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ABSTRACT 
This report forms the basis for quantitative 

measurements of hard X-ray radiation. It deals with 
chosen general facts that must be taken into account 
before starting the experiments. Apart from this, first 
qualitative results of hard Х—ray measurements on the 
Castor tokamak are presented. Performed were a series 
of integral measuremens which mapped the azimutal 
dependence of the radiation. 
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Introduction 

High energy electrons, called runaway electrons are 
created in tokaaak plasma by acceleration in an electric 
field. Distortion of the Maxwell ian distribution is 
possible thanks to the quickly falling Coulombic 
momentum transfer cross—section with the energy of 
electrons in fully ionized plasma. Runaway electrons 
directly take part in some important processes 
(conduction of current, instabilities, energetic 
distribution... ). The most direct method of their 
observation is the measurement of hard X-ray radiation. 

Most of the hard X—rays are produced when the 
energetic electrons hit the 1 imiter or the liner. 
However, some small fraction of the hard X—ray emission 
is produced in electron-ion collisions in the plasma. 
By careful experimentation the resulting plasma 
bremsstrahlung can actually be measured, and the X-ray 
data can be utilized to analyze the velocity 
distribution of the energetic electron tail. 

The techniques were originally developed in order 
to analyze runaway discharges on pioneering tokamaks. 
Nowadays, after a temporary loss of interest in this 
method, its renesance has come about thanks to 
experiments with the RF current drive investigation. It 
was shown that the RF current drive is connected to the 
formation of a hot electron tail. 

With respect to the fact that the small 
Czechoslovak Castor tokamak is aimed mainly at research 
of lower hybrid current drive (LHCD) it was decided to 
perform systematic observations of hard X-rays on this 
device. 

This paper forms the basis for quantitative 
measurements. In section 1 a brief description of the 
Castor tokamak is given. Section 2 deals with chosen 
theoretical facts that must be taken into account before 
beginning the experiments. Described are the conditions 
for the formation of runaway electrons and their 
distribution function is derived. Discussed mrm the 
resulting bremsstrahlung, possibilities of loss of 
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runaway el ©«_ trans and i «pact of LHCD on runaway 
electrons* all with respect to experimental Methods. 

Section 3 deals with the first qualitative 
Measurements of hard X-ray radiation on the Castor 
tokamak. Performed were a series of integral 
measurements which mapped azimutal dependence of the 
radiation. These measurements are discussed in 
section 3. It can be shown that even such a simple 
experiment gives a whole series of physical information. 
In the conclusion of this paper we hint at the next 
possible program of hard X—ray measurements. 

1. Castor Data 

The familiar star Castor, composed of 3 tight 
binary stars, one can find in the constellation of 
6emini. But we won't talk about it though it would be 
surely interesting too. 

Czechoslovak Academy of Science TORus is an 
experimental device designated for research and 
investigation of high temperature plasma. This Castor 
can be found at the Institute of Plasma Physics in 
Prague. It is a small' tokamak with a major radius 
R = 0,4 m and a minor radius a = 0,085 m (see fig. 1), 
in which hydrogen plasma with a -entral ion temperature 
Tj(0) = 50-120 eV and a central electron temperature 
Te(0> = 200-400 eV is confined. The length of discharge 
in the experiments described in sec. 3 was about 10 ms. 

At the present time, after a recent reconstruction 
of the energy sources, the length of discharge has been 
prolonged up to 40 ms [43. Plasma with a density of 
n = (0,2-4,0). 101* т"э is held in a magnetic field 
8f« 1-1,3 T and heated by an induced toroidal current 
Ir* 10-20 kA. Both the magnetic field and the electric 
current are oriented counter—clock-wise. 

The liner of the tokamak is made of stainless steel 
and its thickness is 0.5 mm. The shell is made of 10 mm 
thick copper torus. The copper toroidal field coils 
together with their dural coverings are 50 mm thick or 
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more. These facts must be considered in the discussion 
of the results in sec. 3. 

The Castor tokamak is used mainly for the 
investigation of interactions between the high frequency 
electromagnetic wave at a frequency 1,25 GHz and potior 
up to 40 kW, with plasma. The wave is launched into the 
plasma by means of a special multijunction antenna 
system (so called waveguide-grill). The grill generates 
a slowing—down wave in the plasma column with the phase 
velocity v/<c, which propagates predominantly in one 
direction. Such a wave transmits its momentum to the 
plasma electrons and the high energy tail forms on the 
electron distribution function (see fig. 7). Therefore, 
the asymmetry of the electron distribution results in an 
additional toroidal plasma current. Plasma 
instabilities can transfer the tail's kinetic energy 
into thermal energy of the plasma (see sec. 2.3). 

2. Basic Theory of Runaway Processes 

In this part we use and modify basic thoughts from 
refs. C1D, C23 and СЗЭ. Those who are interested in a 
deeper study of the following theory should turn to the 
above mentioned papers. 

In all numerical approximations for the tokamak 
Castor we assume: 

plasma density я, •= 5 10 ж 

electron temperature fe = ^00 «V 

effective plasma charge 7 - n 

Z 
loop voltage Uu*= 2,S V 

electric field intensity 

,1 

E = 1 Vm ' Ц LOOP 

Coulomb l o g a r i t h m 
UA-К 

2 T T R 
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2.1 The Creation of Runaway Electrons 
On an electron of mass m_ moving in a fully ionized 

plasma with velocity u^ acts an electromagnetic 
frictional .force whose magnitude can be estimated by 

Fp Ы) * ww.v [4) 
where v_ is the frequency of Coulomb i cal 

collisions C5D 
V = 

ле* U А (г) 
líti? «глс 

The dependence of the correctional Coulomb 
logarithm on the velocity u_ is negligible, therefore it 
can be said that the magnitude of the frictional force 
is inverselly proportional to the energy of the 
electron. 

By detailed calculation of mean frictional forces 
for an electron moving in Maxwell ian distributed field 
particles (mv4=kTt ) we get in the first approximation 
(undisturbed distribution) and for u>>vH,Vm</m1' the same 
result with the exception of factor _f which describes 
the effects of impurities CIIs 

where 

Let's assume that on the moving particle acts a 
force F = eE in the direction of its motion. The 
critical velocity u^ is defined by balancing this force 
against the frictional drag of Coulomb collisions: 

<*X • - e 



From eq. (3) can be obtained 

He -iff не 3 

УШ/тЕ trn A i1*) 

Mhich gives -for the Castor tokamak û  = 2-10 as''. 
Electrons Mith velocities u>Uc will be gradually 

accelerated by the electric -field to high energi.r. On 
the other hand, electrons with velocities lower than 
Uc will reuin in the thermal population. Near 
u = u* the electron distribution is gradually 
transformed fro* being isotropic to highly directed 
towards the applied electric field. 

The critical electric field Ee is defined by the 
condition 

<* = %K -П 
which results in 

1-0 ' 16 Ti? №-|Й 

For fields E>E<, thermal electrons will run away, 
whereas if E<EC, only the tail of the distribution 
function is subjected to free acceleration. 

The ratiс 
v*. 

results for Castor approx. 1,7 <!). The critical 
energy (for u f«c) 

%- i«** (i) 
or in practical units 

4 s г•«>'(•$№)№) К-»">•*; ™ 
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results approx. 1 keV only. 

In nonrelativistic Maxwell ian distributions there 
always exist electrons with initial velocity 
u>uc sufficient to cross over into runaway regime. In a 
relativistic distribution, runaway electrons can be 
produced only if the relation 

is fulfilled. 

The kinetic theory of runaway production in plasma 
subjected to a weak applied electric field < E « E C ) has 
been examined by numerous authors over the past 
30 years. For the most part, these calculations assume 
an infinite» homogeneous, quasi-steady-state, 
non—relativistic plasma, with a distribution function 
close to Maxwellian, and neglect collective effects. In 
more recent work, relativistic effects and the influence 
of toroidal 9eometry have been examined. 

The results of some key papers on this topic are 
given in fig. 2;Л represents the rate of diffusion of 
electrons into the runaway state: 

«if ft--\ W 
where n is the density o* electrons with 

subcritical velocity (quasi-steady-state). 

Perhaps the most consistent and rigorous treatment 
of the runaway production problem was presented by 
Kruskal and Bernstein Х.Ы and Gurevich and Zhivlyuk [73. 
They were able to obtain the runaway rate as a function 
of the electric field up to an unknown normalization 
constant К . Calibration of this undetermined constant 
was provided by a numerical solution of the 
Fokker—Planck equation by Kulsrud et al. C83. After 
correcting -for impurities by Cohen C93 and for 
relativistic effects by Connor and Hastie C103, the 
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r e s u l t i n g e q u a t i o n i s : 

(40) 
The last exponential term is the relativistiс 

factor. The effects of the toroidal magnetic field (see 
sec. 2.3) needn't be taken into account for typical 
tokamak parameters CI13. 

Eq. (10) gives the possibility of preassuming the 
radial profile of runaway electrons, if one knows the 
density and temperature profiles, or vice versa. 

The calibration constant К has лп approximative 
value of К = 0,5 at Z4ff= 2. In the case of the Castor 
tokamak the resulting value of the runaway rate is of 
order 

A - iQu - tf m-V 
(the Coulomb collision frequency V is 

approx. 50 000 s~' ), but the above mentioned assumptions 
for (10) are not well-fulfilled, namely the assumption 
for E<<Ee • Consequently, the assumption for a 
distribution function close to Maxwell i an is doubtful 
due to the low critical ener-jy (7). 

It is important to note, that for energies 
W = imu* < 70 eV the momentum transfer cross-section 
(and therefore also the frictional force) is smaller for 
partially ionized gasses than for fully ionized gasses. 
Thus as long as the gas is not fully ionized, the 
critical velocity is lower. 

Qualitatively, the consequence of this effect 
during the breakdown phase (together with higher Utac,> is 
the production of a relatively larger number of runaway 
electrons. A quantitative evaluation of this effect is 
practically impossible, because one should take into 
account the particular experimental conditions with 
their time and radius dependences. 
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2.2 The Runaway Electrons Distribution Function 
Bremsstrahlung of the Runaway Electrons 

For experimental observation of runaway electrons 
using hard X—ray radiation it is crucial to know what 
kind of photon spectrum will the given distribution 
function of these electrons induce. 

The electron distribution function can be estimated 
by a si«pie procedure. Modified according to C23, with 
fairly strong, but quite realistic assumptions. 

The distribution f(p4,t«) in a fixed time t« will 
be considered with the condition, that this distribution 
originates in a time interval te<t<t4 by supplying 
runaway electrons with momentum p. at a rate of n(t) 
particles per second. Further assuming, that these 
particles are moving in the considered time interval 
entirely without interaction with their surroundings, 
i.e. that they form a free—fall distribution. 

This assumption is well fulfilled in the region of 
runaway electrons velocity which is considerably higher 
than the critical one, i.e. for the initial condition 
P. »Mi c . Thus, it cannot be expected that the value of 
n(t) will coincide with the theoretical value according 
to (10); on the contrary, comparing these two values it 
may be possible to estimate the diffusion of 
lower—energy runaway electrons. 

The magnitude of the only force acting on the 
electrons in the free-fall distribution is given by 

F = ±£ - *Ш М 
The number of particles at a time t,, in a momentum 

interval (py ,p* +dp< ) is f (p, ,t„ >dp, . The same amount of 
particles were in the region (p,p-*-dp) at a time t, as 
long as *f 

Pi- p *JeEWJť Ul) 
holds. Thus 
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is valid. 
Becouse the change in •omentum is not a function of 
itum, the magnitude of the differential of momentum 

is conserved in time: 

*?* 5 V* ' ?* = fk + /«№' - ft -jeEUUť = ^ - f, * tj> 
1 t 

for any distance between boundaries A and B. 
Therefore 

Notice, that the analogy does not hold for the 
differential of time in momentum space. 

In any moment the number of particles in an 
interval (p» ,p«+dPo ) equals 

f(Poj)jp.= ň(t)ji W 
which means that all other particles, except for 

these just supplied, were driven by the field into 
higher regions of momentum. 

According to (11), (13) and (14) we can write the 
final system of equations for independent variables p* , 

where t is determined by 

p^p.+JeEUVi* Ш 
t 

According to this, the region p* is limited by: 
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As long as it is assumed that runaway losses are 
stationary and proportional to their rate of creation, 
the relation between ri(t) and E(t) is determined by 
equation (10). A more fertile and often experimentally 
acceptable is a more stringent assumption, that the 
discharge is stationary also in electric field intensity 
and in the runaway production rate (i.e. furthermore 
according to (10) and (5) it is also stationary in 
density and temperature). Then holds 

{ ( fr^-poj ̂  undefined 

The corresponding maximum energy of the 
distribution is 

4 = lir-* №*£?*+faff Ш) 
The distribution function according to (17) has 

from an experimental point of view two basic advantages: 

a) It is relatively easy to find numerically the 
resulting spectrum of the bremsstrahlung emission from 
the bremsstrahlung spectrum induced by a single 
electron. The latter was derived for fully ionized 
plasma by Kramer E123, the relativiatic effects were 
taken into account by Koch and Mott C133, the exact 
cross sections by Pratt С143. 

b) The bremsstrahlung spectrum is bound from the 
top by the maximum electron energy E* . Therefore, by 
fitting from the top the theoretical bremsstrahlung 
spectra of a free—fall distribution of electrons on a 
measured spectrum, this can be identified as a 
superposition of spectra of type (17). It is therefore 
possible to determine experimentally in several points 
the actual course of the distribution function of 
runaway electrons. Using eg. (IS), (16) and the 
voltage course the actual rate of supplying electrons 



13 

ň(t> can be then estimated. 

The energy spectrum of bremsstrahlung in the case 
of the simplyfied free-fall distribution function taken 
from С2Э is given in figure 3. In fig. 3(a), the beam 
of electrons is observed by a detector at an angle of 
60* to the beam direction. Spectra for 90° have a -very 
similar shape but somewhat smaller intensity. In 
fig. 3(b) the beam is observed at 3* to the beam 
direction. Two features of these graphs merit 
attention: 

a) The spectra shown in fig. 3(a) fall off 
approximately in an exponential fashion. This fact can 
easily lead to misinterpretation of the experiments: An 
exponential photon spectrum does not necessarily imply 
an exponential velocity-distribution function. 

b) A comparison of fig. 3(b) with (a) shows that 
the X-ray emission peaks in the forward direction, as 
can be expected, i.e. the tangential emission is 
produced predominantly by the most energetic particles. 
For the 60° or 90е view, the relative contribution of 
the very energetic particles is reduced and, therefore, 
the perpendicular view seems better suited for measuring 
the whole course of the distribution function of the 
electrons including the low energy part. 

Experiments which were carried out using this 
method on f-he ST tokamak are described in great detail 
in С2Э. One representative example is giv=;n in fig. 4: 

The figure shows a time sequence of three 
consecutive hard X-ray spectra for two discharges 
labelled (a) and (b). A free-fall curve has been fitted 
on the first spectrum measured at 14 me. Since the loop 
voltage is known, one can calculate how the spectrum 
should develop in time using eqs. (15) and (16). The 
corresponding free-fall spectra for times t * 27 ms and 
40 me шгш also plotted in the figure. The experimental 
spectra at 27 ms and 40 ms do not seem to expand toward 
the higher energies, rather they seem to saturate. It 
has been proposed that this behaviour is caused by 
radial transport of runaway electrons across the 
magnetic field (see Sec. 2.3). A confinement time Г of 
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the runaway electrons can be estimated by calculating 
the time that it takes for an electron to free-fall to 
an energy BT, the value that provides a good fi*-. to the 
saturated spectrum. A variety of data for the runaway 
confinement time from ST has been plotted in fig. 4(c). 

The bremsstrahlung spectra for relativistiс 
Maxwellian distributions of runaway electrons are 
plotted in С2Э too (in addition there is a factor of 
space angle which occupies the tail of electrons). The 
numerical calculations of bremsstrahlung spectra can be 
performed fur any distribution of runaway electrons, but 
in practical cases quasiexponential dependences of 
bremsstrahlung spectra are always obtained. The real 
shape of the runaway electrons distribution function can 
be determined only by measurements of hard X—ray 
radiation аз a function of angle with respect to the 
magnetic field. Such measurements would be complicated 
by the absorption of the radiation in plasma and by the 
construction of the tokamak vessel. 

2.3 Confinement of Runaway Electrons 
A brief discussion of the confinement of runaway 

electrons follows. A more detailed, quantitative 
analysis of this problem is dealt with in [13 and 
especially in C3D. 

From the single—particle view we needn't include 
the interaction of high energy electrons with plasma, 
but it is not possible ta omit drifts of the particle in 
toroidal geometry. Especially due to grad—В drift and 
centrifugal drift the high energy electrons are declined 
outwards from the plasma column. In axisymmetrical 
fields the limiter defines the actual shape of the high 
energy electron beam. A numerically calculated drift 
surface of runaway electrons is shown in fig. 5 for the 
current profile j=je(1-(г/ги)3 > and total current as 
indicated. The kinetic energy starts at 2 MeV 
(outermost orbits) and goes up by 2 MeV increments. 

The loss of runaway electrons is then given by the 
interaction with the liner or limiter, with respect to 
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the growing drift due to the growing energy. 
From the many-particle models point of view, for 

example fluid model, it is not possible to omit the free 
energy, which is represented by the kinetic energy of 
high energy electrons against he Maxwell ian plasma. 
Therefore an interaction between the high energy 
elertrons and plasma via beam instability must be 
expected. This case of instability is called fan—like 
instability or anomalous Doppler instability. This 
instability may include current steps, voltage spikes, 
inward shifts in the plasma position, density 
fluctuations, bursts of hard X-rays, sudden increases in 
the emission of microwaves, and anomalous resistivity. 

A typical electron velocity distribution before the 
fan-like instability (solid curve) and after it (dashed 
curve) is in fig. 8; (a) is the distribution with 
respect to v, , (b) is the distribution in the (v# ,ŷ  ) 
plane С13. The instability occurs, when the degree of 
distortion by runaway electrons exceeds a certain 
critical level. Elecrostatic waves are excited at 
Doppler—shifted harmonics of the gyrofrequency in this 
case; the two most important are the Cerenkov resonance 
and the anomalous Doppler resonance С ID. The farmer 
scatters electrons predominantly in energy, the latter 
in pitch-angle. 

The instability excites a very broad spectrum of 
waves, which act to isotropize the beam part of the 
distribution function. In consequence, the instability 
is cut off. After saturating, the runaway tail builds 
up again to the point, where the instability cycle will 
be repeated. 

As a result of anomalous Doppler resonance, a part 
of runaway electrons is pitch-angle scattered. If the 
pitch-angle 

is large enough, the electrons are trapped in the 
grad-B mirrors in "banana" orbits (see fig. 6a,b). The 
electrons slowly drift upwards (or downwards) alo-g 
grad—В drift surfaces, until they collide with the liner 
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or the limiter or with plasma ions. From a more 
realistic point of view, the electrons are trapped in 
the local mirrors between the toroidal *ield coils as 
well. Hence, the trajectory of a trapped electron is 
not axisymmetrical. The drift velocity is not 
compensated during the excursion of the electron then; 
the electron thus drifts out of the plasma into the wall 
(see fig. 6c), where strong bursts of hard X-rays 
originates, connected with fan-like instability. 

These col i sionless interaction phenomena associated 
with runaways are of interest in order to eliminate 
energy losses and to avoid liner damage, which results 
from direct electron drift to the walls. Finally, it is 
interesting to note that the instabilities excited by 
runaway tail were proposed for supplementary heating at 
high temperatures, where Ohmic heating is already 
ineffective. 

2.4. Plasma Bremsstrahlung during LHCD 
X-ray techniques have shown that a fast electron 

tail forms soon after the RF is switched on C2D, see 
figs. 7, 9. After about 30 ms its evolution is 
completed and a stationary electron distribution is 
estabilished provided that the discharge condition яге 
kept constant. 

During the RF pulse, the energetic electrons have 
to carry practically the total plasma current, because 
the loop voltage (and consequently the inductive current 
drive) vanishes. The radial X-ray profile should also 
contain information on the location of the current in 
the plasma. An exact evaluation of the current from 
X-ray profiles requires a large data base: the energy 
distribution in the tail has to be known as a function 
of radius. For a preliminary estimate it can be 
assumed, that the X-ray intensity is proportional to the 
number of energetic electrons. If, in addition, their 
average velocity does not vary significantly with 
radius, then it is not unreasonable to assume that the 
X-ray profiles represent current density profiles. 
Equating the X-ray profiles with the current profiles, 
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q-profiles can be calculated. 
According to С2Л, when the toroidal magnetic field 

is decreased and/or when the plasma current is 
increased, the X-ray profiles consecutively broaden. It 
was also observed, that the X—ray profile, once it was 
established, remained unchanged for the rest of the RF 
pulse. The creation of energetic electrons seems to 
produce a plasma of high conductivity in whinh the 
current profile seems to be frozen in. 

Experiments, in which the RF power was varied have 
shown, that there exists saturation of the hard X-rays 
intensity with power. The RF fields seem to create a 
diffusion in velocity space tiiat favours the creation of 
modestly energetic electrons and eliminates very high 
energy electrons (see fig» 10). The first indication of 
this effect is the reduction of hard X-ray radiation 
with the onset of the RF power. 

Another factor that influences the slope of the 
X-ray tails is the phasing of the waveguides of the 
grill. The phasing, which gives a more efficient LHCD, 
gives generally a flatter hard X-ray spectrum. It is 
so, because the current drive with more effective 
phasing gives a higher phase velocity of the 
electromagnetic wave in plasma, with which than interact 
runaway electrons. 

Quasilinear theory predicts that f(p)=const in 
a strong RF field. On the other hand, it was shown in 
fig. 9 that the X-ray spectra can also be described by a 
free—fall distribution f(p)=const . What might be seen 
with the X—ray spectra is just the distribution function 
f(p)=const with boundaries ^according to BrambilJa 
theory [153 for wave propagation parallel to the 
magnetic field. 

The validity of the assumption f(p)=const might be 
confirmed by measuring the hard X-rays at different 
angles with respect to B. 

The transfer of RF power at the electron cyclotron 
frequency to runaway electrons has been studied 
theoretically in C16J. 
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3. Experimental Results 

A layout of the hard X-TAY detector for the 
following experiments is shown in fig. 11. The detector 
used in this experiment is a small photomultiplier with 
040x30 mm NaKTl) scintilator which is shielded by 50 mm 
of lead. In the front wall of the shielding is an 
opening of diameter 7 mm which allows us to observe a 
circular area of 0200 mm on the torus. During these 
experiments it was not possible- to observe the plasma 
column directly. The measured radiation was the 
radiation which penetrated the torus shell or which was 
induced in it. 

As a consequence of the high intensities of 
radiation flux its discrete character vanishes and the 
detector output gives a sum of many pulses. The 
photomultiplier was connected directly to a data 
acquisition system, because the detector pulse decay 
itself (about 4/is) is a suitable integration constant. 
The measurements presented here are therefore simple in 
principle and bring, primarily qualitative information 
about discharge radiation in the hard X-ray region only. 

The azimutal dependence of hard X-ray radiation was 
measured in 8 basic positions with similar 
constructional consistency of the torus (except pos. 4, 
with vacuum system's pipes in the view), during four 
different regimes of discharge and at two different 
energy ranges. However, the energetic ranges do not 
have well defined limits. These are approximately 
defined as: 

1) measurements in the entire range of the 
detector, approx. 30 keV - 1.5 MeV. 

2) measurements taken with a 4 mm lead absorber 
(which absorbs the lower energetic regions of the hard 
X-rays). This layer of Pb lowers the intensity of the 
270 keV X-rays ten fold (this value is derived from a 
table of absorption coefficients from C173). At 400 keV 
more than a third of the radiation penetrates this 
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absorber » 

It is important to keep in mind that the 
measurements of radiation were performed with the 
detector directed towards the shell of the tokamak, 
where a large amount of softer rays is absorbed. 
Therefore it is important to take into account the fact 
that the low energy component of hard X-rays is produced 
in a noticeably higher rate than the observed one. 

Absorption in the 0.5 mm Fe liner can be ignored. 
The energies, which decrease after traversal the 10 mm 
copper shell 10 or 100 fold, according to t171, are 
130 keV or 100 keV respectively. The dural coils, which 
are in the detector viewing angle as well, reduce the 
energies of 90 keV or 50 keV (similarly as above). 
Absorption in 1.5 m of air for energies higher than 
30 keV can be neglected. 

(i) The discharge regime without feedback 
stabilization of the plasma column 

The first measured regime is characterized by the 
loop voltage and plasma density evolutions according to 
fig. 12 (reprinted here are only typical cases of the 
given discharge regime). In fig. 13 is shown the 
evolution of hard X-ray radiation monitored during the 
first and last discharge of the series by an unshielded 
detector of the same type, situated permanently above 
the tokamak. In the figure can be seen an increase of 
radiation. The cause of this increase can be 
interpreted as an increase in impurities. It is 
important to take into account this effect during the 
evaluation of results, which are in fig. 14. The 
measurements were taken from positions 1 to 8. 

(ii),(iii) The discharge regime with feedback 
stabilization of the plasma column 

(iii) The discharge regime 
with application of the RF wave 

In the measurements which followed two discharge 
regimes were compared, both with feedback stabilization 
of the plasma column. Besides the discharges with 
standard Ohmical heating, the regime with application of 
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lower hybrid wave (-from the -fourth to the siKth 
milisecond) was examined. These two regimes were 
repeatedly alternated so that the results could be 
meaningfully compared. Regimes are characterized by 
loop voltage and plasma density according to -fig. IS 
(dashed line — without current drive7 full line - with 
current drive). The comparative measurements of hard 
X-ray radiation are in fig. 16. The results of azimutal 
measurements o-f the hard X—ray radiaticn are shown in 
fig. 17 (without current drive) and in fig. 18 (with 
current drive). Position 7 was not accessible because 
of the installed diagnostic system for soft X-rays. 

In fig. 17 in positions 1, 2, 6 and 8 is very 
noticeable sharp increase in the intensity of the soft 
component of radiation during the time interval of 
5—6th ms. In the same instant the same increase arises 
in positions 6, 7 and S during the regime without 
feedback stabilization (fig. 14). During LHCD is the 
increase of intensity of the soft component noticable in 
position 6 already during the 4-5th ms (fig. 18). It is 
very probable that this is a. consequence of the fan-like 
instability, see вес, 2.3. The electrois with high 
perpendicular energy are produced in this case. They 
hit the liner wall and this causes the observed 
bremsstrahlung. It is interesting to note that 
according to our azimutal measurements this phenomenon 
has a local character. With this method it is probably 
possible to indicate the magnetic field and/or liner 
asymmetries. Further, the comparison of pos. 6 in the 
figures could mean that the fan-like instability may be 
induced by the lower—hybrid wave propagation. For more 
detailed measurements of fan—like instability it will be 
also important to measure loop voltage -.̂ ikeE and 
emission of microwaves accurately. 

The assumption in sec. 2.k. that LHCD suppresses the 
intensity of hard X-rays was not confirmed. It would be 
advantagious to repeat these measurements because the 
assumption may be true if the LHCD is switched on after 
the fan-like instability unfolds. 

The azimutal dependences of hard X-rays in fig. 14 
are -for better interpretation redrawn in fig. 19. Here 
the radial coordinate is the mean intensity of hard 
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X—ray radiation, at three different instances of the 
discharge. So that measurements of individual regimes 
can be compared, the chosen times were related towards 
the end of the discharge. The last instance depicts the 
situation shortly before the rapid increase of 
radiation, induced by the decay of the plasma column. 
The dashed lines describe the sections where it was not 
possible to obtain reliable results. The evolution of 
hard X-ray radiation with and without LHCD are 
practically the same (with respect to intensities), and 
to them, corresponds fig. 20. 

Above all the preassumed strong limiter radiation 
can be seen from figs. 19, 219. It is also very notable 
that just before the plasma decay the radiation grows in 
the backward direction to the limiter (with regard to 
electron motion). It may be that the runaway electrons 
hit a greater part of the limiter in consequence with 
worse confinement. 

When comparing figs. 19 and 20 one can see that the 
intensive limiter radiation starts later with feedback 
stabilization that without. This fact probably 
indicates, that the high-energy electrons reach the 
limiter later, because the plasma column is Detter 
centralized in the torus. 

The increase of intensity on the south-east side df 
the tokamak is of uncertain origin, especially the 
presence of the hard component during the regime without 
feedback stabilization. The limiter in this place is 
reliably shielded by the iron yoke of the transformer. 
Several measurements confirmed the repeatibility of this 
signal. Probably the trapped high energy electrons due 
to some magnetic field or liner asymmetries (may be very 
small) intersect the liner mainly here (see sec. 2.3). 

Several results, e.g. at positions 2 and 3 in 
figs. 17 and 18 once again stress the fact that these 
measurements are only of a qualitative character. The 
signal of the harder component in these positions in the 
instant of decay is significantly higher than total 
signal, which is obviously not possible. When measuring 
the total signal the photomultiplier is probably 
saturated. 
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Also the theoretical considerations (see sec. 2.2) 
imply the unavoidability of hard X-ray spectrometry in 
determining quantitative results of runaway electrons. 

Conclusions 

The preliminary measurements given above shall act 
as the motivation for future hard X-ray studies on the 
Castor tokamalc. Even such a simple method has been able 
to improve our knowledge of runaway phenomenon on the 
Castor tokamak, though any analogical experimental 
report was not at our disposal. Anyway, it is quite 
difficuilt to compare and understand the results. 

It was shown in sec. 2 that spectroscopic 
measurements of hard X-rays promise to obtain new 
quantitative results. For this purpose a hard X-ray 
specrometer was constru-ted at tokamak Castor, see 
fig. 21. The detection unit consists of a cylindrical 
rf>100x50 mm Nal(Tl) scintillator with photomultipl ier 
shielded with 100 mm (head on 150 mm) lead. This 
detector was calibrated beforehand and shows goad linear 
properties in the region of approx. 50 keV to 2 MeV 
with IfB'A resolution and 2 /As pulse length.. The detector 
observes the plasma through a teflon window 
perpendicular to the magnetic field with the possibility 
to scan the entire cross-section of the plasma column. 
The window is fully shielded from the limiter and 
azimutal measurements confirm that the plasma radiation 
is representative in this region. 

The possibility of measuring the plasma radiation 
directly may be proved in the near future. Even in the 
case of negative results (the discharge length and 
plasma density are still rather small) some interesting 
spectral information may be expected for instance 
concerning radiation from the liner or from some 
material located at the edge of the plasma (see 
e.g. CIS]). 
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Figure Captions 

Fig. 1 : Horizontal cross-section of the Castor 
tokamak. (1) fixed, (2) vertically movable molybden 
limiter. 

Fig. 2 : Electron runaway rate vs. the electric 
field in terms of the critical electric field. Various 
earlier theoretical predictions by Dreicer, Gurevich, 
Lebedev, and Kruskal and Bernstein predict larger rates 
than the experimental observations (open circles). 
Kulsrud and Sun succeeded in obtaining agreement in the 
magnitude by including the effect of impurities and also 
the effects of finite electron confi.iement. However, 
the confinement time seems somewhat shorter than the 
one shown in fig. 4. C2D 

Fig. 3 : Bremsstrahlung from a beam of electrons 
with a free-fall distribution function ( f(p)=const >. 
Emission is given for an angle of 60°(a) and at an angle 
of 3* <b>. C23 

Fig. 4 : A time sequence of three X-ray spectra is 
shown in subfigure (a) and (b) for two ST discharges. A 
free-fall spectrum is fitted to the spectrum measured 
at 14 me, and the expected free-fall spectra for t=27 ms 
and 40 ms are plotted. The graph (c) shows 
runaway-electron confinement time t, deduced from final 
stationary X-ray spectrum. C23 

Fig. 5 : Numerically calculated drift orbit 
trajectories that just intersect the outer 1 imiter for 
the current drive j=jo (1-(г/г^ )а ) and total current as 
indicated; the kinetic energy starts at 2 Mt_V 
(outermost orbits) and goes up in 2 MeV increments. С13 

Fig. 6 : Trajectories of the trapped electrons: 
(a) projection in the poloidal plane of "banana" orbits 
in the mx i symmetrical field; (b) the tra.sctory in the 
toroidal view; (c) the loss of the electrons trapped in 
the non-axisymmetrical field. The asymmetry may be 
caused e.g. by the finite distance between the toroidal 
field coils. C193 
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Fig- 7 : Electron distribution function in the 
toroidal direction; dashed line - RF off, full 
line - RF on. The shift of the Gaussian occurs due to a 
current density J_ induced in the plasma. The maximum 
velocity of the RF driven electrons equals to the phase 
velocity of the RF wave. The runaway phenomena during 
the OH (ohmical heating) is neglected here (see fig. в). 

Fig. 8 : Typical electron velocity distribution 
before the fan-like instability (solid curve) and after 
the instability (dashed curve): (a) distribution with 
respect to v„ ; (b) distribution in the (v„ ,vA) 
plane. C1D 

Fig. 9 : X-ray spectrum with and without RF 
current drive at a plasma density of 6x1В1' т'3 . The 
solid curves represent calculated X-ray spectra for a 
beam of electrons having either a Maxwellian 
distribution with a tail temperature of 150 keV or a 
free-fall distribution with maximum energy 600 keV. С23 

Fig. 10 : Hard X—ray spectra for an RF power level 
of 11 kW and 200 kW. L21 

Fig. 11 : The experimental layout for azimutal 
measurements of hard X-ray radiation at the Castor 
tokamak. 

Fig. 12 : Loop voltage and plasma density time 
evolutions without feedback stabilization of the plasma 
column. 

Fig. 13 : Comparative measurements of hard X-rays, 
the first measured regime: (a) The first measured 
discharge, which corresponds to position 1; (b) the 
last measured discharge, which corresponds to 
position 8. These measurements are carried out with an 
unshielded Nal(Tl) detector, situated above the 
south-west part of the Castor tokamak. 

Fig. 14 : The resulting time evolutions of hard 
X-rays at different asimutes, without feedback 
stabilization. 

Fig. 15 : Loop voltage and plasma density time 
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evolutions with feedback stabilization. Dashed 
line - LHCD off, full line - LHCD on. The drop of the 
loop voltage during the RF-pulse indicates that a part 
of the toroidal current is driven non-inductively [20]. 
The increase of the line-average density at the same 
time interval is interpreted as an improvement of the 
particle confinement time during the combined 
inductive/lower hybrid current drive С21Э. 

Fig. 16 : Comparative measurements of hard X—rays 
with feedback stabilization. Dashed line - LHCD off, 
full line - LHCD on (see commentary on fig. 13). 

Fig. 17 : The resulting time evolutions of hard 
X-rays ať different azimutes. Feedback stabilization, 
LHCD off. 

Fig. 18 : The resulting time evolutions of hard 
X-rays at different azimutes. Feedback stabilization, 
LHCD on from 4th to 6th ms. 

Fig. 19 : This figure is derived from fig. 14 and 
gives a rough asimutal dependence of hard X-rays at 
three instances: 6 ms (initial phase), 3 ms 
(intermediate phase) and 1.5 ms (final phase) before the 
disruption of the plasma column. 

Fig. 20 : This figure is derived from fig. 17, see 
commentary on fig. 19. 

Fig. 21 : The physical layout of the hard X-ray 
spectrometer. (1) tokamak torus; (2) cross-section of 
the plasma column; (3) southern window; (4) 12 mm 
thick teflon (CFa polymer); (5), (7) movable lead 
apertures 010 mm; (6) 100 mm lead shielding wall 
(8) 100 mm (head on 150 mm) lead shielding box; 
(9) £100x50 mm Nal(Tl) detector; 100 mm of lead ensure 
suppressing of the hard X-rays of at least two orders 
(at 3 MeV, minimum of lead absorption coefficient), and 
e.g. approx. 2000 folds at 1 MeV. 
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