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Runaway electrons in a tokamak can nove through the plasma without 

significant interaction with the other particles. This is the case when 

such electrons make negligible contributions to both the plasma density and 

the plasma current. Undar these circumstances their behaviour might be 

expected to indicate how they are influenced by small perturbations in the 

magnetic field through which they move. Interest centres on the kind of 

perturbation likely to be associated with regions of rational q • rB /RB 

(respectively r and R are minor and major radii, b» and B are toroidal and 

poloidal magnetic fields). Possible effects of magnetic field 

perturbations on runaway motion have received some attention, e.g. by 

Zweben et al. [1], Barnes and Strachan [2], Mynick and Strachan [3]. No 

experimental evidence which has been established as directly linking 

runaway behaviour with rational q regions has been seriously considered in 

the published literature. At the sane time observations were nade with 

LT-3 [4] and Pulsator [5] and sinilar ones noted with TFR 600 [6] which 

suggest that such a direct link does exist. 
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We report in this letter results of measurements with LT-4 of runaway 

electron behaviour during the current rise stage of discharges when q is 

changing continuously. The results establish a correlation between 

collision of runaway electrons with a target in the median plane of LT-4, 

at r=b, just inside the plasma boundary (r=a), and the value of q(b). In 

general there were peaks in the arrival rate of runaways tu the probe for 

integer values of q(b). These are taken as indicating increased nobility 

of electrons across the direction of the unperturbed magnetic field, due to 

field perturbations associated with rational q regions. The significance 

of increased cross field mobility in outward moving q regions is 

considered ir the light of our measurements. 

The LT-4 parameters for these observations were R=0.5 m, a = 0.1 m, 

0.6s B_<2.7T, 6 s Is 50 kA. The measured energy of X-rays from the 

liniter increased during the current rise stage of the discharge from a few 

keV to between 400 and 500 keV. Solid target bremsstrahlung from the 2 no 

wide tip of the Mo target was detected, after passing through a 5 ym Al 

window, by a 2 mm thick x 2 mm dia. Csl crystal connected by a light pipe 

to a heavily shielded photomultiplier. Measurements were made for a range 

of experimental conditions by (a) holding B constant for different values 

of I (peak current), (b) selecting different B_ values for a constant o r 
value of I and (c) selecting various combinations of values of B„ and I 0 

to maintain the same value of q(a) at peak current. 

The radiation signal for an individual discharge is shown as a 

function of time (together with q(b)) in Fig.l. Although the plasma 

position is controlled to better than + 1 mm once the discharge is 

established there is slightly greater movement in R during the current 

rise. This is corrected for in evaluating q(b). The occurrence of dips in 

the value of q(b) accompanying X-ray spikes in Fig.l is by no means typical 

of the majority of discharges. The double spikes noticeable at q • 5 and 
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6, although reflecting a tendency, particularly for lower q values, did not 

occur sufficiently regularly to be termed characteristic. The correlation 

between integer q(b) and the interception of runaways by the probe is shown 

in Fig.2 where results from some 32 discharges are displayed. These cover 

the cases (a),(b),(c) above. Fig.2(a) is an average of signal amplitude 

from the 32 discharges. 2(b) shows a sum of the tines the X-ray signal 

spiked above a selected threshold. The level was obtained from a smoothed 

continuum level by multiplying it by a small improper fraction (1.8 in the 

case shown). Intervals of 0.2 in units of q(b) were used in obtaining this 

particular histogram. Unexplained but of interest is the considerably 

greater number of x-ray spikes associated with odd q values than with even 

ones. 

The correlation between arrival of runaways at the target and the 

rationality of q(b) may be explained in terms of a number of models. 

Accepting the observations as indicating enhanced diffusion in regions of 

rational q we present the following one. 

Within an annular region of minor radial extent A s ,(Fig. 3), 

affected by q s (where s indicates the relevant value of rational q), the 

runaway electron density, n s , is taken as uniform due to the high 

diffusivity of the region. Ahead of the outward moving region A s the 

runaway electron density is n(r). For simplicity n(r) is considered 

constant in time. The total number of runaways in the region A g is 

N - n As(2r+As)ns. 

From Fig. 3 we see that 

[n(r«r+As) - n g] (r+Ag) 
dn * dr 

A s(r • A s/2) 
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Behind the expending annulus of uniform density the radial 

distribution of runaway density becomes n(r) • n (r). Ahead of the 

expanding annulus of density n the value of n(r) may be expressed as 

n(r) = n j(r). Fig.4 shows runaway density as a function of r/a for 
2 q(r) determined by a current density distribution j=J0(l~(r/a) ) and a 

2 runaway density distribution n (r) = n_(r) • n (l-(r/a) ). For an 

established parabolic distribution of low energy runaways about 50% of them 

would be carried from the plasma as q(a) decreased from about fifteen to 

five. Should the electric field be unable to penetrate far into the plasma 

during the current rise phase then the runaways would be generated mainly 

at larger minor radii. In this case the moving q regions would be much 
s 

more efficient in removing them. 

At any given time the influence f regions of enhanced diffusivity on 

the runaway population will depend on the runaways' energy as well as on the 

width A of regions of rational q. Runaways of a single energy, with a 

drift orbit centre displaced from the magnetic axis by d' may intersect a 

q region. The fraction of the runaway population which in this manner can 

cor.it under the influence of one a region will occupy an annulus of width 

W « Ag + 2d' about the drift orbit centre. This width is defined by radii 

r and r in Fig. 5. Should U exceed the distance between consecutive 

q regions the runaways can cone under the influence of nore than one 
s 

region. This places an upper limit on the energy which runaways can have 

and still move entirely independently of q s regions. Neglecting the A 

part of W, taking plasma current density j"l(l-(r/a) ) and B « 2T, the 

maximum energies for runaways not intersecting either region (or 

intersecting only one region) in l.T-4 while moving between regions c and 

q l t are shown in Fig.6. The open squares indicate values for maximum 

energies of runaways between q (a) and the next rational surface in the 

plasma. Runaways with energies up to values plotted in Fig.6 can also 

http://cor.it
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belong to a group which move through a q region for 9 (poloidal angle 

shown in Fig.5) about zero and nove between q s and q s_i for 9 »ir . These 

may contribute, for 9 around zero , to the n values of Fig. 4. 

The model employed does not require that scattering which occurs in 

the q region of Fig. 5 should necessarily produce a flat distribution of 
s 

runaways over the whole of the region of width W. However, scattering 

which occurs in cases '-.'here W exceeds the distance between consecutive 

rational q regions will facilitate movement of runaways between these 

regions. It will mean, in fact, movement across all regions outside any 

q by runaways with energies in excess of those shown in Fig.6. This 

will lead to a continuous leakage of higher energy particles from the 

plasma. Should the diffusion of the particles be sufficient the leakage 

will ensure that values of runaway energy shown in Fig. 6 are indeed the 

maximum ones that can be contained within plasma radii < r(q ). 

Consideration of the outward motion of runaways has neglected the 

relative rate of movement of the q_ regions and the drift orbit centres. 

The rate of change of both r(q) and d' with plasma current are shown in 

Fig. 7, plotted against r/a. The two quantities are expressed in units of 

a, and, for generality, have been multiplied by E-/q. Rate of change of r 

is plotted for three different current density distributions, namely (a) 

j - jQ(l-(r/a^ ), (b) j « jfeU-U/aj2 ) and (c) j - j 0(l-(r/a) 2). In 

determining the rate of change of d* it has been assumed that the 

accelerating electric field is due entirely to L-r—• where L is the plasma 

inductance per unit length. Taking into account the contribution to the 

field by the plasma resistance would lead to a slight increase in the rate 

shown. On the other hand allowance for transverse energy of runaway 

electrons would produce a decrease. The value plotted (d) is based on an 

internal inductance for the current distribution of case (b). Changing 

fror. case (a) to (c) changes 
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to 4.6 x 10 TA~ (i.e. a negligible 

is 5 x 10"* TA'1 . 

As shown in Fig.7, electrons behaving according to our nodel will move 

towards a target on the median plane almost entirely under the influence of 

q regions. 

The higher q values (Fig. 7) will lead to much faster moving 

q regions early in the discharge. If these occur when, as is usual in a 

tokamak, the rate of current rise is greatest the movement of q may be too 

great for the diffusion to be sufficient to ensure runaways are carried 

effectively with the q regions. 

In summary our experimental results establish a role for outward 

moving rational q regions in removing runaway electrons from a tokamak 

plasma. The model we have used indicates that as well as carrying a 

proportion of low energy runaways with them the rational q regions also 

scatter higher energy electrons from the discharge. This leads to an upper 

limit for the energy of fully confined electrons. It appears that the size 

of the runaway population in a tokamak might be minimised by controlling 

the rate of movement of rational surfaces. This would be done by 

programing the rate of rise of the plasma current. 
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Figure 1 
Signal due to x-rays frcm target at r=b together with 
g(b) as a function of tine. 



Figure 2 
Correlation between x-ray signals and q(b) over 32 discharges, 
(a) average x-ray signal, (b) histogram of x-ray spikes. 



Figure 3 
Outward moving integar q_ region of extent A with high 
diffusivity. 
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Figure 4 
Changes in runaway electron density caused by outward 
moving regions of high diffusivity. 



Figure 5 
Radii of drift orbits of single energy runaway electrons 
which can be affected by a single q g region. 
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Figure 6 
Maximum runaway energy in LT-4 for confinement between q 

a for rational q(a) values indicated by open squares, 
j*7t-(r/a)z),iL,- 2 T . and 

j 



4r 

'O 

(B/q).d(r/a)/dl 

((B/qW/dj/dl) 

.4 .6 .8 1.0 

Figure 7 
Movenent of rational q regions and runaway drift orbit 
centre with changing plasma currenj. (a), (b), (c) for j/j^-
l-(r/a)** , l-(r/a)' and (l-(r/a)2)' respectively, 
orbit centre for internal inductance of case (b). 

(d) d r & t 


