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Runaway Generation in Disruptions of Plasmas in TFTR

E. D. Fredrickson, M. G. Bell, G. Taylor, S. S. Medley

Princeton Plasma Physics Laboratory, Princeton, New Jersey

Abstract

Many disruptions in the Tokamak Fusion Test Reactor (TFTR) [D. Meade and the TFTR
Group, in Proceedings of the International Conference on Plasma Physics and Controlled
Nuclear Fusion, Washington, DC, 1990 (International Atomic Energy Agency, Vienna, 1991),
Vol. 1, pp. 9-24] produced populations of runaway electrons which carried a significant
fraction of the original plasma current. In this paper, we describe experiments where,
following a disruption of a low-beta, reversed shear plasma, currents of up to 1 MA carried
mainly by runaway electrons were controlled and then ramped down to near zero using the
ohmic transformer. In the longer lasting runaway plasmas, Parail-Pogutse instabilities were

observed.



I. Introduction

Major disruptions of tokamak plasmas, which result in the abrupt termination of
plasma current, have been a problem throughout the history of tokamaks. As tokamaks
become larger and the stored energy and current increase, the danger from disruptions
increases [1,2]. First, the initial loss of confinement deposits the plasma kinetic energy on
plasma facing components (PFCs) on millisecond timescales which can damage their
surfaces. Second, the rapid decay of the poloidal magnetic field induces large currents,
and thus forces, in vacuum vessel components. In addition, if the toroidal electric field
induced during the current quench exceeds the Dreicer field [3], electrons in the plasma
can be accelerated in one collision time, or mean free path, to a velocity where the
collisional drag is less than the accelerating force. These electrons become runaway
electrons as they continue to accelerate [4,5]. The runaway problem is exacerbated for
higher current devices, such as ITER, because an avalanching process can rapidly
amplify any small seed current of runaways [4,5,6] via direct collisions. In devices as
large as ITER, the runaway beams can contain enough energy to jeopardize internal

components of the machine [1].

In disruptions of high performance plasmas on TFTR [7], the plasma kinetic energy
was lost on a timescale of order 100 us during the initial thermal quench, and the
magnetic energy then decayed on a timescale of order 10 ms. Many disruptions on TFTR
generated a substantial runaway population, evidenced by a burst of hard x-rays
coincident with a plateau, or pause, in the current quench. Typically this current plateau

lasted only a few tens of milliseconds.

The rapid drop in plasma beta and internal inductance during the thermal quench
mean that the plasma is no longer in radial force equilibrium. The response of the plasma
equilibrium to the disruption depends on details of of the poloidal field coils, their power
supplies and the feedback control system. However, on the sub-millisecond timescale of
the thermal quench, the externally applied vertical (major axial) field maintaining radial
equilibrium is essentially constant. With the collapse of the force on the plasma in the

outward major radius direction due to its kinetic pressure, the plasma shifts radially



inwards onto the inner “bumper” limiter. This TFTR 68917
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Fig. 1. Disruption during rampdown of a 2.5MA
plasma, a) plasma current with short runaway
(Fig. 1d). plateau, b) surface 1-turn voltage, c) major radius
of the center of the plasma boundary (limiter

L o . radius indicated by hash marks), and d) hard x-
The ability of next step, ignited fusion 4y emission.

the limiter, creating a burst of hard x-rays

devices, with 100’s of MJ of magnetic energy readily converted to runaways during a
disruption, to survive such events is a major engineering design challenge. There is a
research effort underway internationally to develop techniques for avoiding disruptions,
or suppressing runaway production if disruptions could not be avoided. Post-disruption
runaway electron plasmas have been studied on many devices including JT-60U [7-9],
JET [10-15], Tore Supra [16] and TEXTOR. Experiments to develop the techniques
needed for control of the runaway plasma in shaped tokamaks are underway on the DIII-
D tokamak [17]. Here we present the possibility that such runaway plasmas may be
controlled, and the energy in the runaway electrons slowly extracted. We present the
available data on these controlled runaway discharges from the TFTR experiment and
present some limited experimental data on events that resemble Parail-Pogutse

instabilities [18,19].



The plasma illustrated in Fig. 1 was a high-current discharge with normal (i.e.
positive) magnetic shear throughout and a high internal inductance. In what follows, we
will examine runaway plasmas created during experiments with low inductance, hollow
current profiles. Under these conditions of low f§ and low plasma inductance at the time
of the disruption, the change in equilibrium from the pre-disruption plasma to the post
disruption runaway plasma was sufficiently small that the runaway discharge remained
reasonably centered within the vacuum chamber. In these cases, runaway plasmas were

maintained for as long as 4 s.

The plasma current in TFTR was controlled by feedback to a programmed waveform
and the control system was designed to execute a shutdown procedure if the plasma
current deviated by more than a preset amount from this programmed value, as would
generally occur during a disruption at the start of the current quench. The negative loop
voltage applied by the central solenoid to reduce the total plasma current in response to

the disruption, also reduced the energy in the runaway electrons.

II Experimental results 2 | | | |
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bumper limiter. In these post-disruption

runaways from being scraped off onto the

plasmas, up to 70% of the original plasma current was carried by runaways. The



runaway current was held in equilibrium while the current was slowly ramped down over
a period of several seconds. The control and then slow ramp down of the runaway
current following a major disruption is a potentially attractive scenario for ITER because,
although a significant fraction of the magnetic energy may be converted to runaways, that
energy can then be extracted by the transformer. The creation of a substantial runaway
current, rather than complete termination of the original plasma current, reduces the flux

change responsible for inducing eddy current forces on machine components.

In Fig. 2 are shown traces from a representative disruption of this type of plasma.
There is a only a weak positive current spike preceding the disruption as the initial
reconnection does not decrease the plasma inductance substantially for current profiles
that are flat or hollow. The loss of beta does result in a brief inward shift of the plasma,
but the initial shift is only = 20% of the minor radius, and within 30ms the feedback
system restores the plasma to its programmed position. Hard x-ray emission peaks at
about the time the plasma movement is arrested, consistent with the interpretation that the
hard x-rays result from runaway electrons being ‘scraped off’ on the bumper limiter.
When the plasma begins moving away from the limiter, the runaways can be confined

and hard x-ray emission decreases. In this
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suggest, however, that the Rosenbluth Energy (MeV)

Fig. 3. Energy spectrum of gammas from lost
runaway electrons showing a roughly exponential

the IMA of runaway current in this discharge, dependence on energy at three times during the
runaway tail. The numbers indicate the gradient

although it may play a role. The runaway scale-length of the exponential fall-off with
energy. Spectra displayed show counts in 30ms
bins (raw data is in 1 ms bins).

avalanche process is not required to generate

distribution would be generated in the first

few ms following the disruption, after which



the loop voltage drops near zero.

A gamma ray spectrometer [21-24] provided information on the distribution of the
runaway energies. The energy spectrum of the gammas is shown in Fig. 3 at three times
during the runaway phase. The spectrum can be fit with exponentials above and below a
threshold energy: below 8 MeV ncounss = exp(-E/Tgamma), Tgamma = 2.1 MeV £ 0.3 MeV and
for energies above 8 MeV Tyumma = 0.8 MeV + 0.1 MeV.

The relation of the gamma energy spectrum to the runaway energy spectrum is
complicated [25-27]. The distribution of runaway electrons is expected to have an
exponential dependence on energy, n. = exp(-W/T,,) [4-6] and for an avalanching
distribution of runaways, T, = (17 + 3.4Z) MeV [6]. The relatively low characteristic
energies 7T,, observed in this case suggest that either avalanching physics is not
responsible for maintaining this part of the runaway distribution, or perhaps losses of
high energy runaways are determining the spectral shape. A more extensive
reconstruction of the runaway distribution from the gamma spectrum [27] might help
clarify some of these issues, but that is beyond the scope of this paper.
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on a longer timescale is shown in Fig. 4. The 1.0
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1.5 V expected from the increasing solenoid

current is nearly cancelled by the estimated inductive voltage of = 1.5 V from the plasma



current ramp down, consistent with a surface-voltage of = O within experimental
uncertainty. This implies that the resistive losses in the plasma are negligible, supporting
the assumption that the plasma current is being carried by runaway electrons. This
scenario was common for disruptions which occurred during the early phase of reversed

shear plasmas.

III. Runaway instabilities TFTR 91290
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Fig. 5. a) ECE radiation temperature, b) internal
inductance, c) surface voltage, d) radiated power,
voltage spikes, indicating that the current e) D-alpha emission.

each instability burst, reflected in the negative

profile broadens. The Parail-Pogutse instability, involving velocity scattering that
converts parallel to perpendicular energy, is likely to be playing an important role here,
both limiting the maximum velocity of the runaways and removing energy and current-
carrying runaways from the plasma. The changes in the internal inductance /i are
consistent with broadening of the current profile at the Parail-Pogutse burst and after the

burst the electrons accelerate in the core and peak the current profile again, increasing /;.



The spikes in radiated power and D, emission suggest that energy is deposited on plasma

facing components, but whether that energy is in the form of radiation, lost runaways or

thermal plasma is not clear. — TR 81200
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) o so- | 253
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are shown at the top of the figure, with first Frequency (GH2)

harmonic emission from the outboard plasma Fig.6. Spectrum of ECE measured with the X-
mode Michelson interferometer. The solid trace
edge being at =<100GHz. is the emission spectrum preceding the ECE
burst, the broken trace at the peak of the ECE
burst. The three dashed lines indicate the electron
100 GHz in Fig. 6 was seen during NBI energy needed to downshift the emission to the
indicated frequency. The frequency ranges at the
top indicate the unshifted range of 1st, 2nd and
lithium coating had been applied to the TFTR 3rd harmonic emission across the plasma

midplane.
limiter [32]. In those plasmas a narrow-

A feature similar to that seen below

heated “supershot” discharges after extensive

frequency emission peak was seen below the fundamental, at a frequency corresponding
to the upper hybrid frequency at the plasma outer edge. It was speculated that this might
represent a super-radiant maser phenomenon. If this were the case here, it would help to
explain the gap in the spectrum. However, those supershot plasmas had higher density
and did not have runaways in the core.

Interpretation of the electron cyclotron emission from a relativistic plasma is difficult
[33-36]. However the intense emission bursts are likely to be relativistically down-
shifted emission from runaways in the plasma core, with the lowest frequency emission
being the most down-shifted, i.e. from the most energetic runaway electrons. For the X-
mode emission, the first harmonic should be weak, and the emission below 200 GHz
probably represents relativistically down-shifted 2nd harmonic emission. The dashed

lines indicate the electron energy needed to downshift the emission to the indicated



frequency. Thus, emission downshifted from

200 GHz to 130 GHz would correspond to an

electron energy of about 0.26 MeV.

The upper panel of Fig. 7 shows data
digitized at 500 kHz during one of the ECE
bursts. These data are from the grating
polychromator ECE diagnostic [37] for the
lowest and highest frequencies covered by the
instrument. The timescale for the increase in
emission is 50-100 ps at 210 GHz, but of
order 200 pus at 250 GHz. The emission then

§157 T T T T LT IS DU R A ]
Q E
= [ 210 GHz ; 1
S o 10~ 7
B3 [ ] 250 GHz ]
S® F 3
S5 o .
cd [ .
S o .
Il Il Il Il Il
F 2502 : 2.503
Time (s)
- I L
L After burst _ Density profile ]
L (2.504s) / K a
©_1.0— -
e 'L ; i
03\ — -
o [ / ]
r -~ Before burst ]
C (2.494s) ]
0.0 A U R IS |
2.0 25 3.0 35

Major Radius (m)

decays on a timescale of

probably represents the timescale for the

~ 80ms.

This

Fig. 7. a) Electron cyclotron emission from
Grating Polychromator, b) density profiles
reconstructed from the ten-channel
interferometer.

decay in the perpendicular energy of the

scattered electrons, which is not maintained by the (parallel) loop voltage. The density

profiles as measured with the multi-chord interferometer before and after the ECE burst

are shown in the lower panel of Fig. 7. The

. TFTR 91290
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S . . :
L 50 the 10 ms time resolution of this measurement
|_% 40 cannot resolve the details of this rise.
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Fig. 8. a) Effective temperature from ECE
emission showing inverted sawteeth at each tail
instability event, b) hard x-ray or gamma
emission at 4.4 MeV showing no effect of

instabilities.

shifted ECE.
It may be assumed that the decay of the
ECE following the Parail-Pogutse instability

represents the decay of the perpendicular

energy component of the energetic electrons scattered from parallel by the Parail-Pogutse

instability. The decay could result from collisional drag, cyclotron emission or further



pitch-angle scattering. The collisional velocity slowing-down time on the electrons can
be estimated as [38]:

Tslow = 1.3x10% E32/(ne Aee)
where n is the electron density per cm3, E is the runaway energy in eV, and A is the
coulomb logarithms for electron-electron and electron-ion collisions. Using a range of
densities from Fig. 7b (0.7x101%/m3 to 1.3x10!%/m3) and runaway energies from 100 keV
up to 300 keV gives velocity slowing down times between 20 ms and 190 ms, which can
be compared with the = 80 ms decay time for ECE emission. A full simulation of the
evolution of the energetic electron population evolution, and resulting electron cyclotron
emission is beyond the scope of this paper, however, these estimates suggest that the ECE
decay rate following Parail-Pogutse instabilities is roughly consistent with the expected
collisional slowing down time for runaways with energies roughly between 100 keV and
300 keV. No evidence of the Parail-Pogutse instabilities is seen in the gamma spectrum
for energies above 4.4 MeV (Fig. 8), suggesting that only runaway electrons with
energies below this are affected by the instabilities.

At each instability burst, there are spikes in the radiated power and the D, emission.
This is consistent with a loss to the plasma facing components of energetic electrons at
each burst as the tail instability scatters the runaway electrons radially. The transient
power losses can be significant with radiated power spikes of up to 0.5 MW observed,
which, integrated over the burst width of about 40 ms, corresponds to = 20 kJ. The
number of runaways may be estimated from the total current. To carry 1 MA, it would
take = 3.4x1017 relativistic electrons. If the average energy of a runaway electron (from
the exponential distribution) is 7., = 4 MeV, then the total energy in the runaway beam
may be very approximately estimated as = 200 kJ. Thus = 10% of the energy in the

runaway tail could be lost at each burst.

Summary

These experimental results from TFTR demonstrate the possibility of controlling the
runaway current generated following disruptions. In TFTR, more than 60% of the initial
1.6 MA of plasma current could be converted to runaways. Measurements of the gamma

ray energy spectra suggest an exponential distribution in energy for the runaways. In

10



low-beta reversed-shear discharges, the equilibrium of the post-disruption runaway
plasma was well controlled and the runaway electron current could then be ramped down
over several seconds using the central transformer solenoid. A periodic instability was
seen in the runaway plasma, consistent with the model proposed by Parail and Pogutse.
The instability apparently pitch-angle scattered the runaways, resulting in large increases
in the electron cyclotron emission. Coincident with the instabilities, spikes in the
radiated power up to 0.5 MW were seen in the bolometer signal and the internal
inductance, deduced from magnetic measurements, decreased, indicating an outward

redistribution of the runaway current, with concomitant negative voltage spikes.
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