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The existence of quasistationary longitudinal ion flux (along the small axis of the toroidal chamber) is observed in a closed
magnetic trap (L-1 stellarator). The main dependences of the flux on the characteristics of the magnetic field are studied. The
distribution of the flux density within the chamber cross section and its time variation are studied. The mechanism leading
to the production of the ion flux is associated with the predominant escape from the plasma of ions “trapped” by the toroidal
magnetic field. In the presence of radial electric fields the escape of the trapped ions is accompanied by the production of a
recoil momentum in the remaining plasma. Ion flux can be produced similarly in other types of toroidal magnetic traps such

as tokamaks.

IN our investigation of the confinement of a nearly
collisionless plasma in the L-1 stellarator (I = 2) we
observedt"*] the existence of guided ion motion along
the small axis of the toroidal chamber (the z axis in
Fig. 1). The technique used to measure the guided flux
has been described in detail inl*]. The principal char-
acteristics of the axially symmetric flow under the ex-
perimental conditions are as follows.

The direction of the ion flux depends uniquely on two
factors: the direction of the toroidal magnetic field H,
and of the angle of twist of the magnetic lines of force
(determined by the direction of the helical windings in
the stellarator). The reversal of either of these factors
reverses the flux.

The direction of the longitudinal ion velocity vector
is uniform within each cross section of the chamber;
thus the average ion flux within a cross section is not
zero. The guided longitudinal velocity V,zj increases
towards the periphery. Figure 2 shows the characteris-
tic radial distribution of this velocity, normalized to the
thermal velocity Vr;-

The magnitude of the guided flux is observed to de-
pend strongly on the rotational transform i (Fig. 3). As
this angle increases (in the measured range 0 < i < 27),
V,zi 8rows appreciably.

The experimental data reveal only slight changes in
the magnitude of the guided flux as the magnetic field is
varied in the experimental range 1.5 kOe =< H, < 9 kOe.
The axial flux is quasistationary and is registered dur-
ing an interval that exceeds the relaxation time for the
ionic component. Depending on the experimental condi-
tions, the ratio vozi/VT- fluctuates within the range

0.1—0.5. The density ot1 the longitudinal ion current
corresponding to this type of guided velocity equals a
few times the unit mA /cm?.

The literature contains no information about the
measurement of guided quasistationary charged-particle
flux in closed systems. No theoretical investigations
predicted the flux first observed in the L-1. Neverthe-
less, on the basis of the modern ‘‘neoclassical’’ theory
of plasma containment in closed systems“] it can be
stated that quasistationary axial motion of charged par-
ticles is characteristic of all toroidal magnetic traps.
We shall here describe semiqualitatively the mechan-

FIG. 1. Schematic representation of the toroidal chamber.
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FIG. 2. Radial distribution of v /VTI_. 1 —experimental, 2—calcu-
lated.

FIG. 3. Dependence of the normalized guided ion velocity on the
angle of twist of the magnetic lines. 1—experimental, 2—calculated.

isms of the processes leading to the effects observed in
the L-1.

We know that the so-called “trapped’’ and ‘‘weakly
trapped’’ particles make the main contribution to the
diffusion of nearly collisionless plasmas in closed mag-
netic traps.L>*] When a radial electric field E,. exists
in a plasma the trapped particles possess non-zero
average longitudinal velocity

fis = 05/ 0, (1)
where vy = cE./H, and ® = ir/27R. Therefore, when
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E, = 0 the escape of trapped particles from the plasma
is accompanied by the continuous loss of longitudinal
momentum. This must inevitably lead to recoil momen-
tum in the contained plasma.

The flux of trapped particles to the chamber wall is
especially large (and therefore the axial acceleration
effect in the plasma is especially large) when the devia-
tion of trapped particles from the magnetic surfaces
(Ar) is comparable with the transverse dimension of the
system (a). In a sufficiently rarefied plasma a particle
that has been trapped can escape to the chamber wall
without undergoing even a single collision. This regime,
in which a ‘“loss cone’’ is formed in the velocity space
of the ions, is characteristic of the L-1 stellarator.
Under the experimental conditions for the L-1, calcula-
tions indicate fulfillment of the relations

Ar; =~ a, (2)
a/vg>1, ~ 1/ vig, (3)

where v i is the toroidal drift velocity and Vin is the
frequency of collisions between ions and neutral atoms.
When (2) and (3) are fulfilled we can roughly estimate
the axial velocity of the plasma,"’ assuming that the mo-
mentum acquired by contained ions is proportional to
the momentum carried away by trapped ions:

RiVosi = BNitrap iy, (4)

where n; is the density of transiting ions, Dirapi is
the density of trapped ions, and B is a proportionality
coefficient, dependent on the collision frequency v; , on
the degree to which the ‘‘loss cone’’ is filled with
trapped particles etc. (Friction against neutral atoms
leads to the establishment of a stationary velocity v,
that is determined by B as a function of vj,.)
Evaluating Dtrapi in accordance with[ﬂ, we obtain a
final expression for the average guided velocity along
the z axis:

(D(h)—q)(tz) ], (5)

v,,,,-=B125(<D(t1)—®(tz))/[1— .

where &(t) is the error function, t,» = (uE + AV /—Tl’
Av & 2Vv git@eis Wi is the ionic cyclotron frequency.
From (5) we determine how the guided ion velocity

depends on E, i, H;, and Tj. It follows from the results,

shown in Figs. 2 and 3, that the calculated dependences
of v ;i on r and i resemble the experimental curves.
The proposed physical model is consistent with weak
dependence of the guided flux on the magnetic field H,
and on time.?

The experimentally determined direction of the axial
motion of the ions agrees with what can be expected
from the decisive role of the discussed mechanism. In
our physical model the guided ion flux must depend
strongly on the radial electric field [see (1)]. An in-
crease of E, must lead to enhancement of the average
longitudinal velocity of the trapped ions. However this
is accompanied by a very great reduction (which is

YA rigorous theory of the axial acceleration of a plasma has recently
been developed by L. M. Kovrizhnykh..

Substituting into (5) the experimental values of E, and T, obtained
in ®9 (for different magnetic fields and for different moments of time),
we find that v , is a weak function of both H, and time.
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FIG. 4. The normalized guided ion velocity (curve 1) and the ion
temperature (curve 2) as functions of the radial average of the normal-
ized radial electric field, E;, in the absence of the supplementary nega-
tive charge.

almost exponential for sufficiently large values of
ugp /VT of the number of trapped ions, because the

region of trapping is shifted to the ‘‘tail’’ of the longi-
tudinal velocity distribution. The consequence of this
must be an appreciable reduction of the longitudinal mo-
mentum carried out of the trap, and therefore of v 0zZi

In our experiments we changed E,. by placmg a supple-
mentary charge on the axis of the chamber.” As expec-
ted, the increase of E, was accompanied by considerable
reductlon of v ,; (see Fig. 4). With a five-fold increase
of the average radial field E,. the longitudinal ion veloc-
ity becomes so small that it cannot be registered relia-
bly with the technique that was used.

The quite good agreement between the experimental
and calculated curves shows that the proposed model
can account for the axial ion flux observed in the stel-
larator: Recoil momentum originates in the plasma
through the predominant escape of trapped particles
possessing the average velocity GE when E,. # 0. Since
this mechanism is based on the toroidal form of the
containing magnetic field and the presence of a radial
electric field, it is evident that a longitudinal flux must
exist in all types of toroidal magnetic traps containing
trapped particles, i.e. in tokamaks, levitrons etc. as
well as in stellarators.

The foregoing experimental results describe the be-
havior of only the ionic component of a plasma (the
given technique did not permit us to measure the guided
velocities of electrons). However, under conditions that
produce vg; > Vg, the electrons must be carried along
in the direction of the ion current up to velocities near
Vozis 1-€. the plasma as a whole is involved in the mo-
tion. This effect appears to account for the fact that no
magnetic field of the ion current could be observed ex-
perimentally in the stellarator ‘‘Protocleo’’[*!] (just as
in the case of the L- 1[2])

The authors are deeply indebted to M. S. Rabinovich
and L. M. Kovrizhnykh for their interest and for valua-
ble comments.

3A supplementary negative charge was introduced by means of a “hot”

electron emission probe!'”, whose potential relative to the chamber wall
varied from —50 to —200 V at 10-20 mA. This did not lead to an
appreciable change of T;.
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