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Abstract

A new method of particle motion control in toroidal magnetic traps with rotational transform using
the estafette of dnft resonances and stochasticity of particle trajectories is proposed. The use of the
word "estafette” here means that the particle passes through a set of resonances in consecutive order
from one to another during its motion The overlapping of adjacent resonances can be moved radially
from the center to the edge of the plasma by switching on the corresponding perturbations in
accordance with a particular rule in time In this way particles (e g cold alpha-particle) can be
removed from the center of the confinement volume to the plasma periphery. For the analytical
treatment of the stochastic behaviour of particle motion the stochastic diffusion coefficients
D, , .D , D, are introduced. The new approach is demonstrated by numerical computations of the

test helium particle trajectories in the toroidal trap Large Helical Device.
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1. Introduction In this paper a new approach is
considered, namely the esrafetfe of resonances

Different tasks in fusion need the control
of particle motion Among them are the
removal of the “cold” alpha particles (helium
ash) from a fusion reactor and in simulation
experiment in modern devices, the conversion
of trapped particles into passing ones to reduce
the neoclassical transport , the screening of the
bulk plasma from impurity ions and others.
There exist different approaches to control the
particle motion and one of them is to apply
magnetic  field perturbations to produce
resonance trajectories - dnft  1slands,
overlapping of the islands and stochastic
trajectories that lead, for example, to the
removal of test particles from the center of the
magnetic configuration to the periphery [1,2].
The dnft island motion - without an
overlapping of resonances is possible [3 -5 ].

for the particle. Here the word estafette (relay
race) is used to describe that the particle passes
through a set of resonances consistently from
one to another during its motiom A new
method of particle motion control in toroidal
magnetic traps with rotational transform using
the estaferre of dnft resonances and
stochasticity of particie trajectories can be
described in the followmng. If there are some
adjacent rational drft surfaces with the dnft
rotational transform ¢ =n/m.f =n'/m’,

" =n"/m", then the magnetic perturbations
with the wave numbers (m.n), (m'.n),
{m’ #i"ycan lead to some families of drift
islands Overlapping of the adjacent resonance
structure is the reason for the stochasticity [6]

of the particle trajectories. If a particle



trajectory  passes through the set of
perturbations this test particle can escape from
the center of the confinement volume to the
periphery.

Overlapping of the adjacent resonances in
the local space within the plasma can be
transferred outward 1n the process of particle
motion by switching on the corresponding
perturbations in accordance with a special rule
in time. In such a way the particle (cold alpha-
particle, for example) can be removed from the
center of the confinement volume into the
periphery of the plasma and the “reverse” task
- the transport of the particles injected from
outside the plasma into the center of the
confinement volume — can be solved.

The mathematical basis of the description
is rather similar to the description of the
nonlinear oscillator (pendulum) with a quasi-
periodic perturbation. In the theory of the
nonlinear oscillator it is possible to describe the
resonance phenomena, the single isolated
resonance (Krylov-Bogolyubov-Mitropol’skiy
method [7 1) and it is stated that the chaotic
states exist in the weakly nonlinear limit. For
the description of the stochastic trajectory
properties the diffusion coefficients D,

D, ; and D, ; are used, where o and B are

the amplitude and phase - slowly changing
variables used in the averaged method of the
nonlinear theory, Kolmogorov-Arnold-Moser
-Mitropol’skiy methods are developed [8].

In this paper, estafetie of resonances is
studied with both analytical methods and
numerical integration of guiding center
equations. The consideration is carried out in
the real geometry - with the use of the
coordmates 7,9, ¢, connected with the

circular axis of the torus. Stochastic diffusion
coefficients D,,, D, ;,D,, are introduced.

These coefficients are useful to evaluate the
deviation of the trajectories in the radial ( » )
and the poloidal angular ( & ) directions after
a large number of rotations (rounds) along the
torus, i1e in the toroidal angular (@)
direction.

They are helpful to evaluate, for example,
the time 7, (r,, ) necessary for the deviation

of the particle trajectory from the initial surface
in the radial (poloidal angular) direction, the
time 7,, necessary for the deviation of the

particle trajectory from the initial surface in a
certain angular space under the given deviation
in the radial direction. This approach can be
used in a divertor flux description and for the
optimization of the divertor configuration.
Stochastic diffusion coefficients for magnetic
field lines were introduced m [9,10 ]. The
concept of braided magnetic lines is very
fruttful to describe the transport of plasma
across destroyed magnetic surfaces [11-14].

In this paper the new physics effect —
estafette of drift resonances of the test particle
(for instance “cold” alpha-particles) in the
toroidal trap with a rotational transform of the
magnetic field - here the Large Helical Device
1s used as an example - and the removal of test
particles from the center of the magnetic
configuration to the periphery is shown by the
numerical integration of guding center
equations. The numerical study is supported by
the analytical development

The method of the esfaferte of resonances
can be applied to other practical physics tasks
and may be considered as a new approach in
the transition to chaotic states [15 ].

The paper is organized as follows. The
main equations are described in Section 2: the
guiding center equations are in the subsection
2.1 and the main magnetic field — in sub
section 2.2 and perturbations of the magnetic
field n subsection 2.3. The analytical treatment
is given in Section 3, where the diffusion type
equation for the drnft surface function is
obtained (subsection 3.1) and stochastic
diffusion  coefficients  are  introduced
(subsection 3.2). Estafette of resonances of the
test particle in a real magnetic configuration
with the numerical integration of particle
guiding center equations is analyzed in
Section 4. Coil system for the producing the
perturbations, the physics mechanisms which
can effect the resonance conditions are
discussed in Section 5. Main conclusions are
given in Section 6.



2. Main Equations
2 I Guiding center equations

For our consideration guiding center equations
are used | 16 ]

ooy B EB
dt “B B
M (2 +1"
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Here ris the radius-vector of the particle, B is
the magnetic field, Eis the electnic field, }

and I
velocities, M and e are mass and charge of

are the parallel and perpendicular

the particle, W is the kinetic energy and 4 is

the magnetic moment of the particle
( —MJVE)
YT

2.2 Main magnetic field

The main magnetic field ( B = V®) is modeled
with the use of the magnetic field potential

(I):B:L[RgoV
R . ;
—-—=>¢, (rla,) sin(nd—mo)+e& rsind]
m Id

(2.2)

where B, is the magnetic field at the circular
axis, R and a, are the major and minor radii

of the helical winding, r,% ¢ are the

coordinates connected with the circular axis of
the torus, r 1s the radial variable, ¢ and ¢ are
the angular variables along the minor and
major circumference of the torus, & increases
in the direction opposite to the main normal of
the circular axis of the torus, metric
coefficients are the following A =1, A, =7,

td

h -~ R+rcosd, m is the number of the

magnetic field periods along the torus, / is the
helical winding pole number The index
nassumes the values =/ /-1, /+1, ¢

are the coefficients of the harmonics of the
magnetic fleld For the resuits presented here
the parameters of the Large Helical Device
[17] are taken /=2, m=10, B, =3T,
R =390 cm, a, =97 5cm; the values of ¢, ,
are taken in such a way that the magnetic
surfaces, the magnetic field modulation along
the force line and other properties coincide
with the results of Ref [ 18 ] For the
configuration with the inward shift of the
magnetic axis the parameters are £,,, =079,

£y, =-0032, &, =-0056, &, =0045

2 3 The perturbation magnetic field

The perturbation magnetic field considered
here is given with the scalar potential

grn np r m, s
®, =B, (—)" sin(m G—n,p+0, . .)
m, a,

(2.3)

The “wave numbers”, amplitude and phase
values of the perturbing magnetic field should
be chosen in accordance with the rational
values of the drift rotational transform of the
resonant particle In the case considered below
these parameters are the following: m =4,

n,=3; &,;,= 0.003, &,
+,=0.007, &
€10 ,=003, 6,,,,=0;

i p K

s =zl2;, m,=5,

n,=4 & cip,=01m, =10, n =9

all explanations can

be found in Section 4.2.
3. Analytical Treatment

3.1 Equation for the Drift Flux Surface
Function

Asis known [19.20 1. particle motion can
be described with the integrals of the equation
system (2 1) and one of them is the function of

the drft surface ¥ (r.3,¢.} .} 1) We



assume that the flux of particle guiding centers
is conserved during the particle motion in
analogy with the magnetic flux. This leads to

V(. 9,00,V 1) = const G.1)

and the total derivative of the drift surface

function is equal to zero

dy" (.2)
dt

-

The equation (3.2) in variables 7.9, ¢ and 17 .
V', takes the form
v ar oY
ét  dt or
av, oy dv ov”
+ + — =
di ¢V, dt é}.

rd$ 3% Rdp ¥
+ +

df a8 dt Reg

(3.3)

After substituting the equations for

dI Tr
ar rd$ Rdg and dr. from equation

dr’ dt’ di dr dt
system (2.1) into (3.3) we obtain
T )

N Bvw ).
&t B
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In our following consideration we assume that

oY =0 and il
ax il

= (. These derivatives are

very important when the transition of a particle
from a trapped one into a passing one is
studied. However they are not so important for
the study of the resonant passing particle in the
narrow range of I” and I, especially, when the

spreading of W = comstcontours due to
magnetic field perturbations is considered

We take here the simplified form of the
magnetic field with the rotational transform

(r’)
1

B, = B,0,—4r"), | (3.5)
R 1+(r/R )cos&J

and for the perturbations
b, (Fla)" sin(mI—-np+d, ),
B, =B;b,,(r/a)" "cos(m&-—nep+5, ),
0
(3.6)
and
b, (ria)"  si(m$-n'p+5,, ), l
B=B,b, (rla)" cosim’ 3 n'p+5, ), ;
0 J
(3.7)

Then the equation for ‘~P . can be reduced to

the following form

ok Vg
S +~\ b TB)V‘P“M +
ot B
s Me o o fB, BB -
2eB” = ’ .
(3.8)
where
B, ..=B,+ B, . (3.9)

We suppose that under the magnetic field
the function ¥, is satisfied with the

Omn s

equation

V
B (BI'J mnvqjﬂ ] n)

T%_(ZV‘ 1 fB, ,, xVBVY,,, =0.

(3.10)
The function ¥,

expression [ 4 ]

J [m rlay - n}df

is described with the

tmn

!lmn

m—1
+Rb,, {LW rcos(m&-—nep+4, ,)-

rcosd.

) MCV( y: )mz(r/a) -
k J= j r/ay
(3.11)



Then under the effect of B we find the change
of ¥, , inthe following way

- | :l{l‘ I "
‘B omelp (3 12)

»
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Ar and A9 are dueto B
Then the equation (3.8) reduces to the
following one
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Here such designations are introduced

~ Voo M

V="-t+ 20+ B VB
B BxvE] G

and

D,, =T,Ar, (3.15)

D, =V rA9+V,Ar,

Dy, EfJAB

3.2. Stochastic Diffusion Coefficients
Stochastic diffusion coeffictents can be
evaluated using
- Iy
Drr:IrrAr-( \ (BnllrrBr+B )Hgﬁ
\B)
D, =V rA9+F,Ar=

D :F,Agzriw-r‘g R +E:\2__;ij
R 9 LBJ Ve 88 97 Ir
(3.16)

It should be noted that the sense of the
diffusion coefficients is the following

p,, =9
Tfr
D, = rorod (317
TrS
ri(88y
Dy, = Al_
Tey

From the expressions (3.17) (after substituting
from (3.16)) we can evaluate, for example, the
time 7, necessary for the deviation of particle
trajectories from the initial surface in the radial
direction, the time 7,, necessary for the

deviation of particle trajectories from the
initial surface in a certain angular space under a
given dewviation in the radial direction and the
time r,, for the deviation of the particle

trajectories in the angular direction

The stochastic diffusion coefficients
obtained are the local charactenstics and
depend on the vanables »,3 We should
remember that these diffusion coefficients
describe the breaking of the separatrix that
separates the m/mislands on the drift surface
with the drift rotational transform ¢ =n/m
from the adjacent resonance m'/n’islands on
the drift surface with ¢ =n'/m’ If we put
the expressions for the magnetic field
components (3.6) and (3.7} in (3 16) we can
see that the stochastic diffusion coefficients
depend on the variables 7.9 .

One possible question can arise, namely, at
which condition the drift islands can overlap
and when the coefficients D, ,,D

¥y r;S"DSS can
be used.

As it is known the maximum transverse
size of the drift island can be descnbed by the

following expression [4]

12
A}- (2Rabn m(,n m /a)m ) (318)
- { mldi/ dr- );

r:rh m

where r,  is the radius of the magnetic surface

m

with «r,  y=n/m and when the adjacent

islands can overlap 1.e when [6]



Arn.m+A’,;,,;
K=———21,(r, . - %.,>0) (3.19)
rn'.m' - r"-’” -

then the stochasticity of the particle trajectory
can occur.

Analytical expressions obtained in this
paper can be used for the optimization of the
magnetic field perturbations (the sets of
“wave” numbers, amphtudes, phases) which
can lead to stochastization of the test particle
trajectories and the preservation of the dnft
surfaces of the bulk plasma particles. Obtaining
such conditions is the subject of future work,

Here 1t is shown that under the
perturbations with the “wave” numbers
(m',n") the separartrix of the (m, #) resonance
is broken and the particle trajectories become
stochastic Thus the particle can wander from
one resonance (initial) to another resonance —
adjacent to the initial one and then this
phenomenon repeats, ihie particle passes step
by step through the set of resonances and can
escape from the center of the confinement
volume to the periphery and vice versa from
the periphery into the center of the
confinement volume. In such a way the
impurity ions (cold alpha-particles, for
instance) can be removed from the magnetic
trap. In the same way, the transport of high
energy particles from the periphery of the
confinement volume into the center can be
realized.

4. Estafette of Resonance and Helium Ion
Removal

In order to perform further investigation
and to demonstrate the main physics effects,
the numerical integration of the guiding center
equation system (2.1) with the use of the main
magnetic field in the form (2.2) and the
magnetic perturbation field (2.3) is carried out.
A fourth order Runge-Kutta method is used
for the numerical integration of the guiding
center equations.

For analysis here the configuration for the
Large Helical Device (LHD) - the most
advanced steady-state helical device which is
under successful operation at the National

Institute for Fusion Science (Toki, Japan) — is
chosen The possibility of the experimental
study of cold alpha-particles on LHD
(simulation experiment} has already been
discussed [21].

4.1 Test Particle

Helium ions (,He®) with the energy
W =100 keV and starting pitch V, /}V = 09

are taken as the test particles Starting point
coordinates are 7,=3, 7, 11, 15, 19 cm,
at,=0 and @,=0. Here r,, 4, and ¢, are the
coordinates of the starting (launching) points
of the particies. The starting points in the
Figures below are designated with the large
crosses. It should be noted that there is a
difference between the radial coordinates of
the launching points (which are referenced
from the circular axis of the torus) and the
averaged radii of the drift surfaces because the
drift surface axis shifts relative to the position
of the circular axis of the torus.

4 2 Drift Surfaces without Perturbations

The so-called Inward Shift configuration is
taken where the magnetic axis is shifted
toward the torus center and the rotational
transform  varies from #{0)~06 till

Ha,)=1.0. Thus rational values of

Hr*/a’)such as 0.75, 0.8, 0.9.1.0 can be

used. Among the rational values of the drift
rotational transform angle the following set is
chosen «7°/a’y~ 0.75, 6.8, 0.9,1.0 (Fig.1)
and the corresponding magnetic field
perturbations can be introduced. Below in
subsection 5.1, where the coil system for
producing the perturbations is discussed, there
is an explanation for why namely these
resonances are used here.



4.3 Drift Surfaces with Perturbations
431 Splitiing of Resonant Surfaces

Al perturbations  agct  (switched __on)
simultaneously

Under the set of perturbations m =4, n =3,
= 0003, &,,,=x/2, m,= 5 n =4

=

=7/2, m,=9 n, =10

54 ip
£.,,70007, &.,,
w,= 003, &

£, ,=0.00, &

SSop

=0; m = 5 n_ =5

£ » . H,=D,

Tl0 p
=0, - some families of dnft
istands in the vertical cross-section {(meridional

cross-section of torus) appear (Fig 2). For the
drift surfaces with the drift rotational transform
angle:s” =3/4 four drift islands take place, for
{'=4/5 five drft islands appear, the surface
with {7 =9/10 does not split but is corrugated
and one island appears instead at the dnft
surface with ¢ =1/1 It should be noted that
the amplitude of the perturbation with m =5,

n,=5 is equal to zero The one island at

1" =1/1 is the result of the interaction of all
magnetic field harmonics.

4 3.2 Stochasticity of Drift Trajectories

Perwrbations swilched on _in__the strict
sequence

This is the most interesting effect. The
perturbations are switched on in a strict
sequence as is shown in Fig 3a. The amplitudes
of the perturbations with m = 5. »_ =4 and

m,=9, n,=10 are 1.4 times larger than in Fig

2 Another very important fact is that the
perturbation with m,/n, =5/4 is switched

on at the moment of time when the radial
deviation of the test particle is the largest
Therefore the test particle starting at the point
with 7, =7 cm, &, =00, ¢, =0.0 can move

from the imitial magnetic surface to the
following magnetic surfaces, i.e. from the
center of the confinement volume to the
periphery. This is seen in Figure 3b. The radial
variable of the particle trajectory increases in
time and achieves a value at the periphery

(marked by a “cross”) of the confinement
volume (Fig 3c¢) where it may be removed by
mechanical means It is possible to mark out
the interval of time when the particle 15 n
resonance with the m,in, =473

perturbation. then the interval of time when the
particle is in resonance with the m  /n =5/4

perturbation and finally the time when it leaves
the plasma Stochasticity of the trajectories
with different but rather close starting points
and their reciprocal penetration 1s shown on
Fig.4a. The dependence of the radial vanable
on the angular vanable (Fig 4b) demonstrates
the diffusive character of the trajectory. We
would like to emphasize that in Fig 3¢ and
Fig 4b the footprints of the full trajectory are
gathered together while in Fig. 4a (and kug. 1,
2b, 3b) only the footprints from the “same
name” vertical cross-sections are taken into
account. To observe the stochastization of the
particle trajectory is more convenient to use
the vertical cross-sections of the dnft surfaces
while to evaluate the maximum deviation of
the radial variable and the deviation of the
angular vanable of the particle it 1s necessary
to use the full particle trajectory

We have considered here two cases.

In the first case the perturbations are
switched on simultaneously but they have the
small amplitudes and do not lead to
stochastization of the trajectory. The dnft
islands are present but they are not overlapped.
The deviation of the particle from the initial
surface is the island width size

In the second case the perturbations with
the larger amplitudes are switched on
consequetively in time The test particle
escapes from the confinement volume
foliowing the resonances consequetively, one
after another as is expected in accordance with
the estafeite of resonances. The second case 1s
preferable because the “cold” alpha-particle
escapes and the drift surfaces of the bulk
plasma ions and electrons are not destroyed If
these perturbations (with larger amplitudes)
are switched on at the same moment of time
(all of them from the beginning) the particle
escapes from the confinement volume earlier
but destruction of drift surfaces of other



particles, particularly bulk plasma ions takes
place.

One practical question is how the
switching times of perturbation modes are
chosen. Here we follow the particle trajectories
and fix the time when the trajectory deviation
in the radial direction (variable r) achieves the
maximum  value under the resonance

" =n,/m, Then the perturbation with the

following set of “wave”  numbers

(# ,.m ,)satisfying the resonance condition
£=n,/ m,, 1s switched on and this process

should continue.
4.3.3. Selectivity of Stochastic Transport

One important question is why the bulk
plasma ions and electrons do not escape while
the helium ion leaves the confinements volume
First of all below we describe the examples of
the trajectories of the bulk plasma ion and
electrons starting at the same launching point
(inttial point) as the helium ion. Then we
summarize the computation results for all
launching points taken here (Fig.5)

Bulk plasma_ions motion

If a deuterium ion with energy W =7 keV (the
possible thermal energy of the bulk ion plasma
in the device considered) starts at the point
where its trajectory drift rotational transform
¢ =4/5 then this particle forms 5 islands in the
vertical cross-section instead of 4 islands as in
the case of the helium ion with 7 = 100 keV.
The trajectory of the particle with energy
W =7 keV is not stochastic, the islands are not
destroyed.

Bulk plasma electron _motion

Electrons with the energy W =7 keV starting
at the same point have the drift rotational
transform ¢ =0.836 (computational value).
Their drift surface have some corrugation but
are not stochastic.

The computational drift angle of the bulk
plasma electron and ion is different from the
computational drift angle of helium ion (Fig.5).
That 1s why the bulk particles are not involved
in the process of esiafetie of resonances and do
not escape from the confinement volume.

4.3.4 Fraction of Helium Particles Involved in
Stochastic Transport (Statistics)

Helium ions with energy W =100 keV |,
starting pitch V7, /1= 0.9 and with starting
points as shown in Fig 6 (open circles) come
to the periphery of the confinement volume
(closed circles). These points are chosen in
such a way that they gather in the upper part of
the confinement volume. These particles can be
collected and removed by mechanical means.
The footprints of particies are shown on the
background of the drift surfaces from Fig.2b.
The time for escape of the test particles is
approximately the same and is equal to 1x10~°
.

5. Discussion

51 Coil  system for producing the
perturbations

There exist some practical ways to
produce the perturbations and create the
conditions for diverting the plasma with the
use of stochasticity , for example [22-29]. For
the purpose of the estafetfe of resonances a
system like the one described in [22-24] can be
used. The number of coils AN should be
proportional to the product of m, for the set

of perturbing harmonics, more exactly to the
least common multiple of the numbers in the
denominator of the rational values. Here a set
of perturbations is used which corresponds to
the following rational values:3/4, 4/5, 9/10,1/1
Of course, there exist other resonances, such
as 2/3, 5/6, 6/7, 7/8, 8/9 etc. However only
several main resonances, namely 3/4, 4/5, 9/10
1/1 are used in this study. The reason is that
the product of the numbers which are in the
denominator of the rational values should
determine the number of the current ring coils
which can produce the magnetic field
perturbations with the corresponding set of
“wave” numbers. It is desirable that the
number of the coils, N . would be not too
large.



It is possible to use a more internal
resonance such as dnft surface with
;" =2/3and magnetic perturbation with
m,/n, =3/2 In this case the family of 3

islands appear in the meridional cross-section.
The dimensions of other islands and resonant
surfaces changes too

52 Effect of other physics mechanisms

The electric field does not affect the
resonance condition for high energy particle
(“cold” alpha-particles) strongly Stochasticity
takes place if an electric field with
e /W =+ 01 is present
The effect of scattering on the resonance
studied in [ 30, 31) has shown that there exist
the conditions when the resonances are not
broken

53. Other possibilities to use the descrnibed
mechanism

The physical mechanism described here
can be applied to solve the “reverse” task- the
transport of particles injected from outside the
plasma into the center of the confinement
volume In such a way it is possible to nject
fueling particles if it is necessary

5 4. About the onset of the chaotic motion n
deterministic Hamiltonian systems

As it is known (see for example [9, 10, 15.
33-35]) the chaotic motion can be the property
of many dimensional dynamic systems (with
many degrees of freedom) and “low number -
dimensional dynamics system (with a small
number degrees of freedom) also. The
trajectory of the particle motion belongs to
“low number “dimensional systems Such a
system also can experience Sstochastization
This is a very important issue. The particle
trajectory is described by the equation of the
non linear oscillator. In the case of the estafetre
of resonances guiding center equations can be
reduced to the non linear oscillator under quasi
periodic perturbation. Analysis of the oscillator
equation in phase space is a commonly known

tool of study However practical tasks and
many apphications need the analysis in real
geometry space Overlapping of resonances of
particle trajectories can lead to stochasticity in
the real space It can be seen on stellarators.
That is why the description of these effects
should be done in real space coordinates. Such
analytical description is given in this paper in
section 3 and numerical demonstration 1is
presented m Section 4

5.5 Possible scenario of the estaferie
resonances application

Here we assume that the helium ions with
a certain energy and the parallel velocity are at
a certain location in the center of the
confinement volume and we demonstrate one
way to remove them from the center of the
confinement volume to the outside with no
deterioration of the plasma ion confinement.
Another possible scenario can be the
following: if the ions which should be removed
are observed at a certain place and their energy
and parallel velocity are determined then their
drift rotational transform angle should be
calculated, the set of mode numbers of the
externally applied magnetic field perturbations
are chosen and after the switching on the
corresponding perturbations the particles can
be removed.

6. Conclusions

The principal possibility of the new
physics mechanism - estaferte of resonances is
shown here

1 Estafeite of drift resonances can be used for
the removal of a test particle, particularly
helium ash, when the perturbing magnetic
fields are externally applied For this purpose
in the case of particle trajectories with the drift
rotational  transform ¢ =#n,/m,  the
perturbing magnetic field with wave numbers

m,.n, leads to drift island formation. If the

adjacent drift islands overlap the particle
trajectories become stochastic A particle



passes through a set of adjacent resonances
and can leave the confinement volume.

2. This mechanism to remove the ash from the
confinement volume or to control the particle
motion inside the confinement volume is
selective relative to the energy. The bulk
plasma ions do not experience the
stochastisation of their trajectories and do not
escape the plasma.

3. The efliciency of this approach is evaluated
(partly) from the statistics. For each case a
concrete scenario as described above and
appiied to this mechanism should be deveioped

4. Perturbing magnetic fields can be produced
by a system of coils with specific currents. The
system of coils is not so complicated and can
be similar to the coils of the local island
divertor. The effectiveness of the method
proposed here will be studied in a future work.
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Figure Captions

Fig.1. Cross-sections of the drift surfaces of
helium ions with the energy W =100 keV,
V., /V =09 with the starting point coordinates
n=3, 7.1, 11, 159, 19 cm, 4,=0 and ¢, =0
without perturbations; time of the observation

12

=1.22x107"

except 7, = 19cm where 7

s for all starting points
=2.44x107 s

abs‘en

obsery

Fig. 2. Amplitudes of the perturbations (a) and
cross-sections of the drift surfaces of the
helum ions with the energy W =100 keV,
V., /V =09 with the starting point coordinates

7,=3,7, 11,15, 19 cm, ,=0 and ¢,=0 under

the set of perturbations indicated in Section
432 (b). The time of the observation is

obser\ 1 22)( }0
Fig. 3. Amplitudes of perturbations in
dependence on time (a), diffusion of the drift

surface of the test hehum 1on with the starting
point 7,=7 cm, (b), radial variable of the test
particle trajectory in dependence on time (c);
the time of observationis 7, =1 5x10 " s

obsen

rig. 4. Diffusion of two drift surfaces for the
test helium ions with the starting points 7 =7

cm (dots) and 7,=I1 cm (crosses) (a), “angle
versus tadius” of the test helium ion trajectory
(with  the starting point 7,=7 cm)
demonstrating the diffusion in
poloidal angle” space.

“radius—

Fig.5. Computational drift transform angle :°
versus the launching point radial coordinate 7,

(8,=0, @,=0) for helium with
W=100keV, V,/V =09, electron and
deuterium ion with W =7keV, V, /V=09
and ¥, =0.6

Y /

ion

Fig.6. Statistics for the removal of helium ions
with W =100 keV, 7 /77=0.9 . Starting points

are denoted with open circles and the points of
maximum distance in the Z direction are
denoted with closed circles.
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