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The resonance condition for “particle — magnetic field perturbation” interaction is obtained under the solving of
the drift kinetic equation. The resonance phenomenon in the particle motion in dependence on the radial position in
the vertical cross-section of torus is studied. Both numerical and the analytical treatment for the cold a-particles mo-
tion near resonant condition in toroidal magnetic trap are presented.
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1. MOTIVATION

The resonant interaction between the particle motion
and magnetic field perturbations is being studied inten-
sively experimentally and theoretically [1-5]. The most
reason of such interest to this problem is connected with
the physics essence of these phenomena and that it is
proposed that the “particle — magnetic field perturba-
tion” causes the prompt losses of the particles from the
magnetic confinement volume. The periodic increase of
the outward particle fluxes is observed in experiments
on tokamaks (JET) [3] and torsatrons/heliotrons (Large
Helical Device) [4]. The problem of the resonant inter-
action right now does not give the answer on the many
questions concerning the connection between the ampli-
tudes, phases and frequencies of the observed magnetic
field perturbations and particle fluxes. Especially impor-
tant this interaction can be the reason of losses of the
fusion products in the modern fusion devices and future
reactors. The model of the magnetic field is chosen as to
describe the magnetic field with the rotational transform
of the magnetic field lines as it takes place in tokamaks
(Section 2.1). That is why we consider here the reso-
nance condition of the particle-magnetic field interac-
tion analytically (Section 2.3) and we analyze the satis-
faction the resonance phenomena on the cross-section
radial position (Section 2.4). The particle motion under
and near resonance condition is demonstrated numeri-
cally with the solving of the guiding centre equations
(Section 3). Here also the analytical treatment of the
resonance condition is given. Principal conclusions are
presented in Section 4.

2. RESONANCE CONDITION IN TOROIDAL
CONFIGURATION WITH THE
ROTATIONAL TRANSFORM

2.1. MAGNETIC FIELD MODEL

The coordinates used in the present calculation are
the quasi-toroidal coordinates (r,S, (o), connected with
the circular axis of torus (Fig.1), ris the radial variable,
a is the minor radius, Ris the major radius of the to-
rus, J is the poloidal angle counted from the direction
opposite to the principal normal to circular axis of torus,
@ is the toroidal angle.

Fig. 1. Quasi-toroidal coordinates
The main magnetic field is introduced in the follow-

ing form
B=Sofolo L (2) 1L, M
R R,
where
R=R,+rcos$. )
The rotational transform is taken as it is described
for tokamak JET
2
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To find the resonance the additional magnetic field
perturbation in the following form is added

B.R p m—1
B, =Y %bm,n’w(—J sin(m3—np+at), (4,2)
a

m,n,o

B.R , m—1
539 = z %bm,n,w(;J COS(m'g_ngo-i_wt)’ (4’b)

m,n,m
5B¢ = 0 . (430)
Here p is the perturbation field amplitude, m and

n are the wave number, o is the frequency of the pertur-
bation field.

Magnetic field structure of this type is observed in
the experiment [4].

2.2. ELECTRICAL FIELD MODEL
The ambipolar electrical field is introduced in the

following form
do
E=E, {—E,o,o}a )
dr

20\Pe
O, = q)EO[l - (7”) J ’ ©
a

where
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The electric field corresponding to the assumed ra-
dial dependence (Fig.2) has the characteristic feature of
the electric field observed experimentally.
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Fig.2. Electric field as the function of the radial variable
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2.3. ANALYTICAL FORM OF RESONANCE
CONDITION

We obtain the resonance condition under the solving
of the drift kinetic equation [7-8] The usual drift kinetic
equation for a guiding center distribution function f
(E,pr), where E is the particle kinetic energy, p is the
magnetic moment and r is a guiding center coordinates
has the form [6]

drg'c‘g_kﬂz_i_diui 6f =0
dt or dt oy, dt ov?

Further we shall consider only the dependence of the
distribution function of the spatial variables. Assuming
that the solution of this equation can be found
as f = £+ f', where f° satisfies the equation

0
A ®)
or
dr,

—¢<¢ and f°= fo(y/*) is the function of
dt

the drift surfaces
2
v :I(U;I_CE,g/a)]d[rj_(rcosg v J, )
) a R 2ao,

where @, is the cyclotron frequency. The equation

(M

where V.=

w" = const describes the cross-sections of the drift sur-
faces. The expression for " is determined with the ac-
curacy linear relatively /R, .

In the first order on r/R,, :

Distribution function correction we can find in the
following form:

f'=A4 cos((m-1)%—nep+aot)+

, (1D
+A‘ cos(m8—ne+ wr)
where
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The analytical expression for A in the denominator
of (12) after the transformation takes the form

2 2
2W I—U—‘ B
M(aw,) v’
A=Wm(m—l) : rv(z—nj—ROUDE y ,(14)
2M av m a v
x ru(l_”j_RoUDE
av m—1 a v

where Upp =CE, / B, is the electric drift velocity. The

equation A=0 gives us the resonance condition. The
resonance condition is obtained under the assumption
that @ = 0.

2.4. DEPENDENCE OF RESONANCE
CONDITION ON THE VARIOUS PARAMETERS

The analysis of the resonance condition is presented
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Fig.3. Resonance condition versus the radial variable in the cases E. =0and E +0 (a), V,/V=0.6 and
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As we see from the plots on Fig.3 under the ambipolar
electric field the resonance shifts to the larger radial
variable (Fig.3,a). The resonance condition takes place
at two values of the radial positions (there exist two
roots) under the perturbations with “wave” numbers
m =3, n=1. Position of the resonance weakly depends
on the energy particle in the  range
10keV < W <1000 keV (Fig.3,b) and almost does not

depend on the pitch-velocity /U under the fixed
value of the energy W .
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Fig.4. Rotational transform and the rational values as
the function of the radial variable

The rotational transform can accept the rational values
as it is shown on Fig.3. Here the azimuthal numbers
n,m=1,..10. If the higher numbers are taken into ac-
count the resonance map will be more dense. Under the
high shear and dense spectrum of the magnetic field
harmonics the overlapping of the adjacent resonances
can take place.

The drift transform angle of the particle can be ex-
pressed through the rotational transform in the follow-

ing way
B_RI:CE»‘ _pLULaB}
i y or

I =1
BJ{CEr _pL%aB}
Y y or

(15)

v . .
where p, =—=% . In the process of the ion motion the
1)

(&
parallel velocity v varies relatively to the total velocity

v and the position of the resonance can be changed.
Drift transform (rotational transform of the particle tra-
jectories) curves are not shown on this plot but we dem-
onstrate their properties in the particle motion below.
The numerical integration of the particle motion equa-
tions demonstrates the resonance condition mechanism
and the escape of the resonance particle outward the
magnetic confinement volume. The negative electric
field deteriorates the ion confinement.
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3. FUSION PRODUCTS SIMULATION NEAR
THE RESONANCE WITH THE MAGNETIC
FIELD PERTURBATION

3.1. BASIC EQUATIONS

Guiding centre equation is used in the standard form

[6]
=0 E+L[ExB]

Vv

(16,2)
meyy mev;
Bx(BV)B BxV |B||,
+ o LB BY)B] e BV IB]
P, = (¢E ~ 1iV|B))h , where :%, (16.)
au _. (16,c)

dt
Here E is the electric field, B is the magnetic

field, V),V are the parallel and transverse (relatively

the direction of the magnetic field) particle velocities.
The first term in (16,a) describes the motion along the
magnetic field line, the second term describes the elec-
tric drift, the third one — the centrifugal drift and the
forth one — the drift in the inhomogeneous magnetic
field.

3.2. GUIDING CENTER TRAJECTORIES

We simulate the fusion production motion in Joint
European Torus (JET), EURATOM, Great Britain. The
subject of our study is the features of the particle motion
the near the resonance structures of the magnetic con-
figuration and the resonance processes in the trajectories
and the stochastization of the drift trajectories.

Below there are presented the most characteristic
examples of the fusion product behavior. Under the
magnetic field perturbations with the “wave” numbers
m=3,n=1 the drift surfaces experience the splitting

and the chains of the drifts islands occur (Fig.5). These
resonances take place when the electric field in the form
(5) is taken into account. The electric field reflects the
fact that the ions escape from the confinement volume
through the each magnetic surface faster than electrons.
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Fig.5. Chains of the drift islands of the & -particles with
the energy W=100 keW and V|/V=0.9 on the background
of the near-rational unperturbed magnetic surfaces



The drift islands are shown on the background of the
unperturbed magnetic surfaces with the near-rational
values of the rotational transform. The drift islands with
the rational values of the drift rotational transform are
displaced relatively to the magnetic surfaces with the
same values of the rotational transform.
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Fig.6. The drift islands with the drift transform (=13
in the vertical (a) and horizontal (b) cross-sections
of the torus

The splitting of the drift surface with ;" =1/3 on the
3 islands , which is seen on Fig.6,a,b, is accompanied
with the splitting of adjacent drift resonances with

(" =3/15 on the 5 islands. On the Fig.6,b there is
shown the horizontal projection of the resonant trajec-
tory and the vacuum chamber. The particle rounds the
major circumference of the torus 7669 times and 2464
times around the minor circumference. The time of the
particle motion in this simulation is 80 milliseconds.

Separately we consider the particles, which satisfy
the resonance condition (14). The footprints of the par-
ticle trajectories (in the guiding center approach) fill
some radial layer with the “white” gaps. The reason of
this behavior is that chosen particle (a-particle with the
energy W =100 keV) is the resonant particle. As we
see from the plot on Fig.7,a, near the drift island with
1=1/3 there takes place the overlapping of the adjacent
resonances and the stochastic layer occurs. From Fig.7,b
we see that this test particle during the period since the
starting point till the time approximately 6.0 msec in the
resonance interaction with the perturbing field. We
mean that the equation A =0 is satisfied. After that time
the particle escapes from the resonance condition A =0
(Fig.7,b) and deviates at some larger distance from the
initial surface.
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Fig.7. The projection of the resonant particle on the
vertical cross-section of the torus (a) and the accompanied
value of the resonance condition as the function of time (b)
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Fig.8. Radial position of the a-particles with the energy
W=10 and 100 keV as the function of the time (a)
and the resonance satisfaction for these particle during
this motion (b)
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The radial variable of the particle increases (Fig.8,a).
Under the same conditions a-particle with the energy
W =10 keV moves quite differently: this particle does
not deviate from the initial surface so far (Fig.8,a
“black” curve) and does not satisfy the resonance condi-
tion (Fig.8,b “black™ curve).

We see from the plots on Fig.7 and 8 that the higher
energy a-particles escape from the confinement volume
faster than the a-particle with the smaller energy, for

example W =10 keV and main plasma ions because
their deviation in the stochastic layer accumulates and

the a particle with W = 100 keV starting from the posi-
tion r =108 cm comes to some position on the wall
(r =120 cm) for the time near 1 msec.

4. SUMMARY AND DISCUSSIONS

1. One of the mechanisms effective for the removal
of cold a-particles outward from the confinement vol-
ume is the resonant interaction of the particle with the
perturbing magnetic field. The resonance condition is

based on the equality {=n/ m, where n,m are the

* . . .
“wave” numbers and 7 is the drift rotational transform

(drift trajectory twisting). The condition {=n/m is
satisfied on the different values of the radius. If the
resonance conditions take place at the plasma periphery
the removal of the cold a-particles is noticeable.

2. The obtained results can be used for the analysis
of the experiments on the tokamak JET and torsatron
Large Helical Device (LHD). The fluxes of the particles
observed near the plasma boundary can be identified
with the periodical high energy particle losses occurring
on JET and LHD.

3. The characteristic time of the studied processes is
of order 1...10 milliseconds. Coulomb scattering can
effect on the resonance condition [9] however the real
time of this effect and MHD activity (order is 1 sec-

onds) larger than the considered here time of particle
motion.
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PE30OHAHCHOE B3AUMO/JIEHCTBUE INPOAYKTOB CUHTE3A C BO3BMYIIEHUSMHU
MATHHUTHOI'O ITOJISI B TOPONJAJTBHOU MATHUTHOU JIOBYHIKE C BPAIIIATEJIBHBIM
ITPEOBPA3OBAHHUEM

I0.K. Mockeumuna, A.A. IHlluwkun

[pu pemennn npeiioBOro KHHETHYECKOTO YPaBHEHHMS IOJyYEHO PE30HAHCHOE YCIOBHE JJISI B3aUMOACHCTBUS
«4acTHIa — BO3MYILNAIOIIEE MArHUTHOE Iojie». V3ydeHBl pE30HAHCHBIE SIBICHHS B JABIKEHHHM YacTHLBI B
3aBUCHMOCTH OT paJHaIbHOTO TIOJIOXKCHUSI B BEPTHKAIBHOM CEYCHHH TOpa. UWCIEHHBIM HHTErPHPOBAHHEM
YpaBHEGHUH [BIDKCHUSI TIOJNyYEHBI TPAEKTOPUH PE30HAHCHBIX «XOJOAHBIX» O-YacTHIl W JaHa AaHAINTHICCKAs
TPaKTOBKA MOJYYEHHBIX PE3yJIbTATOB.

PE3OHAHCHA B3AEMO/JIS ITPOAYKTIB CUHTE3Y 31 35YPEHHSAM MATHITHOTI'O ITOJISA
Y TOPOIJAJBHIN MATHITHIN MACTIII 3 OBEPTAJIBHUM NEPETBOPEHHSIM
I0.K. Mockeimina, O.0. HHluwukin

[Tpn po3B’si3Ky npei(OBOro KIHETUYHOTO PIBHSIHHS OTpPUMaHa PE30HAHCHA yMOBA ISl B3a€MOJIl «4acTUHKA —
30yproBajJbHE MarHiTHe moJjie». JlocmipkeHi pe30HaHCHI SIBUIIA Y PYCl YaCTHMHKU B 3aJIEKHOCTI Bij pajialbHOTO
TIOJIOKEHHS B BEPTHKAJIBHOMY Hepepisi Topy. UucenbHUM IHTETpYyBaHHSIM PIiBHSHb pyXy OTPUMaHO TPA€KTOPii
PE30HAHCHUX «XOJIOAHUX» (-4aCTHHOK i IIPEJCTABICHO aHAIITHYHE TPAKTyBaHH OTPUMAaHUX PE3yJIbTATIB.
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