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THE ASYMMETRY CURRENT IN STELLARATORS
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Russian Research Centre “Kurchatov Institute”, Moscow, Russia

An analysis of drift trajectories of charged particles in tokamak leads us to the conclusion on the
possibility of a new longitudinal electric current which appears, in contrast to the bootstrap current, to be
proportional to plasma pressure. The qualitative difference in drift trajectories of particles, which move in
co- and counter- direction with respect to magnetic field produces velocity-space asymmetry of the trapping
boundary of charged particles. As a result the new electric current generates. We named this current an
asymmetry current.

The approximate formula for the asymmetry current in tokamaks and stellarators, which is valid for
the entire plasma column, including the near-axis region, is obtained. It is shown that the density of
asymmetry current is maximal near magnetic axis and decreases at plasma periphery.

The possibility of the experimental detecting of the asymmetry current in stellarators is discussed.

It is known that in tokamaks besides Spitzer longitudinal current, which is induced by
electric field, the bootstrap current exist. The bootstrap current is a current parallel to the toroidal
magnetic field that is driven by the radial pressure gradient.

In the paper [1] it was shown that in a trap with closed magnetic configuration the new
toroidal electric current, named asymmetry current, must exist due to the velocity-space asymmetry
of the trapping boundary of charge particles. The driving force of the asymmetry current is the
toroidal magnetic field gradient and plasma pressure. This current has its maximal value near the
vicinity of a trap magnetic axis.

Practically the existence of this current is connected with the peculiarity of drift trajectories
of charge particles in toroidal magnetic field.

Let us begin the discussion from the tokamak case. When analyze particle motion in a
tokamak, we use the conditions for three quantities — the total energy, the magnetic moment, and
toroidal canonical momentum to be conserved. The magnetic surfaces with circular cross-sections
and € =r/ R <<1 will be used.

In this case the drift trajectories of charge particles are described by expression

e* - +0,6,/G+¢, cosb, =0, /G +é&cosb, @)

where &, and 6, are the point on the magnetic surface coordinates, o, =+1 is the sign of the

parallel to the magnetic field velocity in the point with coordinates ¢,,6,, G = 1—-'“B V, M is a

particle magnetic moment, o, =1 is the sign of the parallel to the magnetic field velocity in the

point with coordinates ¢,6 on the particle drift trajectory, ¢=2p,9/R, p, is Larmor radius, ¢ is
safety factor.

The analysis of this equation shows that it is some range in G values when particles which
move in one direction are trapped and particles which move in opposite direction are untrapped
(See Fig. 1). To find this range let us define the trapped particles as the particles which have v, =0
on the trajectory, where v is parallel to the magnetic field component of particle velocity. The

point coordinates in which v;, =0 (¢,,6,) can be find from the equations

&8 — €2 =-0,6,/G + ¢, cos 0, 2)

G
cosf, = o 3)
0
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The last trapped trajectory is when #, = 7z and from
(2) and (3) we have

G, =\/852 —o'sg\/Gi + &, cosb, 4)

To solve this equation we use the successive
approximation method and for first approximation
we choose G, = ¢, . As result we obtain

2
3

G, =0 and G_=g/ for & ,=0 (5)

s

J1+cosé, %
~—  for ¢&,>¢73. (6)
e,

From (5) and (6) one can see that the trapping
Fig. 1 Trajectories of trapped and untrapped boundary is asymmetric in phase space.
particles with the same parameters So the full range of G wvariations can be
E,G,¢,,0,. divided on three ranges:
1) -g,c0860, <G<G,, 2) G, sG=G_;

3) G_ <G £1. In the first range all particles are trapped, in the second one the particles which move

Gi RE;— 06

such a way that rotation transformation rise (o, =+1) are untrapped and particles which move in
the opposite direction (o, =-1) are trapped, and in the third range all particles are untrapped. It is

not difficult to see that as the trapped particles do not take part in current transport untrapped
particles from the second range produce the toroidal current, which we named as asymmetry
current.

The density of untrapped particles in the second range is An~¢ n/e_, and parallel velocity

is v, ~ & vp,where v is thermal velocity. So for asymmetry current we have

. genv cT n
JA £ eAnV” o= L L2 gs =g (7)
."85 Ba R

where B, is the poloidal magnetic field. One can see that the asymmetry current density is maximal

near trap magnetic axes .
To estimate this current by different way let us use the equation for parallel momentum
balance. The untrapped particles which move in different directions exchange by momentum with

. T . .
velocity +/&,v m—cB——% , and all untrapped particles give momentum to the trapped particles with
€l

velocity +/&, vmnu,, where v is collision frequency, u, is the average parallel velocity.

Consequently, the equation for the parallel velocity build up in the passing domain is
for ions

du y; cT; 1
m;n; d;l =ﬂi(eBe E_ulli)+lei(u11e —Up), (8)

where p; =/ v,;n,m;, is the ion viscosity coefficient, and /,, = m,n,v,, is the electron-ion friction

e"%e" el

coefficient.
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JSor electrons

du cT, 1
men, d;k =,ue(e30 'E_ulle) =l Uy —uy), .+ £9)

where u, =./¢; m,n,v,, is the electron viscosity coefficient (we have neglected here the electron-

electron collision effect for simplicity). If ¢ is small g, <<l,; and for n, = n, we have

£ M, cn _ne(gvr, +6,vy,)
\/;Jr% H,+1, ByR \f*’?“'%i

To obtain the value of numerical coefficient in (10) let us write the expression for the flux-
surface averaged asymmetry current

(T +T,) (10)

Ja=en(uy —upy,)~

o

1 2z v
<y Sl [d6, [ fdE [v,dv,, . (11)
7 9 0 _

b 4

The trapped particles carry no net current, because they do not move toroidally except for
the toroidal (precession) drift, which is a smaller effect than the asymmetry current. So the
distribution function of untrapped particles which carry asymmetry current may be approximated by

f+=fMH(V11—V+) for 0'3=+1

(12)
o=y Hyy -v) for o,=-1
where
b
v,=0 and v_=-v¢”3 for ¢, =
(13)
2
v, =1v,/G, +¢, cos b, for &, >gA
fy is Maxwellian distribution, and H(x)=0 if x<0 or 1if x> 0.
From Egs. 11 - 13 we have
<j, >=l2fdes 02 —v2)r, de =—l—2fd9 1(G. -G, ), BdE =
4z-5 s 2zm § g !
2
0.34gTAnevT o &5 =0 ; (14)

=10.34¢ . nev,

where ¢, =¢(v;).

From (14) we have possibility to obtain the expression, which is valid for all plasma
columns

2
&y >§A

0.34¢nev,

2,
o

<J4>=

(15)

For a stellarator we use the model
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B=B,(1—-¢,cosl — &, cos(l6 + Mp)) (16)

for the magnetic field strength. Here &, is the inverse aspect ratio, &, is the ripple amplitude, 6 and
@ are the poloidal and toroidal angles, / is multipolarity and M is toroidal period number. In this
case we have

2
G, =0 and G_=gA for &,=0 (A7)

s

\/1 +cosé, + g—"scos(lf)s + Mp)
£

s

G,=&E,-0,6
) 2e,

A stellarator is non-axisymmetric trap and for obtaining the asymmetry current value we
need to fulfill averaging through toroidal and poloidal angles. The numerical calculations show that
for 0<¢, /& <2, 2<1<4 and 4<M <10 for the asymmetry current estimations we can use

2
for g, >g4 (18)

Eq. 4 if we change the safety factor value g by 1/ u;,, where u;, - is rotation transform.

In Fig.2 one can see the current density distribution experimental data obtained in the
stellarator Proto-Cleo [2] and the theoretical estimations — trace 1 demonstrates the asymmetry
current and trace 2 demonstrate the bootstrap current, solid line is full noninductive current. The
asymmetry current value is obtained for 4., =2 near magnetic axes (in Proto-Cleo / =3) and we

accepted that asymmetry current dependence on collision frequency is the same as in bootstrap
current. One can see that it is some qualitative accordance between experimental and theoretical
data.

A stellarator is the system without Ohmic current and so it is not difficult, in principle, to
find any noninductive current in it. In Fig. 3 one can see the calculated dependence of rotation
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Fig. 3 Dependence of rotation transform on

Fig. 2 Experimental measurements (points) and S
plasma density in LHD stellarator.

theoretical estimations. / — asymmetry current,
2 — bootstrap current, solid line — full non-
inductive current.
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transform on plasma density in LHD stellarator [3]. The change of y,, in comparison with vacuum

case is produced by asymmetry current.
We believe that such rotation transform modification near magnetic axis can be find in the

future experiments.
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CTPYM ACHMETPIi ¥ CTEJIAPATOPAX
0. M. T'orT, €. 1. IOpuenko

AHani3 npeiioBUX TPaeKTOPiH 3apAKEHUX YaCTHHOK Y TOKaMalli IIPUBOIMTH HAC 10 BUCHOBKY PO
MOMJIMBICTh HOBOTO TO3JI0BXKHBOTO EEKTPUYHOTO CTPYMY, KMl , Ha BiIMiHy Bix GyTcTpen cTpyMmy, He €
NPONOPUIHHMM THCKy MasMu. SIkicHi BiAMiHHOCTI ApeH(OBHX TpPaeKTOpiil YaCTHHOK, IO PYXalOThCS Y
HaNpsSMKy MAarHiTHOTO IOJNsA Ta NpPOTH HBOTO, CTBOPIOKOTH ACHMETPII0 TIPaHMLi MK 3aXOIUIEHMMH Ta
NpPOJNITHUMH YaCTHHKAMHM Y MPOCTOPi LIBUAKOCTEH. SIK HAcifOK, BUHUKA€ HOBUM €NEKTPUYHHI CTpyM. Mu
Ha3BaJIM LieH cTpyM cTpyMoM acumMerpii. OneprkaHo HabGnipkeHui BUpa3 Ui CTPyMY aCHMETPii B TOKaMaKax
i crenaparopax, AIKWi € CTpaBe/IMBUM JUisl Oyb-aKoi 06acTi I1a3mMy, BKIIOYAIOUH pHOCKOBY. [TokasaHo,
IO T'yCTHHA CTPYMY aCHMETPii € MaKCHMMAaJIBHOIO OiJif MarHiTHOI OCi i 3MeHIyeThes 10 nepudepil rwiasmm.
O6roBoprOETbCA MOXUIMBICTh €KCIIEPMMEHTATBHOTO CIIOCTEPEXKEHHS CTPYMY aCHMETpii B cTeNlapaTopax.
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