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The plasma observed in modern fusion devices is very often characterized by strongly non Maxwellian
distribution function. That is the direct result of inevitable application of plasma heating techniques, such as neutral
beam injection (NBI) and ion/electron cyclotron resonance frequency (ICRF/ECRF) heating, which induce the non
Maxwellian fast ions. Another cause of transfer from Maxwellian to non Maxwellian is the reconnection of
magnetic field lines followed by formation of magnetic resonant structures like magnetic islands and stochastic
layers. One of the basic approaches used to simulate fusion plasma is test particle approach based on a solution of
the equations of test particle motion. To make this approach more comprehensive one should take care of plasma
particle interactions, i.e. Coulomb collisions in non Maxwellian environment. In present paper the expressions for
the discretized collision operator of a general Monte Carlo equivalent form in terms of expectation values and
standard deviation for an arbitrary non Maxwellian bulk distribution function are derived. The modification of
transport coefficients of impurity ions caused by the transition from the background Maxwellian to non Maxwellian
plasma is studied by means of this discretized collision operator. On this purpose, the set of monoenergetic neon test
impurities is followed in a toroidal plasma consisting of bulk deuterons and electrons. The non Maxwellian
distribution of the bulk is obtained by adding a fraction of energetic particles of the same species. It is demonstrated
that a change of collision frequencies of impurities takes place in presence of this energetic fraction leading to a
change of impurity neoclassical transport regime.

PACS: 52.20.Dq, 52.25.Xz, 52.55.Pi, 52.65.Cc, 52.65.Pp

INTRODUCTION

In modern studies the plasma observed in fusion
devices like Tokamak and Stellarator is very often
characterized by strongly non-Maxwellian distribution.
The transition from Maxwellian to non-Maxwellian
distribution is caused by the reconnection of the
magnetic field lines. Another reason for the transition is
the plasma heating by means of neutral beam injection
(NBI) and ion/electron cyclotron resonance frequency
(ICRF/ECRF) heating that induce the non-Maxwellian
fast ions, which interact with bulk and thermal ions.
This  phenomenon  significantly — modifies  the
characteristics of plasma in general that is clearly
demonstrated on Tokamak JET [1, 2]. At present time
the variety of numerical techniques to simulate the
transition from Maxwellian to non-Maxwellian
distribution is developed [3-5]. At the same time in
order to get the comprehensive description of plasma
dynamics one should take care of plasma particles
interaction, i.e. Coulomb collisions in Maxwellian/non-
Maxwellian environment.  The crucial point is the
fact that the approach to describe the non-Maxwellian
plasma relaxation through collisions should be
introduced. That could be done via discretized collision
operator developed for the test particle tracing approach.
This operator was introduced in the paper [6] for the
pitch-angle scattering and the energy slowing down and
scattering. Later it was extended to different plasma
species [7], and its validity to trace heavy impurities in
fusion plasmas was shown in [8]. The significant
constraint put in this operator is the isotropic
Maxwellian distribution of the background plasmas.

In this paper the applicability of the discretized
collision operator to non-Maxwellian plasma is
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extended. Starting from the Fokker-Planck collision
operator, which includes Rosenbluth potentials, we
derive new expressions for the discretized operator of a
general Monte Carlo equivalent form in terms of
expectation value and standard deviation including an
arbitrary shape of distribution function for bulk plasma.

The modification of transport coefficients of
impurity ions caused by the transition from the
background plasma Maxwellian to non Maxwellian
distribution functions is studied by means of test particle
approach. For this purpose, the set of monoenergetic
neon test impurities are followed in a toroidal plasma
consisting of deuterons and electrons. The collisional
interaction of impurities with main plasma is modeled
by a discritized collision operator derived for an
arbitrary distribution functions. The non Maxwellian
distribution is obtained by adding a fraction of energetic
particles of the same species as plasma. It is
demonstrated that a change of collision frequencies of
impurities takes place in presence of this energetic
fraction of particles leading to a change of impurity
neoclassical transport regime.

1. TEST PARTICLE APPROACH

A test particle approach is an idealized model of an
object whose physical properties are considered to be
negligible except of those sufficient to impact the rest of
the system. Concerning plasma physics, in simulations
with electromagnetic fields and Coulomb collisions the
most important characteristics of a test particle become
its electric charge and its mass. As to the fusion
magnetized plasma, in order to describe test particle
motion [9] one could integrate Newton’s equation with
the Lorentz force to trace the exact particle trajectory
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where m_ is the test particle mass, z_e is its charge, E

and B are the electric field vector and magnetic
induction respectively. On the other hand, the guiding
center equation of the form
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could be used to calculate guiding center trajectory [10]
in the assumption that the Larmor radius is small
comparing to the characteristic lengths of the
inhomogeneity of the background plasma. Here v, and

f[[erotB]xB],

v, are the parallel and perpendicular components of
test particle velocity with respect to the magnetic field
line direction. The equation (2) should be backed with
the particle energy conservation low
W= ma(Vi +V\|2)/2+Za e®d =const and conservation of
perpendicular invariant of motion ,,=v?2 /B =const. TO
complete the test particle motion description, the
Coulomb collisions should be included. The idea is that
each integration time step the particle suffers a number
of collisions that leads to modification of kinetic energy
and additional modification of velocity vector direction.
This effect could be described by discretized collision
operator acting on the test particle after each integration
step.

2. DISCRETIZED COLLISION OPERATOR

The Fokker-Planck collision operator acting on
distribution function f,(v) of an arbitrary test particle

species (a) under the assumption of isotropy for the
distribution function f (v') of background plasma

species (b) could be rewritten as follows

d fa =v, (V) LC +\j'a|:v3( ma
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operator, L*® =InA(4z2,z,e’/m,) is function of
Coulomb logarithm In A , charge numbers z_ and z ,

and the massm,. v,=L"/v(l+m,/m,)op,/oV,
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frequencies respectively. The Rosenbluth potentials
_ 1 1 ' 3., _ 1 ' 3y,
‘/’b—_g,[afb(v)d v V/b——aIUfb(V)d Vi (4)

are functions of the relative velocity of particles
u=|v—v/ and distribution function f,.

The Monte Carlo equivalent of the collision operator
of the general form expressed in terms of time
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derivative of expectation values and the square of the
standard deviation reads

F, =F, +d(F)/dt Ar+\/{do? /dt)ar, ®)

where Az is integration time step and function F could
be replaced either by the kinetic energy of test particle
K =m,v?/2 or by its pitch angle A=V, /v The sign +
is to be chosen randomly but with the equal probability
[6]. By definition, the expectation value is
<F>:'|.F f, dF, and its time derivative reads as
@:.[Fﬂdpﬂ‘f didF, where the second
dt dt ® ot
term vanishes due to the fact of constant random
variable values. Then the time derivative of square of

2 d(F* d(F
dog _ < >—2<F > < > .
dt dt dt
Taking into account the derivative d f,/dt of the form

standard deviation becomes

(3) the analytical treatment under assumption of an
arbitrary isotropic distribution function leads us to
general expression for the energy slowing down and
scattering operator

m
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Now we are out of the possibility to derive the
analytical form for the collision operator basing on
arbitrary distribution function for the background
plasma particles. Nevertheless, we can integrate
numerically the expression (6) for any shape of bulk
distribution and are able to study some special cases of
the background plasma distribution function f, .

3. PLASMA DISTRIBUTION FUNCTION
AND COLLISION FREQUENCIES

For the simulation we choose the simple
TOKAMAK toroidal field model with the major radius
Ry=300 cm, the minor radius r,;=130 cm and on-axis
magnetic field B;=3 T. The model plasma profiles are
displayed in Fig. 1. We consider two plasma distribution
functions: one is pure Maxwellian distribution and the
other is Maxwellian together with the energetic particle
fraction presented as

W)= at)e 7 e

where v, = /2'|'i/mp (Fig. 2).

Both distribution functions are isotropic in velocity
space. In the case of neon ions colliding with the pure
Maxwellian plasma we can easily estimate the values of
the deflection frequency relying upon the chosen plasma
profiles. The values of for 1 and 50 keV neon ions are
plotted versus the minor radius on Fig. 3.

If we “inject” in plasma the energetic deuterium
fraction with the mean velocity V related to the energy
3keV and temperature 100eV we observe the
modification of collision frequencies [11]. The variation
of due to different energetic fraction density values n,,
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which vary from 2% up to 10 % of initial plasma
density n1, is presented on Fig. 4.
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Fig. 1. Model profiles for the plasma consisting of 4. IMPURITY DIFFUSION COEFFICIENTS

deuterons and electrons

The mean values of running monoenergetic
diffusion coefficients of neon impurities are plotted on

— = Maxwellian Figs. 5a and 5b. In case of Maxwellian plasma the
o collision  frequencies  very in  the ranges
Maxwellian with
energetic fraction 5350<Vd1 <7390 and 70<le <110 for 1 and
% 50 keV neon ions respectively (see Fig.3). These
2. collision rates are pointed in Figs. 5a, 5,b with dark
@ yellow ovals. For the non Maxwellian distribution we
§ still stay within the same neoclassical transport model
jf. but with modified collision frequencies, which increase
following the increase of the fraction of energetic
particles (see Fig. 4). This modification leads to a shift
between different neoclassical transport regimes. On
Fig. 5a with the red arrow the shift of regime for 1 keV
0,00 1,10x10° neon impurities in the plasma with 2 % density of
V. emvsec energetic fraction is shown. Further increasing of
Fig. 2. Background deuterium distribution functions. density n, leads to the more significant shift towards
Maxwellian and Maxwellian with the energetic high rates of Pfirsch-Schliiter regime. The same
deuterium fraction tendency is observed for the neon impurities with the
energy 50 keV (see Fig. 5b).
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Fig. 3. Collision frequencies of neon impurity with the Var’ sec

energies 1 keV and 50 keV in Maxwellian plasma versus

’ : Fig. 5a. Mean values of monoenergetic diffusion
the minor plasma radius

coefficient of neon ion with versus the deflection
frequency
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Fig. 5b. Mean values of monoenergetic diffusion
coefficient of neon ion with different values of kinetic
energy (lkeV and 50 keV on figures Figs. 5,a, 5,b) and
b) respectively) versus the deflection frequency. The
standard neoclassical values of diffusion coefficient for
the possible smallest and largest values of neon Larmor

radius respectively. The collision rates V; and V, are

related to the boundaries between Galeev-Sagdeev,
plateau and Pfirsch-Schliiter regimes in standard
neoclassical theory

CONCLUSIONS

The integration of equations of motion (1) and (2)
together with the collision operator that is called
discretized collision operator (5) completes the
description of test particle motion in fusion collisional
plasma.

Starting from the Fokker-Planck collision operator
(3) the general form of discretized collision operator for
kinetic energy slowing down and scattering (6) is
obtained. It includes the collision frequencies expressed
via Rosenbluth potentials in general integral form (4).

The crucial point is the fact that the only assumption
made for this derivation is the isotropy of the
distribution function of bulk plasma in velocity space.
Hence the distribution depends only on the value of the
velocity but not on its direction f, (v')— f,(v'). No any

other assumption on the shape of bulk distribution
function is made in operator (6).

It is shown that in presence of the energetic fraction
the diffusion coefficients of the impurities vary due to
madification of collision frequencies.

This modification which depends on the impurity
energy and the parameters of the energetic particle
fraction brings the impurities in different neoclassical
transport regimes.

The phenomenon demonstrated by our simulations
plays an important role for the impurity transport
problem in non Maxwellian plasma. Such plasma is
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observed in modern fusion devices due to magnetic field
lines reconnection, particle injection and plasma
heating.
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MOJEJUPOBAHMUE ITIEPEHOCA HEMA}(CBEJIJIOBCKOFI IIJIABMbBI METOJIOM TECTOBBIX
YACTHUIL: JUCKPETHBIU CTOJIKHOBHUTEJIbBHBIN OITEPATOP

/.B. Bosniok, O.A. Huwkun, H.A. I'upka

[Tnazma, HaOmrOmaeMas B COBPEMEHHBIX TEPMOSICPHBIX YCTAHOBKAaX, OYE€Hb YacTO XapaKTEpPH3YeTCs CHIBHO
HEMaKCBEJUIOBCKOH (yHKIMEH paciipeneneHus. Takoe pacmpenencHne SBIsIETCST HETIOCPEICTBEHHBIM PE3yIbTaTOM
Hen30eKHOTO PUMEHEHHUSI METOJIOB HarpeBa IJIa3Mbl, TAKUX Kak MHKEKLUs HelTpanbHoro nmyuka (NBI) u nonHo-
JNEKTPOHHBIA IUKIOTPOHHBIH pe3oHancHbli HarpeB (ICRF/ECRF), koTopble MNpUBOAAT K MOSBICHHUIO
HEMaKCBEJUIOBCKUX OBICTPBIX MOHOB. J[pyroil mpuuYnHOI mepexona OT MAaKCBEIJIOBCKOW K HEMaKCBEJUIOBCKOM
(YHKIMM pacrpeleNieHus] SIBIAETCS IEPECOCAMHEHNE CWIIOBBIX JIMHUM MarHUTHOTO MOJS C IOCIEAYIOIIUM
00pa3zoBaHNEeM MarHHTHO-PE30HAHCHBIX CTPYKTYP, TAKMX KaK MarHUTHbBIE OCTPOBA U CTOXacTHYecKHe ciou. OHIM
U3 OCHOBHBIX MOJAXOIOB, UCIOJNB3YEMBIX Ul MOJAEIHPOBAHUS TEPMOSACPHON IUIa3MBbI, SBISAETCA METOJ TECTOBBIX
YacTHI, OCHOBAaHHBIH HA PEIICHUHM YPAaBHEHUH IBWKCHHS TECTOBBIX YacTHIl. UTOOBI HONYyYUTH MOIHOE ONHCAHHUE
MOBE/ICHNS IUIA3Mbl B TAKHX YCJIOBHSAX, HEOOXOAMMO y4ECTh B3aMMOJCHCTBHE MEXKAY HYacTHUIAMH, a UMEHHO —
KyJIOHOBCKHE CTOJIKHOBEHHS B HEMAKCBEJIOBCKOH cpene. B maHHON paboTe mpeACcTaBICHO MOTHOE BEIPAKCHNE IS
JIICKPETHOTO CTOJKHOBUTEIFHOTO omepaTopa B oOmied SkBuBaieHTHOH (hopme MornTe-Kapio ¢ mcmonp3oBaHnEM
OKHJaeMON BEIWYHMHBI M KBaJApaTa CTAHAAPTHOTO OTKIOHEHUS ISl NIPOM3BOJILHON HEMAaKCBEIUIOBCKOM (YHKINH
pacnpesnenenuss (oHOBOH 1ua3Mbl. C MOMOIIBIO 3TOTO AWCKPETHOTO OINEpaTopa CTOJIKHOBEHUI H3ydaercs
U3MeHeHne KOA((UIMEHTOB TMEPEeHOCa MPUMECHBIX HOHOB, BBI3BAHHOE IMEPEeX0oA0M (OHOBOH ILIa3Mbl OT
MaKCBEJIJIOBCKOM K HeMakcBEJIOBCKOM. C  3TOH IeNbl0  OTCIEXMBAeTCs Ha0Op TECTOBBIX MpHUMecel
MOHO3HEPTEeTHYECKOI0 HEOHA B TOPOMIAIbHON (DOHOBOH IUTA3Me, COCTOSIICH W3 JICHTPOHOB U DIICKTPOHOB.
HemaxkcBemnoBckoe pacripenesieHie (poHOBOH IIa3Mbl MOJTydaeTcss MyTeM No0aBJieHHs (pakiyy dSHEPreTHUECKHX
YacTHL[ OJHOTO M TOrO ke BHJa. [loka3zaHO, 4TO INpPU HAJIMYMU ITOH IHEPTETHYECKOH (PaKUUH HPOUCXOJTHUT
U3MEHEHHE YaCTOT CTOJKHOBEHUH NpUMeceil, NPUBOsIIEe K CMEHE HEOKIACCHUECKOTO PEKUMA MEPEHOCA TPUMECH.

MOJIEJTIOBAHHSA MEPEHOCY HEMAKCBEJIBCBHKOI IIJTA3SMHA METOJOM TECTOBHUX
YACTUHOK: IMCKPETHUM OITEPATOP 3ITKHEHD

A.B. Bosuwk, 0.0. Hluwkin, 1.0. I'ipka

[Ina3ma, 110 CIIOCTEPIraeTbcsi B CYYaCHHX MPUCTPOSX KEPOBAHOTO TEPMOSAECPHOTO CHHTE3Y, IY)XKE YacTo
XapaKTePU3Y€EThCSI HEMAKCBEIIBCHKOK (YHKINE€ po3moairy. Takuil po3momin € Oe3mocepepiHiM pe3yabTaToM
HEMHUHYYOT0 3aCTOCYBaHHS METOJIB HarpiBy IUIa3MH, TaKHX SIK IHXKeKILis He#rpanbHoro myuyka (NBI) i ioHHO-
eNeKTpOHHUN NUKIOTpOoHHHUI pe3oHancHuit HarpiB (ICRF/ECRF), siki mpu3BOAATE 70 MOSBH HEMAaKCBENiBCHKUX
MIBUJIKUAX 10HIB. [HIIOIO NMPHYMHOIO TEpexony BiJ MaKCBETIBCHKOi JO HEMaKCBENIBCHKOI (QYHKIII pO3MOAiTy €
nepe3'eIHaHHS CHJIOBUX JIiHIM MArHiTHOTO MOJIsS 3 MOJANBIIAM YTBOPEHHSIM MAarHiTHO-PE30HAHCHUX CTPYKTYP,
TaKWX SK MAarHITHI OCTPOBH i croXacTW4Hi Imapu. OJXHAM 3 OCHOBHHUX HiIXOZiB, MIO BHKOPHCTOBYIOTBHCS LIS
MOJICTIFOBAHHSI TEPMOSIICPHOI IJIa3MH, € METOJ{ TECTOBHX YACTUHOK, 3aCHOBAHHMH HAa BHUPIUICHHI PIiBHSHb PYyXY
TecToBUX 4acTHHOK. [1[06 OTpUMaTH MOBHHUI OMUC MOBEMIHKH IUIa3MH B TAKUX yYMOBaX, HEOOXiJHO BpaxyBaTH
B3a€MOJIII0 MIXK YaCTUHKAMH, a CaMe — KYJIOHIBCBKi 3ITKHEHHSI B HEMaKCBEIIBCHKOMY CepelOBUII. Y NaHiil poOoTi
MPE/ICTaBJICHO NTOBHE BUPAXKEHHS JJIsl IMCKPETHOTO ONepaTopa 3iTKHEHb Y 3araibHii ekBiBaneHTHiil Gpopmi MoHTe-
Kapsio 3 BHMKOpDHCTaHHSM BEIMYMHM  OYIKYBaHHS 1 KBajpara CTaHAApPTHOIO BIAXHWJCHHS /sl JOBUIbHOL
HEMaKCBeJiBCKOI (yHKIIT po3moaity (OHOBOI IUIa3Mu. 3a IOMOMOIOI0 IOI0 ITUCKPETHOrO Omeparopa 3iTKHEHb
BUBYAETHCS 3MiHA KOE]ILIEHTIB MEPEHOCY JOMIIIKOBUX IOHIB, sIKa BHUKJIHMKaHa IMepexoJoM (OHOBOI ILIa3MH BiJ
MaKCBEJIIBCHKOI 70 HeMakcBeiBCKOI. [ 1Oro BiICTEKYETHCS HAOIp TECTOBUX IOMIIIOK MOHOEHEPT€THYHOTO
HEOHY B TOpOifanbHiil (OHOBIH TUIa3Mi, 10 CKIAJA€ThCs 3 ACHTPOHIB 1 elleKTpoHiB. HemakcBeniBChKuil po3noiin
(hOHOBOT TIA3MH OTPUMAHO HIISIXOM JI0JIaBaHHs (PPAKIlii eHEPreTHYHUX YaCTHHOK OJTHOTO 1 TOTO Xk Buy. [lokazaHo,
IO TIPU HASBHOCTI IIi€i eHepreTudHoi (paxiii BimOyBaeThCs 3MiHA YACTOT 3iTKHEHB TOMIIIOK, IO MPH3BOAUTH IO
3MIHH HEOKJIACHYHOTO PEXKUMY MEPEHOCY JOMIIIOK.
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