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1. Introduction

   Diverted field lines (DFLs) are a natural element of a stellarator-type magnetic
configuration, including heliotron/torsatron configuration. In particular, the existence of well
formed bundles of DFLs and divertor flows (DFs) of  plasma particles and heat in the
l=2/m=19 Heliotron E (H-E) and l=3/m=9 Uragan-3M (U-3M) devices has been proved
numerically and experimentally [1,2]. However, to create a valuable divertor facility for a
future stellarator-like fusion reactor, a number of physical problems should be elucidated,
some of most important ones being the effects on DFs of the real magnetic configuration and
of different methods of heating. We present a review of experimental research on these
subjects having been performed on H-E and U-3M.

Heliotron E
l=2, m=19

R=2.2 m, a ≈0.2 m, the inner radius of the rounded
parts of the chamber is 0.41 m, the "X-point"
structure is inside the chamber.

Bϕ=1.9 T
 Fundamental ECH (≤0.4 MW),
2nd harmonic ECH (≤0.3 MW),
NBI, total Pinj≤3 MW

n
e
≈(1.0-2.5)×1019 m-3

Te(0)≈0.6-1.5 keV, Ti(0)≈0.3-0.6 keV
Diverted plasma is detected by 51 collector plates
divided into 8 arrays arranged poloidally near the
wall in 4 poloidal cross-sections Θ=0o/180o,
45o/225o, 90o/270o, 135o/315o, with plates 1,2,...,7 in
each array

Uragan-3M
l=3, m=9

R=1m, a ≈0.12 m, the inner diameter of the helical
coils is 0.19 m, the whole magnetic system is
enclosed into a 5 m diameter vacuum chamber.

Bϕ=0.4-1.0 T
Multimode Alfven heating, 5-8 MHz, ω≤ωci,              
≤0.5 MW, frame-like antenna A1, crankshaft antenna
A2

n
e
≈(1-8)×1018 m-3

Te(0)≈0.3 keV, Ti(0)≈0.15 keV
Diverted plasma is detected by 2 arrays of 15
Langmuir probes installed at r=23 cm in the space
between helical coils, the array 1 is behind the "X-
point", the array 2 is between the OMS and the "X-
point".

2. Heliotron E

   2.1. Distribution of DFs, its asymmetry [3].The distributions of ion saturation current Jd in the plates 1,2,...,7 of
each array are characterized by a strong up-down (i.e., vertical) asymmetry, contrary to what should be expected
proceeding from the symmetry of the calculated connection length L(θ) distributions for the ideal H-E
configuration (Fig. 1).



   2.2. The effect of heating on DFs [3]. For all the heating regimes, the Jd/n
e
 parameter in the maxima of L(θ) is a

rising function of Pabs/ne
 where Pabs is the absorbed power (Fig. 2, the interpolating straight line is drawn for the

NBI-only points). In the limit of small Pabs/ne
 a finite Jd/n

e
 exists for all Θ, thus indicating an initial asymmetry,

not depending on the heating. The initial asymmetry is enhanced as the heating power increases.
   For some DFs, the Jd/n

e
 versus Pabs/ne

 points obtained with participation of the fundamental ECH lie above the
reference straight line in average (e.g., the flow B-0 in Fig. 2). This might be associated with a significant
microwave power deposition at the periphery for this kind of heating [4].
   2.3. Non-ambipolar divertor flows in H-E. In the most of divertor facilities the divertor plates are grounded. As
the measurements show, the electric current to the grounded collector plates, Jp (plasma current) forms a complex
distribution. In Fig. 3 the Jd/n

e
 versus Pabs/ne

 dependence is shown for the pair of symmetrically disposed DFs A-
90/B-270 as a characteristic example. It follows from Fig. 3 that a non-uniform poloidal distribution of the
potential should arise in the SOL, thus generating parallel electric currents oppositely directed in the top and
bottom parts of the torus. With the heating power increasing, the plasma currents reverse their direction in the top
and bottom parts. The magnitude and the sign of Jp/n

e
  are governed mainly by Pabs/ne

 rather than by the kind of
heating and by the toroidal position of the heating power inlet. In particular, this means that Jp is determined by
heating-induced processes occurring in the confinement volume.     

3. Uragan-3M

   3.1. DF distribution. The effect of RF heating. As the calculations have shown, there are two distinct peaks of
the L(θ) distribution in the space between the helical coils on the line of probe array 1 disposition (Fig. 4(a)). The
form of the ion saturation current Js distribution depends substantially on the heating conditions. When the A2
antenna only is energized (the distance from the array 1 is >3 field periods, the main part of the irradiated power
is deposited in the confinement volume), the Js distribution agrees well with L(θ). If the antenna A1 (<1 field
period, a significant amount of RF power is deposited in the SOL) is added to A2, a manifold Js increase occurs
in the vicinity of the probe 10 maximum. A predominant fraction of this DF is formed outside the OMS.
   In accord with its position, the probe array 2 records a single maximum of Js, its position being in a good
agreement with that of the calculated L(θ) maximum (Fig. 4(b)).
   3.2. Power dependence of DF [2]. With A2 in operation and n

e
 fixed, the current Js in both maxima recorded

by the array 1 is a rising function of RF power P irradiated by the antenna (Fig. 5). Under conditions with P and
the hydrogen inlet fixed, the correlation between an enhanced n

e
 decay and an Js rise in the vicinity of Bϕ=0.45 T

(Fig. 6) is one more evidence of the effect of power degradation of plasma confinement, as the fraction of P
absorbed in the confinement volume is the largest at Bϕ=0.45 T.

4. Summaries

   1. Experimentally measured spatial distributions of diverted plasma flows can substantially differ in their
magnitude and position from those, which are expected proceeding from the calculated distributions of the
divertor field lines.
   In the l=2 Heliotron E device, under NBI and ECH conditions a strong up-down asymmetry of DFs is observed.
At least two factors seem to be responsible for this asymmetry: (1) a distortion of the magnetic structure of the
divertor layer due to inaccuracies in manufacturing and installation of the helical coils resulting in an additional
stochastization of the field lines in the SOL (by analogy with a double-null divertor in a tokamak [5]); (2) a
vertical asymmetry of the helical magnetic field ripple in the top and bottom parts of the torus [6,7] resulting in a
spatial re-distribution of groups of locally trapped high energy ions and electrons drifting vertically in opposite
directions.
   In the l=3 Uragan-3M device, to create and heat the plasma, RF fields are used generated by the antennae,
which are crossed by the DFs. The proximity of the antenna to the probes and deposition of a fraction of RF
power outside the OMS have a substantial effect on the measured DF distribution.
   2. In both H-E and U-3M, the flow of diverted plasma increases with heating power irrespective of the kind of
heating (NBI with different injection angles, fundamental and 2nd harmonic ECH, Alfven heating). The rate of
DF increase seems to depend on the power deposition profile.
   In whole, the DF increase with heating power can be considered as a manifestation of so-called power
degradation of plasma confinement, the effect common for both tokamaks and stellarators [8].
   3. In the H-E device, intense charge particle flows (electric currents) arise parallel to the diverted field lines.
These currents always have opposite directions in the top and bottom parts of the torus, thus evidencing the
existence of a poloidal electric field in the SOL plasma. The magnitude of any non-ambipolar DF is a rising



function of the total absorbed power and does not depend on the kind of heating and the toroidal position of the
heating source in the first approximation. The above-mentioned vertical asymmetry of the helical magnetic field
ripple resulting in the vertical drift of the locally trapped electrons and ions in opposite directions might be a
possible reason for the observed spatial distribution of the non-ambipolar DFs.
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Fig. 1. Poloidal distribution of connection length L
(solid lines) and ion saturation current Jd (shaded
rectangles) for different collector plate arrays Θ. A - in
the Bϕ direction; B - in the direction opposite to Bϕ.
NBI, Pinj≈0.7 MW; n e≈1.7×1019 m-3.

Fig. 2. n e-normalized ion saturation current Jd
in the divertor flows A and B at Θ=0o as a
function of n e-normalized absorbed power Pabs
in different regimes of plasma heating:NBI (),
fundamental ECH ( ), 2nd harmonic ECH ( ),
NBI+fund. ECH ( ), NBI+2nd harm. ECH ( ),
NBI+fund. ECH+2nd harm. ECH ().
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Fig. 3. ne-normalized plasma current jp as a
function of ne-normalized absorbed power Pabs
for the pair of symmetrically disposed divertor
flows at Θ=90o (flow A) andΘ=270o (flow B) in
different regimes of plasma heating: NBI            (

, ), NBI BL-2+BL-5 ( , ), NBI+ECH-1
( , ), NBI+ECH-1+ ECH-2 ( , ).
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Fig. 4. Calculated connection length L as a function of poloidal angle θ with the starting points lying on the
lines of probe array 1 (a) and array 2 (b) disposition (solid lines). Ion saturation current Js as a function of
probe number:  - A2;  - A1+A2.   
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Fig. 5. Ion saturation current  Js in the divertor flow
as a function of RF power P with ne  fixed at a level

of  2×1018 m-3.

Fig. 6. Electron density ne (a) and ion saturation
current in the divertor flow, Js (b) as functions of  Bϕ
at  fixed values of RF power irradiated by antenna
and hydrogen inlet.


