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ABSTRACT Conf inement studies of runaway electrons have been performed in 
order to elucidate the nature of electromagnetic turbulence and its role in 
ohmically and beam heated L- and H-plasmas. Under ohmic conditions , the 
confinement time TR of runaway electrons depends strongly on the choice of 
qa; in the L-moje, TR degrades with beam power; in the H-phase, runaway 
electrons are again well confined . With plausible assumptions , a cor­
relation length of the underlying microturbulence of O. 1 cm is found which 
requires a magnetic perturbation Br/Bo -10-4 to be consistent with L-mode 
confinement . 

The confinement of runaway electrons (R . E. ) has been studied in AS DEX in 
ohmical l y and beam heated L- and H- mode plasmas . R. E. are produced within 
t he f irst hundred ms when the l oop vo l tage reaches val ues up to 10V . 
The r eaf ter{ t he R. E. production r ate decreases sharply; at 0.3s ne1dnR/dt 
-4xio-4 s- and is still decreasing . In the birth phase of R.E ., t he pl asma 
Te- and ne-rr ofiles are st i ll very broad probably resulting in a lar gely 
homogeneous R.E. density . Dur ing the current ramp-up phase (typically 600-
800 ms), R. E. are continuously accelerated . After about 1 s (with the 
plasma current being in the plateau phase) the R. E. distribution reaches 
steady stat e at a mean energy of about 1 MeV and with maximal energy around 
10 MeV . 

R. E. are measured via the thick target hard X-ray bremsstrahlung 
emitted when their orbit intersects a molybdenum target placed at the 
plasma mid-plane a few cm outside the separatrix on the low field side. 
During the current ramp- up phase the hard X-ray radiation increases because 
the electrons become increasingly energetic though their number does not 
further increase . The t ransition of rat i onal q-surfaces across the plasma 
surface destabilizes t he ma~netic field topolo~y resulting in transiently 
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enhanced R.E . losses . Fig. 1a shows the initial discharge phase when cur­
rent and density are ramped up and Fig. lb displays the hard X-ray radia­
tion indicating the sequence of rational q-surfaces moving from the 
interior across the separatrix. It is interesting to note that despite the 
anomaly of the magnetic field topology at the plasma surface of the 
magnetic limiter configuration (with q equal to infinity at the separatrix 
and a narrowly spaced sequence of rational q-surfaces at the plasma edge), 
the transit of a rational qa-surface (qa corresponding to the cyclindrical 
one ignoring the anomaly) still affects the quality of the magnetic field 
topology. During the subsequent plateau phase , R. E. are continuously lost ; 
from the exponential decrease of the hard X-ray radiation a characteristic 
time is inferred which is interpreted as the confinement time of R.E. since 
the population and energy distribution of the R.E. is invariant during this 
period. Figure 2 plots the R.E . confinement time TR versus qa in an ohmic 
Bo- scan. TR is generally a few 100 ms ; for comparison, the global energy 
conf~nement time is between 80 and 90 ms. TR is clearly correlated with Ga 
and has a sharp minimum at qa= 3 (the actual MHD q-value is only slightly 
larger because of the low Sp-values of the ohmic plasma) . The confinement 
of R. E. is sensitively correl ated with the quality of the magnet i c field 
configuration . Away from qa =3 , TR has improved by at least a factor of 2. 
At the unfavourable case o f Ga= 3 , the hard X-ray radiation is strongly 
modulated by the sawteeth occurring in the plasma center /1/ . Away from 
qa =3, no distinct modulat ion is observed both at lower and higher qa­
values. This observation indicates the possibility that the resonant con­
dition qa = 3 at the edge destabilizes the plasma fur ther in (probably at 
rational q-surfaces with smaller q-values) leading to enhanced transport of 
R.E . from the center through the edge. 

The t~aces of Fig . 2 clearly demonstrate that the magnetic field 
configuration is disturbed throughout the plasma by a rational edge qa­
value. Altnough the R. E. respond to this degradation sensitively , the bulk 
plasma properties are not affected at all as shown in Figure 2 for the 
global energy confinement time TE · There is no other known global quantity 
of the main or the divertor plasma (which are known to sensitively respond 
to confine~ent changes of the main plasma , such as shown in Fig. 5) which 
is affected by the degraded field topology . 
Figure 3 shows the variation of the hard X-ray radiation during a neutral 
injection pulse into the ohmic plateau phase. TR i s sharply reduced and 
R. E. are quickly lost . (A second beam pulse later in the discharge does 
hardly show any increased radiation confirming the expectation that no R. E. 
are produced in the plateau phase) . With NI , there is a simultaneous de­
gradation of the confinement of R.E. along with the one for energy and 
particles (see Fig. 4). The sensitivity of the R. E. confinement on the 
quality of the magnetic field topology clearly indicates a substantial de­
gradation already at low beam power causing a sharp drop in TR · Further­
more , sawteeth strongly modulate the hard X-ray radiation in the beam phase 
for all qa-values (see Fig . 3) in a way it was only observed for rational 
Ga- surfaces at the edge in the OH-phase . 

It is interesting to note that tR in the degraded L-regime of a NI­
heated plasma does not depend on qa like in the OH-phase . With NI, TR is 
sharply reduced but increases monotonously with Bo without a notch at qa=3 . 
Evidently , NI degrades the quality of the magnetic field structure to such 
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Fig . 1: Current , density ne , loop 
voltage and hard X-ray 
radiation $x during current 
ramp-up. 

fig . 2 : Global energy (1E) and runaway 
e l ect ron ( 1R) confinement t ime 
in an ohmic Br- scan . 

I!.a.:.l:_ Comparison of ~x in a n OH- and 
NI-discharge; the sawtooth 
modulation of ~x is indicated . 

~ 1E, 1R and particle confine­
ment time lp versus NI-power 
normalized to the OH-values (as 
given). 

fig . 5 : Time dependence of 2 ne - traces, 
$x, Ha-radiation and pa r ticle 
flux ~a i n the divertor 
chamber for OH+L and L+H 
t ransit ion . 
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an extent t hat the additional geometrical disturbance ls negligible . 
The uncorrelated Ga-dependence of 'R and TE in the OH-phase raises doubts 
whether the OH confinement of the bulk plasma is indeed caused by the mag­
netic turbulence which is evidently responsible for the conf i nement or R.E . 
The question r emains whether under beam heating conditions magnetic turbu­
lence primarily determines transport or whether it accompanies dominant 
drift-like fluctuations simply because of rising Bp · In this context it is 
i mportant to note that the confinement of R. E. sharply improves a t t he H­
transi t ion though Bp further increases due to improved global conf i nement. 
Both in the L- and H-phases we observe a clear correlation in the con­
finement properties of the bulk plasma and R. E. 
Fi g. 5 plots t he time dependence of the hard X-ray fl ux together wi th the 
Ha-radiation in the divertor chamber (a measur e of the ener gy flux into 
the diver tor) and the flux ~D of particles backscattered fro~ the target 
plates (a measure of the particle flux) . The simultaneous OH+L and L~H ­
t ransi t ion is shown in the three signals all governed by dif ferent con­
f i nement properties . The sharp onset of the L-phase a few ms after beam 
initiation also indicates that the magnetic turbulence is obviously not due 
t o rising Bp · 

With the hypothes i s that unlike t he ohmic confinement , the degradation 
in the L-phase i s predominantly due to magnetic turbulence, we can 
characteri ze the structure of the underlying mode from the r atio TE/'R· It 
is known that the ratio of TEITR is not gi ven by the i nverse ratio of t he 
electron velocities since the coupling of the R.E . to the mode is reduced 
by the shift of the 'k·B resonance due to magnetic drift effects /2/ . These 
effect s can be considered by a radial structure function S such that 

TEITRs vR;vth . s (VR , 'Rth are the R. E. and t hermal velocities, respective­
ly). S depe~ds on LsV0/oxvR (Ls• shear length, V~ = R. E. drift velocity , 6X 
= radial co~relation length) and can be approximated by exp- (LsV§!oX vR) 2 
/3/ . Wi t h tne ratio of TE and TR at high beam power (see Fig. ~ ), 
6X = 0 . 1 cm is calculated . This value is used to estimate the rel at i ve 
amplitude of the fluctuation 

Br lBo = ( xthke6X/n vthLs)l/2 < x~h = thermal heat di ffusi vi ty , ke = 

average poloidal wave number) necessary to fully explain the level of ther­
mal heat transport . Assuming poloidal mode number m~8 (Ref. /4/) , t he re­
sult Br /B0 - 10-4 is i n agreement wi t h the level of magnet i c fie l d fluct u­
ations at the plasma edge deduced from measurements outside t he separ atri x 
~Ref . /4/). Scaling studies indicate that 6X a n0 . 2B01. 3p0 . 1 and 
Br/B0 a n-0 . 1B00 . l p0 . 6 . Thus c/wpe- turbulence /5/ is an unl ikely candidate 
while a model along t he l i ne of res i s t ive pr essur e dr i ven modes of fers more 
promise . 
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