HAATEIUIOBI €JIEKTPOHH, OaHAHOBI OpOITH, EIEKTPOHHE IHUKIOTPOHHE
sunpomintoBanus (ECE)
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