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The transport of runaway electrons in a high-temperature plasma is relatively easy to measure in a steady state

experiment and a perturbation experiment, which provides runaway electron diffusion coefficient D,. This diffusion

coefficient is determined by internal magnetic fluctuations, so it can be interpreted in terms of a magnetic fluctuation
level. The internal magnetic fluctuation level (b;/Br) is estimated to be about (2-4)x % in the HL-1M plasma. The

results presented here demonstrate the effectiveness of using runaway electron transport techniques to determine internal

magnetic fluctuations. A profile of magnetic fluctuation level in the HL-1M plasma can be estimated from D;.
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1. Introduction

The observed loss rates of both particles and en-
ergy from confined toroidal plasmas are much higher
than those predicted by neoclassical transport the-
ory, which depend on mean plasma parameters and
Coulomb collisions. Many types of plasma turbu-
lence have been proposed to explain the anomalous
plasma transport. The fluctuations of plasma param-
eters around their mean values can cause transport
through electrostatic or magnetic fluctuations.[!! The

fluctuation-driven radial particle flux is given by
I' = (Egn) /By + (jucb:)/eB (1)

where Ej is the fluctuating poloidal electric field, 7 is
the fluctuating electron density, b, is the radial com-
ponent of the fluctuating magnetic field, ji. is the
fluctuating current parallel to the magnetic field, and
(---) denotes the time average. The fluctuation driven

energy flux is given by
3 - 3 .
Q= §KBn<EgT>/Bt + §KBT<E9n>/Bt ,  (2)

where Ky is Boltzmann constant and T is the fluctu-
ating temperature. The fluctuation driven radial par-
ticle flux includes the electrostatic fluctuations and
magnetic fluctuations. The fluctuation driven en-

ergy flux includes Ej (the fluctuating poloidal electric

field).

The edge turbulence is well characterized; it can
explain the fluctuation-driven particle flux, but can-
not well accounts for the energy fluxes. In the plasma
interior, measurements of density fluctuations suggest
that electrostatic fluctuation-driven transport cannot
account for the observed fluxes, therefore the mea-
surement of magnetic fluctuation is very important
for a description of plasma confinement. There is still
insufficient experimental data available to assess the
importance of magnetic fluctuation for internal trans-
port. In ohmically heated low 3 plasmas the measured
magnetic fluctuation is too small to contribute to the
thermal losses, but can explain the runaway electron
transport. The difficulty in applying the magnetic
probe measurements to the description of magnetic
fluctuations in a plasma precludes a study of the mag-
netic fluctuation levels in the plasma interior, except
in small tokamaks with short discharge durations. In
this study, we demonstrate the use of a steady state
approach and perturbation techniques to measure the
diffusion of runaway electrons as a probe of internal
magnetic fluctuation in plasma. Comparatively, the
transport of runaway electrons in a plasma can be
easily measured using a steady state approach for the

runaway electron confinement time 7, that is deduced
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from hard x-ray (HXR) bremsstrahlung spectra, and
using the perturbation techniques for 7, that can be
deduced from simultaneously recorded sawtooth os-
cillations of HXR flux, soft x ray (SXR) intensity
and A = 3 cm microwave radiation intensity (WUW),
which provide local runaway electron diffusion coeffi-
cient D,. Assuming that magnetic turbulence is re-
sponsible for the runaway electron transport, the dif-
fusion coefficient can be interpreted in terms of a mag-
netic fluctuation level.

We find that the runway electron diffusion coeffi-
cient is determined by internal magnetic fluctuations
rather than electrostatic fluctuations because of the
high energy involved. Runaway electron behaviour
can be used as a probe for internal magnetic fluctu-
ations. The results presented here demonstrate the
effectiveness of using runaway electron transport tech-
niques to determine internal magnetic fluctuations.
A profile of the magnetic fluctuation level in HL-1M

plasma can be estimated from D,.

2.Experiments

The experiments reported in this paper have been
carried out on the HL-IM with R = 1.02 m, a =
0.29 m, a plasma current of around 120-150 kA, a
toroidal field By = 2 T and a line averaged electron
density of 1.0 x1% —1.5 x 10'® m—3. The device and di-
agnostics are described in more detail in Ref.[2]. HXR
flux was detected by 4 Nal (Ti) 7.6 cm x 7.6 cm scin-
tillates working in the current mode or in pulse height
analysis (PHA) mode in the measurements of the run-
away electron energy and confinement time. We need
to measure not only the energy spectra of the hard
x-ray radiation in the PHA mode but also the evolu-
tion of the radiation of the hard x-ray in the current
mode. The detectors housed separately in the tangen-
tial and perpendicular shields were used. An energy
resolution of 10 keV /channel was obtained using a cal-
ibration with a 137Cs source. Photons with energies
lower than 50 keV were not detectable.

2.1. Runaway electron diffusion coefficient de-
duced from hard x-ray bremsstrahlung

spectra

The runaway electron diffusion coefficient D, is
obtained using a steady state approach in which the
runaway electron confinement time can be deduced
from HXR bremsstrahlung spectra. The runaway elec-
tron confinement time 7, and diffusion coefficient in an

ohmically and additionally heated tokamak plasma re-

veal an anomalous behaviour as predicted in neoclas-

sical models.

2.1.1. Scaling low for runway electrons from 1-D

model

A one-dimensional numerical model®! including
generation and loss effects of runaway electrons is used
to deduce the dependence of runaway electron energy

The

simulation results are presented in the form of a scal-

€, on the runaway electron confinement time.

ing law for e, against plasma parameters. The scal-
ing of €., therefore, the runaway electron confinement
time 7, has been studied in the HL-1M tokamak by
measuring hard x-ray spectra under different experi-
mental conditions. The runaway electron confinement
time is deduced in the range of plasma parameters
available in the HL-1M. A tentative explanation for
the scaling of the obtained data based on effects from

magnetic turbulence is presented below.

The runaway electron confinement time 7, is de-
duced by using a simple one-dimensional model for
generation, acceleration and loss of runaway electrons,
and by fitting the calculations of the bremsstrahlung
radiation caused by collisions of runaway electrons
with the background plasma and limiter to the HXR
spectra through simulation. For this purpose, the elec-
tron distribution function obtained numerically is in
a simple form of distorted Maxwellian distribution
function. We can obtain a slide-away distribution
The kinetic model that is applied to ob-

tain the runaway electron energy has been described

function.

in Ref.[3], and it considers the electron acceleration
in a parallel electric field F| and drag forces due to
ion-electron and electron—electron collisions as well as
electron—impurity collisions. The input parameters of
the model are ne, T,, Zeg and E for the source and
7, for the loss. The output value is the inverse slope of
the simulated HXR spectra, which is called the “run-
away average energy’ ¢,. By using more than 80 dif-
ferent simulations, the results can be approximated by

the following expression:
o= (TN ZPW VIR (3)

The expression (3) is referred to as scaling law for
¢, against plasma parameters and the runaway elec-
tron confinement time 7., where ¢, and 7T, are in keV,
N is in cm ™3, V, in volt and 7 in ms. The variation
ranges of ne, Zes, 1., and V},, used for these simula-
tions, are respectively 0.4 x 101 —1.5x 10! m~3, 1-6,
0.4-1 keV, and 0.4-0.5 V. By fitting the experimental
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data to modeled HXR spectra, 7, can be inferred from
the runaway electron energy ¢, i.e. from the inverse
of the slope of the HXR spectrum.

Firstly we measure the bremsstrahlung radiation
spectra by pulse height analysis (PHA). Using the ex-
pression (3), we can experimentally deduce the value
of 7., as a global measurement, assuming that the in-
verse slope of the HXR spectrum is the mean energy of
runaway electrons in the plasma. The variation of ¢,
ranges from 60 keV to 1.2 MeV, which corresponds to
the runaway electron confinement time varying from

2 ms to 16 ms.

2.1.2. D, determined from the hard x-ray spectra

To relate runaway electron confinement time T,
to runaway electron diffusion coefficient D,, we con-
sider a stationary runaway electron density. From
(0n, /0t = V(Dyn.)+ s, where s, is the reduction rate
of runaway electrons and n! is the density gradient,
we obtain the runaway electron flux:

r
I\(r)=—Din. = 1/ sysds.
™ Jo

Therefore, the runaway density can be inferred as
follows: n, = [ I'.(r)/D.dr.

The runaway electron confinement time is ex-
pressed as follows
B fnrdV _ foa n,rdr @)

Ii(a)A I'((a)a ’
where A is the area of the electron flux impinging on
the limiter. For the HL-1M, if D, is constant, consid-

ering s, calculated by Connor and Hastie,[*! 7, can be

Ty

approximated by
2

iy e

where rggr is the radius for the profile s, produced by

the runaway electron maximum rate. HL-1M plasma
conditions for this profile were calculated using the
tokamak parameters: By = 1.9 T, V, = 2 V, and
I, = 140 kA, and experimental profiles of electron
density and temperature, as well as the safety factor ¢
and Z.g obtained from the measurements of electron
cyclotron emission (ECE) and HCN laser interferom-
eter. s, has a maximum of around a/2. Nevertheless,
for these conditions the calculated runaway electron

density profile is peaked in the plasma centre.

2.2. Runaway electron diffusion coefficient ob-
tained using magnetic perturbation tech-

niques

In the following sections we present experimen-

tal results from the HL-1M using three perturbation
techniques to measure the runaway electrons diffusion

coefficient, and thus the level of magnetic fluctuations.

2.2.1. Runaway electron diffusion coefficient de-
duced from sawtooth perturbation

If we consider that runaway electrons diffuse ra-
dially after each internal impingement on the limiter,
the simplest model that we can adopt is similar to
the heat pulse diffusion model described by Soler and
Callen!®!, where what we should consider is the runway
electron density instead of the temperature. The time
At, for a pulse to reach its peek through a medium of
size ‘a’ with a diffusion coefficient D, can be written

using the dimensional method as

At, = a®/PD,, (6)
where P is a constant that takes into account the ge-
ometry and pulse features of the problem involved.
For a single pulse in cylindrical co-ordinates it is easy
to show that P = 4. For sawtooth pulses, if the pulse
is created by the flattening of a peaked profile inside
the ¢ = 1 surface, the perturbation has a negative
component in the axial zone and a positive one in the
zone close to ¢ = 1. Figure 1 shows the signals from a
central chord SXR detector and from an HXR detec-
tor during the applying of sawtooth pulses. Therefore,
the pulse has a bipolar feature. In this case, consider-
ing the modifications by Zheng,[®/ P depends on the
inverse radius position of the initial bipolar pulse. For
the HL-1M tokamak value of inverse radius 75 obtained
from SXR is about 5-6 cm for By = 2 T. P has an
approximate value of 14. Adopting a peaked profile
for the runway electron density and the same inverse
radius for runway electrons and SXR, we can estimate
the runway electron diffusion coefficient D, from the
experimental values of time for the runaway electron
density to reach its peak as D, = a?/(14At,). Exper-
imental results for At, exhibit a clear increase from
0.1 ms to 0.3 ms in a range of By from 1.4 T to 2.5 T.
It must be noted that under the same plasma condi-
tions, both 7. runaway electron confinement time and
At, have the same upward tendency. Experimentally,
7, is a factor of 3 to 5 greater than At,, which can also
be deduced from the expression (2). D, is the aver-
age effect of electron locus along the runaway electron
direction. Supposing that runaway electron density
pulse radially propagates from g = 1 surface to the
limiter quickly at a uniform velocity, we can approx-
imately obtain r = (a + 74)/2; thus runaway electron

diffusion coefficient is (2-5) m?/s.
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Fig.1. Signals from a central chord SXR detector (b)
and from an HXR detector (a) during the applying of
sawtooth and microwave radiation (A = 3 cm) inten-
sity sawtoothing signals.

2.2.2. Runaway electron diffusion coefficient de-

duced from microwave radiation

Consider that runaway electrons diffuse radially
after each internal impingement on the limiter, which
can cause the additional runaway electron wave to dif-
fuse in plasma. The microwave radiation (A = 3 cm)
intensity sawtoothing signals and sawtooth oscillation
of the hard x-ray signals are recorded simultaneously
(see Fig.1). The simplest mode that we adopt is sim-
ilar to the diffusion model described above. The time
At, for a pulse to reach its peak with a diffusion co-
efficient D, can be written using dimensional method
as

At. = (AX)?/PD,. (7)

The plasma density n,, at which microwave stops
propagating at a frequency of below f = 10 GHz is
referred to as cut-off density. For the microwave radi-
ation (A = 3 cm) cut-off density n,, ~ 1.2 x 1018 m=3
appears at a radius 7, of electron density profile, as
shown in Fig.2. We can estimate the runaway elec-
tron diffusion coefficient D, from the experimentally
obtained time At,.

If AX =a-ry, than
D = (AX)?/CAt,, (8)

where At, is for a pulse to reach its peak in the prop-
agation from r, through (a — ry) to the limiter. The
pulse has a bipolar feature, and C' depends on the in-
verse radial position of the initial bipolar pulse and
the microwave frequency. For the HL-1M tokamak
C has an approximate value of 30 and field distance
rw = 160 mm. Assuming the profile for the run-
away electron density to peak and the inverse radius
for runaway electrons and HXR to be the same as

their previous values, we can estimate the runaway

electron diffusion D, from the experimental values of
At,.
dially propagating from ¢ = 1 surface to the limiter

Supposing a runaway electron wave pulse ra-

quickly at a uniform velocity, we can approximately
have 7 = (a + ry)/2, thus runaway electron diffu-
sion coefficient is (4 — 6) m?/s. If the experimental
condition is allowable, we can measure the microwave
radiations at wavelengths A = 1 cm and A = 2 cm
at the same time to obtain runaway electron diffusion

coefficients at other different locations.

Nw

ne(r)

r/cm

Fig.2. Plasma electron density ne(r) as a function of

plasma radius 7.

2.2.3. Plasma shift experiment

An increase in current flowing in the vertical field
coils causes both the plasma position!” and the run-
away electron orbits inward shifts, with the plasma
current remaining constant, but they can be changed
in an induced electric field. This induced electric field
accelerates not only the runaway electrons, but also
bulk electrons. This acceleration can be a source term
in the runaway electron diffusion equation. Electrons
with the energy of the order of 60 keV can be eas-
ily accelerated from bulk electrons due to free fall.
By letting the runaway electron flux to the detector
meet a nearly steady state condition before shifting
the plasma and examining its transient response, the
time evolution of the original radial profile of the run-
away electrons is unnecessarily known. For the shift
experiments, however, the motion of plasma changes
the induced electric field, causing changes in loop volt-
age being of the order of one volt. In a shorter time
scale the effects of induction, collisions, and drifts can
be ignored even though these effects can be important
on a longer time scale. The shifting of small position
of plasma can leave a longer distance for the runaway

electrons to diffuse before reaching the limiter at the



No.5

Runaway electrons as a diagnostic of plasma internal magnetic fluctuations 1039

outer radius of the plasma. Since the runaway or-
bits are shifted outwards with respect to flux surfaces,
due to the induced electric field the runaway electrons
should not encounter the limiter on the inner side of
the plasma. The plasma displacement, hard x-ray sig-
nal and the best fit to diffusion equation model are

shown in Fig. 3.

AX/cm
|

HXR/arb.units

470 475 480 485 490
t/ms
Fig.3. Plasma displacement (upper) and hard x-ray

signal (lower) during plasma shift. The solid line is for
the best fit to a diffusion equation model.

The hard x-ray detector viewing the high field
side of the poloidal limiter does not indicate an in-
crease in hard x-ray flux as the plasma moves inwards.
We are concerned only with the shorter time scale of
the transient signal of the hard x-ray, and thus the
effects of collisions, drift and induced electric field can
be ignored even though these effects can be important
on a larger time scale. The following simple diffusion
equation:

ON 0 ON

= (D), (9)

ot Oox or
can describe the behaviour of runaway electrons,!”)
where a slab model in z-direction is used since the
change in minor radius is small compared with the
initial minor radius. D, is assumed to be constant in-
dependents of both time and space. A numerical fit [7]
to the hard x-ray flux during the shift measurements
indicates that the diffusion coefficient of runaway elec-
trons is 9 m?/s. Unfortunately, the runaway electron
diffusion coefficient D, is unlikely to be a constant
across the minor radius as indicated in analytical mod-
els. Measurement of the background electron thermal
conductivity x. in the HL-1M shows that it is much
larger on the edge than in the centre. If the actual

runaway electron diffusion coefficient D, has a simi-

lar radial dependence, then the plasma shift measure-
ments provide a measure of D, near the edge rather
than in the core since the shorter time evolution of a
plasma slightly increasing in size would be expected
to be dominated by the local value of D,. According
to the measured distance of the plasma shift, this D,
measurement should be characteristic of the plasma

conditions on the edge for a distance of 20 mm.
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Fig.4. Local runaway electron diffusion coefficient D,

as a function of plasma radius r. %% shift experi-

ment, | from microwave radiation A from sawtooth
perturbation #l HXR bremsstrahlung spectra, V ex-
perimental core diffusion coefficient O from diffusion

model.

Now, we still cannot measure the runaway elec-
tron diffusion in core, D,,, but can calculate the
diffusion coefficient of electrons in the core to be
~ 0.2 m?/s, using the definite linear diffusion equation
model presented by Myra and Catto.[®! The difference
in value of diffusion coefficient AD, between D, ob-
tained using Hard x-ray (HXR) bremsstrahlung spec-
tra and D, obtained from experiment in the impinge-
ment of sawtooth of SXR and HXR, is ~ 0.5 m?/s.
The experimental result is in good agreement with
the simulation result.

The typical results for local runaway electron dif-
fusion coefficient D, in the HL-1M tokamak are shown
in Fig. 4. Consequently, results for D, obtained from
hard x-ray bremsstrahlung radiation and three per-
turbation techniques point out that those values come
from a resulting local effect along runaway electron

trajectories.
3. Magnetic turbulence

Assuming that internal stochastic magnetic field
results in the runaway electron diffusion, which can be
related to the runaway electron diffusion coefficient by

D, < uD,,, where u is the runaway electron velocity
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and D,, is the magnetic diffusion coefficient. We can
further express Dy, 8! as
D =mqR(((b:/B1)*)D:
=Dy = qR(b/B)*viry & Xee/van - (10)
As an example where u = ¢, ¢ = 3.5, D, = 1 m?/s
and R = 1.02 m, we observe ((l;r/Bt)2> being more
than 3 x10~8. Under the experimental condition sim-
ilar to that of this experiment, (l~)r/Bt)2 is found to be
around 4 x10~® using magnetic probes behind the
limiter in the HL-1M. Such an agreement between
magnetic probe measurements and the runaway per-
turbation technique on the edge validates the effec-
tiveness of runaway perturbation technique for mea-
suring magnetic fluctuations; it also indicates that the
runaway electron diffusion is due to internal magnetic
field fluctuations. Figure 5 shows the magnetic fluc-

tuation as a function of plasma radius in the HL-1M

tokamak.
103 E 0 T T T 1
- im r
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= |
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Fig.5. The magnetic fluctuation as a function of

Bl Magnetic prob on the edge O

Shift experiment | Microwave radiation O From im-

plasma radius.

pingement of sawtooth oscillations £ From hard x-ray

bremsstrahlung spectra V Diffusion equation model.

We can confirm that magnetic fluctuation de-

creases from the edge to the inner minor radius, as

observed in the HL-1M tokamak.

The relation between magnetic diffusion and run-
away electrons has been discussed in several articles.
Several drift orbit effects reduce particle diffusion in
the presence of magnetic turbulence. The two dom-
inant mechanisms, which reduce the partial diffusion
of runaway electrons, are (i) a profile averaging over
the radial mode resulting from the guiding centre ra-
dial drift departing from a surface and (ii) a poloidal
drift-induced detuning of the wave-particle resonance
away from the rational surfaces where the magnetic
fluctuation is strongest. The fall-off of runaway diffu-
sion with energy is primarily governed at high energies

by the mechanism (i).

4. Conclusions

The runaway electron diffusion coefficient is ob-
tained using two methods: a stationary method in
which a confinement time is deduced from HXR
bremsstrahlung radiation, and the magnetic pertur-
bation technique. Both methods give local values for
D, in the range of (0.4 — 10) m?-s~! with a depen-
dence on toroidal magnetic field as By L5 Comparing
this scaling with the relationship (10), we can say that
changes in By can affect the structure of the magnetic
turbulence since the averaging drift effect is unimpor-

tant in this type of discharge.

The deduced magnetic fluctuation level is about
(2 —5) x 1074, corresponding to the average of mag-
netic fluctuation levels measured inside and on the
plasma edge using other diagnostics in the HL-1M
tokamak. The (b,/By) value is dependent on toroidal
magnetic field; it proportionally decreases with the in-
crease of toroidal magnetic field. We can confirm that
magnetic fluctuations increase from the centre to the
edge, as observed in the HL-1M tokamak.
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