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The mechanism of controlled resonant particle transport in the closed magnetic traps is studied. The resonance con-
dition of the particle-magnetic field interaction is presented. The dependence of the resonance radial position on the par-
ticle kinetic energy W and parameter value VH/ V' is demonstrated. The cold a-particle motion in close vicinity to the
resonance position is analyzed with the use of numerical integration of the guiding center equations under Coulomb

scattering.
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1. INTRODUCTION AND MOTIVATION

An essential problem of the nuclear fusion in closed
magnetic traps is fusion product particle confinement. On
the one hand, huge (~1 MeV) birth energy of these ions
should be transferred to background plasma to maintain
ignition. Under maintaining ignition it is meant the heat-
ing of new portions of fuel. On the other hand, cooled
(~10 keV) ions should be removed for maintaining energy
balance through decreasing radiation losses.

From the first DT experiments on JET and TFTR it
became obvious that large MHD activity causes a fast ion
loss fraction up to = 50%, which would be intolerably
large for a reactor [1, 2]. As it was shown analytically in
works [3-8] resonant interaction between a spectrum of
Alfven waves and a-particles can take place, leading to
significant anomalous transport of the particles. Much at-
tention is devoted to dynamics of shear Alfven waves col-
lectively excited by energetic particles (see, e.g., [9]).

The resonant interaction is also very important for he-
lical systems, because spectrum of these phenomena is
wider due to helical symmetry. The experimental study of
this problem is carried out on LHD [10-11], analytical ap-
proach is realized in Refs [3, 5].

Discovery of the super density core in plasmas on the
LHD has stimulated study of a fusion helical reactor with
a high density and relatively low temperature plasma [12-
14], from the one hand, and, from the other hand, of dif-
ferent methods of a-particle confinement control in heli-
cal devices. One group of these methods is based on pro-
duction of drift resonances by the resonant magnetic per-
turbation of certain mode [15-19].

Here the effect of Coulomb scattering on cold a-parti-
cles drift resonances is studied.

The paper is organized as follows. The model of the
magnetic field and electrical field models are presented in
Section 2.1. The resonance condition for system particle-
magnetic field is analyzed numerically in Section 2.2. The
cold a-particles motion in close vicinity to the resonance
position is analyzed with the use of numerical integration
of the guiding centre equations in Section 3. Principal
conclusions are drawn in Section 4.

2. RESONANCE CONDITION IN TOROIDAL
CONFIGURATION WITH THE ROTATIONAL
TRANSFORM

2.1. MAGNETIC AND ELECTRICAL FIELD
MODELS

The coordinates used in the present calculation are the
quasi-toroidal coordinates (1’,19 N ) . The main magnetic
field is introduced in the following form

B = ByRy/R|0, 7[Ryt 1], (1)
where 1 is the rotational transform, R = R, + rcosd .

The magnetic field perturbations in general case could
be written as

m-1
SB - BoRy b,, nHLH (sin@ ,c0s0 ,0) ) 2
R “Oal

where © = m# - nf | b, , is the perturbation field am-

plitude, m and n are the poloidal and toroidal numbers of
the perturbation field, respectively.

The following expression for the electric potential is
used

0 4= 0 gl1- (r)e] o 3)
Electric field was defined as E = -0 ;. Such profile pa-
rameter values for further simulations are used

qJ EO = _IOkV,alE = 8and025 = 2'
2.2. RESONANCE CONDITION

To analyze the dependence of the resonance radial po-
sition from the particle kinetic energy W and parameter
value ¥|/V we use the resonance condition A = 0 which
was obtained in [19] for chosen models of magnetic and

electrical field. The analytical expression for A has the
form
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where W, M 0.0 are kinetic energy, particle mass, parti-
cle velocity and longitudinal component of velocity, re-
spectively. U pp = cE, /B, is the electric drift velocity and
W, = ZeB/(Mc) is the cyclotron frequency.

The resonance condition takes place at two values of
the radial positions (there exist two roots) under the per-
turbations with “wave” numbers 7 = 3, n= 1,

The analysis of the resonance condition is presented
on the Fig.1 and Fig.2.
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Fig. 1. Resonance radial position versus ion energy

One can see from the Fig.2 and Fig.3 that the radial
position of the resonances
- weakly depends on the particle energy in the range
50keV < W< 1MeV ;

- weakly depends on the parameters V] /V for the values

about unity, but for values about zero the situation is op-
posite, in particular, for negative values resonance shifts
to the plasma core.
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Fig.2. Resonance radial position versus parameter value
niv

It should be noted that during its motion a-particle
collides with background plasma particles, hence its pa-

rameter V| /V decreases. This could effect on particle

drift resonance: the particle could turn out in resonance
with magnetic field perturbation, and escape from reso-
nance. The effect of Coulomb Scattering will be shown in
the next section.

3. A-PARTICLE DRIFT RESONANCES

In the previous work [19] it was shown that if the res-
onance conditions take place at the plasma periphery, then
the removal of the cold a-particles is noticeable. It should
be noted that the characteristic time of the studied pro-
cesses is of the order 1-10 milliseconds and Coulomb
scattering should be taken into account.

The effect of collisions in plasma is expressed in the
guiding center equations through the following term [20]

%2 *
dp\ _ 4z’ LZ ' \M+ M|« [
(e -y, g HELEE s o

where 0 1(b*v): o (x)- x¢', and 0 (x) is the error

function; »" = VM */ZT*; L is Coulomb logarithm;

Z, M are particle charge and mass, I>7 are background
plasma temperature and density, respectively; superscript
* designates variables which relate to background plasma.

For simulation of the a-particle motion following ini-
tial parameter values were chosen W = 100kel ,

VH/V =09, », =109 cm; 0,=0, ¢,=0 and 50% mixture

DT plasma parameters: n~ = 10%em™, T" = 20keV .
Parameters of magnetic configuration were chosen
similar to those which are used in JET: B, = 240'G,

a=120cm | Ry = 296cm |1 = 1- 0.750(r/ a)?, bm=30 G.
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Fig.3. The drift islands with the drift transform
1" = 1/3 in the vertical cross-sections of the torus w/o
collisions (a); and under Coulomb scattering (b)

Under the same initial conditions o-particle deviates
from the initial surface due to Coulomb scattering on the
contrary to the case without collisions (Fig.3).
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Fig.4. Radial position of the a-particles with the initial
energy W = 100 keV versus time w/o collisions (a); and
under Coulomb scattering (b)
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As it can be seen from Fig.4(a) the radial coordinate of
the a-particle is oscillating near drift resonance position
during 50 msec. We mean that the equation A = 0 is satis-
fied. But we see from Fig.4(b) that in the presence of the
collisions the same particle during the period till
t=15 msec is in the resonance interaction with the perturb-
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ing field, and then leaves the resonance and deviates to
the larger distances from the initial surface.

Summarizing, the conclusion is done that the Coulomb
scattering could lead to both formation and destruction of
the drift islands.

4. SUMMARY AND DISCUSSIONS

The interaction of a-particle with magnetic perturba-
tion of small amplitude leads to resonant structures for-
mation (drift islands).

The resonance condition analysis shows that radial po-
sition of the drift resonance is sensitive to the particle ki-
netic energy in the range 10-100 keV. For small negative

value of the ratio V] / V', the resonance occurs near plasma

core.

The particle collisions could lead to both formation
and destruction of the drift resonance. Besides that reso-
nant interaction with magnetic field perturbation together
with Coulomb scattering increase transport of energetic
particles at the plasma edge.

These mechanisms in couple can be used for the re-
moval controlling of cold the a-particles outward trans-
port from the confinement volume.
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BJIUSTHUE PE30}1AHCHI)IX ﬂBuJIEHI/IFI HA MOTEPU BBICOKOOHEPTETUYHBIX YACTHUI]
B3AMKHYTOU MATHUTHOMU JIOBYUIKE C BPAIIATEJIbHBIM IIPEOBPA3OBAHUEM
MATHHUTHOI'O I1OJIsA

I0.K. Mockeumuna, A.A. IlTumkun

I/I3yqu MEXaHU3M YIIPABJIICMOTO NNEPEHOCA PE3OHAHCHBIX 3aPS’KCHHBIX YaCTUIl B 3daMKHYTBIX MAarHUTHBIX JIOBYII-
Kax. HpCIICTaBJ'IeHO PE30HAHCHOC YCJIIOBUE B ClIydyac BSaHMOHeﬁCTBHH HJacTua-MariuTHOC 110J1€. HCCHCHOBaHa 3aBUCH-

MOCTb PajMalbHOTO MOJIOKEHHs PE30HAHCA OT KMHETUYeCKoi sHeprum W u 3Hauenus mapamerpa V| / V' wactumpr.

HpO&HaJ’II/BI/IpOBaHO JBHMIXKCHHUC O-HaCTUIbI BOIM3H PE30HAaHCa HyTéM YHUCJIICHHOI'O UHTCTPUPOBAHU S ypaBHCHI/Iﬁ JABHUXKC-
HUA BEAYLICTO HEHTPA HPU HATUYUU KYJIOHOBCKOT'O pacCesHUsA.

BIIJINB PE3OHAHCIjI/IX SIBUILl HA BTPATU BUCOKOEHEPTETUYHUX YACTUHOK B 3AMKHYTIN
MATHITHIA ITACTII 3 OBEPTAJIBHUM INEPETBOPEHHSIM MATHITHOI'O ITOJISA
10.K. Mockeimina, O.0. Illuwikin

BuBueHO MexaHI3M KepOBaHOIO MMEPEHOCY PE30HAHCHUX 3apsIKCHUX YaCTHHOK B 3aMKHYTHX MarHiTHUX IACTKax.
[IpencraBneHO pe30HAHCHY YMOBY B pasi B3a€EMOJii YaCTHHKa-MarHiTHe moie. J{ochimKeHo 3aJeXHICTh padiaabHOTo

TI0JIOXKEHHS] PE3OHAHCY Bijl KiHeTHuHOT eHeprii /¥ Ta 3nauenns mapamerpa V| / V' wactuuku. TlpoananizoBaHo pyx o.-

YaCTHHKH MOOJM3Yy PE30HAHCY LIIIXOM YHCEIBHOIO IHTEIPYBaHHS pIBHAHb BEAy4Oro LEHTPY 3a HAasBHOCTI
KYJIOHIBCBKOTO PO3CiIOBaHHS.
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