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Positive voltage spikesin runaway tokamak discharges
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Introduction. Voltage spikes (VS), positive or negative, are often olserved in
tokamaks. Normally they are caused by a fast perturbation in the total plasma arrent. This
fad was firstly clearly explained, with resped to the negative VS in dsruptions, by Wesson,
Ward and Rosenbluth [1]. The analysis of the VS provides an additional diagnastic
information.

Here we analyze the positive VS in runaway dominated dscharges in the small
tokamak TBR-1 [2] (R= 0.3m, a= 0.08m). In the case of the runaway discharges, the VS
are ore of the daracteristic fedures of the relaxation instability observed in many
experiments in the first tokamaks [3-6]. This phenomenonis usually explained by a kinetic
instability in a plasma-runaway beam system. There exist other reasons for the fast current
deaease in runaway discharges aswell asin namal ones, such as MHD instabiliti es..

12 In TBR-1, the VS are dharaderized (see
Fig. 1) by fast voltage increase, with a
characteristic time of several microseands,
followed by exporentia decay, with a time
constant of a few hunded microseconds. We
explain this as two-stage process In the initial
one, eledric field is generated inside the plasma
volume. It can be initiated by a fast decrease of
the runaway current due to kinetic or MHD
instabiliti es. In reply, pdasitive plasma airrent is
generated inductively. The mrrespondng initial
toroidal eledric field is determined by the values

| of the plasma arrent and resistance. The second
: . . 1o Stage is the resistive diffusion and damping of
TIME (ms) the plasma airrent.
In Ref. 2, we determined the plasma
resistance from the VS time decay, with
Fig. 1. Voltage spikesin a runaway _reaeonable suppastions about  the  plasma
dischargein TBR-1. mdu:tapce In the present \_/vork, a one
] dimensional diffusion equation is used for the
VS andlysis. This adlows us to aso
obtan a
ressonable inference of the initial eledric field dstribution. Furthermore, we take into
acour the additional runaway current generation duing VS.
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Theoretical model. The toroidal eledric field in a cylindricd plasma @lumn is
conreded with the toroidal current density by the diff usion equation
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The toroidal current density in Eq. (2), j; = j, * ], is the sum of the conductivity current
(plasma current) j, = oEand runaway j,, current densities. Let us denote the total toroidal

current before the VS as Iy =lpo + Ipo, Where Iy and I and are the runaway and plasma
currents, respectively. We suppose in our model that instabilities result in a fast decrease in
the runaway current. In reply, the same but opposite plasma current is generated inductively,
lb=lpo - lo, Ip=lpo + lpand Iy = lp @ t = 0. This gives the initial condition for the electric
fieldin Eq. (2) asE =jy/oatt=0.

The variation of the runaway current density during the VS is caused by the
acceleration of the existing (primary) and generation of the additiona (secondary) runaways.
A simplified equation for the evolution of runaway current density can be written as

o, _’EHny , H, . o

ot m g CH et

where ng and n; are the density of the primary and secondary runaways, respectively, Vg =
(T¢/meq) is the critical velocity, a = E/Eq, E. is the Dreicer (critical) eectric field, Te is the
electron temperature, A is the Coulomb logarithm calculated for the critical velocity and Vet
is the effective relativistic factor for the primary electrons. The first term in the right-hand
side represents the runaway acceleration and the second one the runaway generation.
Equation (2) can be obtained from the velocity moment of the one-dimensional kinetic
eguation assuming free acceleration for v > v, and considering that, due to short duration of
the VS, runaways losses can be neglected. Due to their low kinetic energy, we assume Ve
=1 for the secondary electrons.

The calculations show that the change of the effective relativistic factor is small, and
the secondary runaways are mainly generated at the beginning of the VS, during the first
several microseconds. So, we can further assume the constant Ve and n;. Under these
simplifications and o = const, Eg. (2) becomes linear and its analytical solution can be
obtained by the standard method of separation of variables.

Let us consider initial electric field localized in a cylindrical layer of the plasma
column, such that E(p, Q) =E;atc< p< b, E(p,0)=0ap<candp>b,andc< b< a.
The solution shows a strong effect of initial electric field distribution on the first phase of
the VS, when the diffusion of the current is the main process, and rather weak effect on the
current damping phase (see Fig. 2).

The runaway current generation during the VS results in a faster decay of the VS and
a smaller decrease of the toroidal current, as compared to the results of the model which
takes into account only resistive damping. The effect of runaways is small under the
condition g <<1, where

2)

_ erzaz Ny E
g=—"— + 3)
my HV % " E

One can conclude that information about the plasma conductivity, localization of the
instability process, and runaway parameters can be inferred by fitting the theoretical model
tothe measured VS. It is necessary to take into account that this inverse problem is an ill-
posed one, like most of other plasma diagnostic problems, therefore, reasonable restrictions
of the VS model are required.
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TIME (us) Fig. 3. Comparison of the calculated
VSwith the experimental one: b/a=1,
Fig. 2. Electric field on the plasma boundary c/a=0.8, T=15€eV at g=0; bla=1,
and toroidal current change for different c/a=0.78, T=24 eV a g=1; Z; =3. The
initial electric field distribution: (a) b/a=0.5; total toroidal current decreaseis
(b) c/a=0.6, b/a=0.8; (c) c/a=0, b/a=1,(d) A, =0.04; Al, =l at g=0 and Al; =0.57l,
c/a=0.75b/a=0.95, (e) c/a=0.8, b/a=1. at g=1.

Analysis of experimental data. From the comparison of the measured and calculated
VS (see Fig. 3), we conclude that the initial perturbation of the electric field is localized in a
rather narrow region near the plasma boundary. The toroidal current change and electron
temperature calculated by the Spitzer formula from the plasma conductivity have reasonable
values.

The theoretica model with the parameter g=0 (no runaway effect) shows the best fit
to the experimental VS (see Fig. 3). Let us discuss the possible value of the parameter g using
results of our previous work [2]. In accordance with Eq. (3), we can write g = go + 01, where
0o and g; are caused by the primary and secondary runaways, respectively.

The value of the parameter go caused by the primary runawaysis

go = —Hi0 @
TEMY eir  Verr —1

In our case, the runaway beam carries more than 95% of the total current, The runaway
effective kinetic energy is determined from the equilibrium effects as 140-360 €V; the energy
increases with time. The measurements of the x-ray energy by the absorption method give the
effective energy of about 400 keV at the end of the discharge. From Eq. (4), gois 1.6 at 140

keV and 0.45 at W=400 keV.
To estimate the effect of the secondary runaways, we used the known formula for the
steady-state runaway flux presented in Ref. 3. Due to exponential decrease of the electric
field and strong dependence of the flux on the parameter a = E/E., runaways are manly

generated at the beginning of the VS during a time interval. At ~ Sb(dSO/ dt)'l. The

1342



27th EPS CCFPF 2000; Yu.K. Kuznetsov et al. : Positive voltage spikes in runaway tokamak discharges

characteristic time of relaxation to the steady-state flux is [7] 7, =v;'a ™2, where v, is the

collision frequency of the thermal eledrons. For the cnditions considered, At << 1, i.e., the
runaway flux is norstationary, and the runaway density can be estimated as ny ~ SAtY/21; at t
= 0. The estimated value of n; depends grongly on dasma parameters. The two theoretical
VS profilesin Fig. 3are cdculated assuming Z = 3, with T,=15eV ag=0and Te = 24 eV
a g = 1. Estimations of the n, for these values of Z; , Te, and measured electron censity 10"
cm give, by Eg. (3), g1 = 0.05at Te=15€V andg; = 0.4at Te = 24€V.

We can conclude from this analysis that the dfect of secondary runaway generation
can be negligible small, for our condtions, due to the low plasma temperature and fast
deaease of the dectric field. However, the same cnclusion abou the effect of primary
runaways would be in disagreement with runaway kinetic energies 140-400 keV deduced
from equili brium eff ects and x-ray energy measurements; these energies give gp = 0.45- 1.6.
This disagreament can be explained by the eff ects of the instability. One can seefrom Fig. 3
reproducible peadliarities of the measured VS: a small first step and normonaonic change
during the diffusion prese. We can suppcee that, in addition to the processes taken into
acourt in ou model, the instabili ty, which initiates the V'S, continues for some time playing
asubstantial rolein thetotal current change, at least during the diffusion plese of the VS.

Conclusion. The paositive voltage spikes in the time profil es of runaway dischargesin
TBR-1 are explained using a one-dimensional diffusion model of the toroidal eledric field.
Acoording to ou model, the VS is initiated by a fast small deaease in the runaway current.
In reply, the same but positive plasma airrent is generated inductively. Together with the
resistive damping of this plasma arrent, the diffuson mode takes into accourt the
generation d the alditional runaway current. The effed of the alditional runaway current
generation is important under the @ndtion g = 1 with parameter g given by Eqg. (3). A
comparison d the measured and cdculated vdtages allows us to infer an information abou
the plasma conductivity, initial electric field dstribution and parameter g. In ou case, the
condtion d the best fit gives g = 0. This result disagrees with the experimental data ebou
the runaway kinetic energy which give g ~ 1. A possble explanation for this disagreament is
the dfed of an instability, which initi ates the VS and which continues for some time, playing
asubstantial rolein thetoroidal current change.
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