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DYNAMICS OF HIGH ENERGY RUNAWAY ELECTRONS
IN THE OAK RIDGE TOKAMAK

*
H. Knoepfel and S. J. Zweben+

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

Runaway‘electrons produced during normal discharges in the Oak Ridge

Tokamak (ORMAK) have been studied with a hard x-ray diagnostic system

. along with most of the other diagnostics available on this machine.

It is found that runaways can attain maximum energies of up to 10 MeV

and be contained over times of typigally 50 msec. A simple physical
model is proposed that is coﬁsistent with most of the observed high
energy runaway phenomena. Some properties of the overall runaway distri-
bution generated in tokamaks are inferred from these results and are

discussed in terms of runaway generation, acceleration, and transport.

I. INTRODUCTION

Runaway electrons keep appearing, under various discharge conditioms,
in most toroidal‘plasma devices.!s2 This is not surprising, since the |
fofméti&n of runaway electrons is a.fundamental physical effect that is
intimately related to the conduction of .current in an ionized gas.3

It is the purpose of .this work to show, on the basis of some selected
experimental results obtained during an extensive study of ruﬁaway

phenomena in ORMAK," that in some normal discharges:

1) An appfeciable number of electrons can attain energies up to
10 Mev,

2) These runaways can .be .accelerated in the electric field of
the discharge as (nearly) free electrons and are contained over
times of typically 50 msec.

3) Most of the confinement effects can be ordered and understood

in terms of a simple drift orbit model.
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On the basis of these results, some properties of the overall

runaway distribution generated in tokamaks are then inferred and discussed '

o

in terms of runaway generation, acceleration, and transport.

A practical consequence of these findings — pointing towards the use
of these high energy runaways as a means to probe the plasma — is that
whenever runaway electrons do not perform according to the drift orbit
model, specific physical effects should exist in the discharge that alter
their production rate, reduce their containment, or augment their friction
in the plasma. Although some of these anomalous effects will he mentioned,
in general this work is concerned with the runéway behavior in normal
discharges in the absence of gross instability of the plasma or runaway
components. In this case the high energy rumnaway behavior is generally
consistent with the drift orbit model described in Sec. II.

The data reported in tﬁe following sections have been obtained from
most of the standard diagnostic systems available on ORMAK; of particular
relevance is the hard x-ray detection system that was developed for this
study.® It is made up of two well collimated and shielded Nal (TZ*)
scintillation detectors which look tangentially at the limiter and/or at
other targets in the discharge chamber (Fig. 1); they allow a time- and

space~resolved measurement of the bremsstrahlung energy and.intensity

+ spectrum., In addition, there are two other scintillation detectors and

an ionization chamber located at various places around the machine to
monitor the hard x-ray intensity. The scintillation data are stored and
analyzed by hardware and software that are integrated into the ORMAK data

analysis system.

II. DRIFT ORBIT MODEL

The experiments show that in ideal discharge conditions the high
energy runaways behave basically as freely accelerated electrons. The
trajectory of a free electron with kinetic energy T = mc? (y - 1) in a
tokamak configuration consists of a fast gyration at the (toroidal, BT)

magnetic field Larmor frequency, 7

eB,
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about a guiding center whose path lies on a drift surface. This drift
surface is the result of movement along the helical field lines and of

the (vertical) drift with velocify

_ 1 2 .1 0
Va TR <V|| +2"1) 3 : (2)
oT

where R is the distance of the particle from the major axis. For runaway

electrons (v” > Vl)’ fhe veloéity is normally determined principally by
~ the curvature drift, vy =~(v")2/(RQT). 'The projection of the helical
movement onto a cross-sectional plane gives a circular movement with’
is the p0101dal field due to the plasma

velocity v, = v BP, where B

h P
current., The combination of the vy and vy movements results in a pro-
jected trajectory that is approximately a circle shifted outward by the
distance dY from the center of the current distribution (Fig. 1).

The conservation of canonical angular momentum, .

P¢ = Ym(-)RV” —-(e/C)lP(r) ’ N . (3) .

in a steady-state condition can be used to calculate dy' For example,
for a filamentary .current (i.e., all current I flows within the runaway

drift surface) the polbidal flux function is

r A
¥ = J BLRAr = R _(I/c)[1 + 2n(r/a)] . : S (&)
o
Equating P¢,at point A (see Fig. 1, where R = Ro - T, + dY’ r=or, _.dY)
and point B (R :vRo + r, + dY’ r=r, +.dY) gives finally
2
T .
el A
d =5 T o)
Y 2RI
where
cm,c?
I, = BY =17vyZ - 1 (6

is the '‘Alfvén current (in kiloamperes).
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Other more realistic current profiles can be handled with the same
method or can be determined numerically. For example, the insert of
Fig. 2 shows some shifted orbits that just intersect the limiter in a

typical ORMAK type B current profile,
. — 4 _ 3
() = 3 00 - (e/x)°] . (7)

Experimentally, the runaway is detected through the bremsstrahlung

produced when its orbit intersects the target (outer limiter) at a

radius T - That occurs when L + dY + dp = rL; for example for a fila-
mentary current profile when ’
1 2R |r d
Al vl L _,_2»
I T r - ) (8)
c c c

where d_ is the shift of the current distribution as measured by magnetic
loops.® It can be shown’ that for orbits with large radii the mean radius
r, at intersection (Eig.'l) is apprpximately identical with the radius of
the magnetic surface on which the runaway started off before accelerationm.
Equation (8) thus provides .the .relation between the unknown initial
orbit radius . and the measurable kinetic energyvof the electron when it
finally hits the outer limiter. This intersection condition is plotted
in Fig. 2, with similar curves .relative to other current distributions.
This model may be extended to give further relations between measur-
able quantities and therefore'to provide additional information on the

runaway process. For example, .the number of .runaways ASR driven into

‘the limiter‘per_uni; time as a consequence of the orbit shift with d

constant is given by

AS_ Ad
_R_ 2 Y

- 4T°R T np 71— . (9)
The velocity AdY/At with which .the drift surfaces shift into the limiter
can be calculated from Eq. (8) or Fig. 2 with the energy [Y = Y(t)] and
the current [I = I(t)] both being measurable quantities, Since SR = SR(t)

can also be measufed; it is thus possible to detérmine, within the



assumptions and precision of this method, the initial local runaway
density nR = nR(rCi).8 However, with the limited precision of present
experimental data, the results of such deductions are somewhat open to
discussion.

The acceleration of runaway electrons can be described by considering
an approximate model in which free electrons are accelerated from time
to by the electric field E¢ along the toroidal_direction ¢ (v¢ = v”).
The equation of motion is

d(Ymov )

—o9% _ _
dc eE¢
or
dA
d¥y -1_ e 9 ' | (10)
dt mc dt ) :

Here A, is the only component of the vector potential in this axisymmet-

¢

ric problem and is given by

t VL(t)

2TR
(o]

A¢(rR, t) = tf

o

dt - F(rR, t) |, (11)

where VL is the measurable loop voltage (along the toroidal discharge

vessel) and F(rR, t) is an inductive correction term’

~ that is roughly
proportional to dI/dt and is thus generally negligible except during
the initial breakdown phase. Integration of Eq. (10) is straightforward,

and for the kinetic energy T of the runaway we thus obtain

T . r=lie(-2a) -2 (12)
mez Y THT moc2 o] :
(o) ) .

III. RUNAWAY ENERGY

High energy runaway electrons in ORMAK discharges can be lost to

the limiter either

1) at the very beginning,
2) during the current plateau phase, or -

3) when the current decays, as documented in Fig. 3.



Iﬁ many cases, the runaway loss to the limiter is smooth and steady
and can be described with surprising accuracy with the drift orbit model.
In other cases, characterized by a noticeable MHD activity in the dis-
charge, runaway losses to the limiter are somewhat enhanced and are in
phase with the MHD surface effects. Strong disruptive instabilities may
also dump most or even all of the runaways in the discharge.

Energy spectra of runaway electrons have been studied for different
discharge types and different intervals within one discharge. Instead of
following the direct double unfolding procedure necessary to determine
_ the electron energy distribution from the scintillation pulse height
spectrum, we assume some discrete électron energies and compare the
resulting scintillation spectra with the experimental ones.® The results
given in Fig. 4 show that substantial 10-MeV runaway components exist in
such discharges. It is also apparent that because the highest energy
runaways produce copious bremsstrahlung quanta over the whole spectrum, it
is nearly impossible under these circumstances to obtain any useful in-
formation relative to the lower energy (<2-MeV) electrons.

For hormal ORMAK discharges, there are two distinct patterns of
runaway loss associated with different density regimes. For the high
density case (Eé > 2 X 1013 cm™3 at =100 kA), the only runaway loss
occurs during the current rise phase. For the low density case (ne < 2
x 1013 cm~3 at 100 kA), the main loss occurs during the steady-state
and decay phases. (For the intermediate density case, both patterns
can occur in the same discharge.) In either case, however, the maximum
energy is seen to increase in time to nearly 10 MeV, over a period of
<10 msec during the initially high loop voltage or over a period of
<50 msec during the lower voltage in the steady state.

The knowledge of the maximum energy of the runaways on impact with
the limiter can, through use of the model described in Sec. II, provide
useful information concerning the radial distribution and acceleration
"of this group of runawéys. The relevant maximum energy is deduced from
"the high energy end of the measured x-ray spectrum through a procedure

similar to that shown in Fig. 4,10



A. Runaways lost at early times

A straightforward and interesting experimental result based on this
simple but effective diagnostic method is shown in Fig. 5. The evolution
"of the maximum energy at early times is compared with free-fall curves;
this shows that the corresponding electrons must have been generated at
tg = 0.4 £ 0.4 msec, at a time when the discharge is still cold (1-5 eV)
and only partially ionized. They are then accelerated nearly as free
electrons in the applied loop voltage VL of 3-40 V per turn (Fig. 3).

The mean line-averaged electron density at full jionization is relatively
high in these shots, E; = 2.5-3.5 x 10'3 cm™3 at 5 msec. It is therefore
no surprise that the overall number of high energy runaways is relatively
small, typically Nk = 1012 electrons or a 10-A circulating current. An
analysis of the orbits of these electrons through Eq. (8) shows that
their minor radii are in the range r. = 17-19 cm when intersecting the
outer limiter. This result suggests the existence of a skin effect for
electric field penetration (see Sec. V). It is also possible that in
these discharges, characterized by a .moderate MHD activity at early times,
runaways are transported.somewhat by ergodic wandering of the field lines.
This effect is small enough, however, to allow nearly perfect confinement
of runaways over the whole current rise phase.

It should be noted that in this series of experiments, the discharge
is leaning towards the inside limiter, leaving space for shifted high
energy electron orbits,of large radiﬁs to remain contained. As a matter
of fact, if the discharge in .this early phase were leaning towards the
outside limiter, as is typical of most ORMAK discharges, the energy of
the same runaways at collision with the limiter would have been only
50-100 keV. '

It is most likely that runaway formation during breakdown is not
limited only to those documented QRMAK discharges,‘bug 1s typical of most
tokamak operations. Fof reasons .just mentioned, .peripheral runaways will,
however, be mostly lost to the limiter or the wall before gaining
relativistic energies. This effect has qualitatively been confirmed by'
pulses of soft and medium % ray that have been detected at these early

times whenever we looked for them.



B. Runaways lost during steady state

For discharges with mean electron densities (Eé) of 0.5-2.0 x 1013

cm'3, large numbers of runaway electrons are generated after t = 5 msec

and accelerated to high energies. They then gradually drift into the
limiter from about mid-discharge on, with particularly large numbers
being lost during current decay.

Maximum energy is plotted vs time for two sets of discharges in
Fig. 6; the points have basically the same meaning as in Fig; 5. Since
the electrons in Fig. 6 are accelerated more slowly during this phasé of
the discharge and are contained longer, the interpretation of their
confinement is more open to discussion.

The points along curve (a) in Fig. 6 follow the free-fall slope
within 90% * 10% in such a way that if free fall is assumed also for
E < 5 MeV their birthtimes would be =10 msec. The radii of the measured
runaways along this curve as computed from the orbit model range from
16 to 19 cm.. Along with an estimate of the absolute .runaway loss, as
shown at the bottom of the figure, this gives a local density of ~107 cm~3
for these runaways.

Although such near-free-fall behavior has been seen in most cases,
the energy gain can sometimes be smaller, as shown, for example, by curve
(b). Here the energy gain is 60% * 10% of free fall. At present, there
is no convincing explanation for this result, although the most likely
causes are an anomalous friction or an enhanced radial diffusion rate.
Note that a time- or radius-dependent friction cannot be ruled out for

runaways below 5 MeV in curve (a) and could place their birthtime anywhere

between 0 and 10 msec.

C. Runaways lost at current decay

After the driving voltage ends, the discharge current starts decaying.
As a consequence of the increased orbit shift [see Eq. (5)], all the
runaways will eventually hit the limiter. The results ﬁlotted in Fig. 7
show that the energy and intensity can be consistently understood in terms
of the drift orbit model. In particular, the strong increase of brems-

strahlung at the outer limiter when the current starts decaying is



obtained because the current decay term in Eq. (5) is much larger

than the inward plasma shift which. occurs at this time (see Fig. 6). Note
that the last runaways to be dumped have smaller radii and lower energies,
as would be expected for runaways born later in the hot central core of
the discharge. Note also that in the high current discharge described in
Fig. 7, runaways are dumped felatively late in time. Generally, the
higher current discharges show better runaway confinement during the
'steady state and also a larger dump during the later phases of the current
decay. This behavior is consistent with the 1/I scaling implied by the
drift orbit model of confinement.

The total number of high energy runaways shown in Fig. 7 amounts to
1013 or an equivalent current of roughly 100 A for the sum of these
maximum énergy components. The uncertainty in this number, which is
calculated on the basis of the absolute bremsstrahlung intensity, is a
factor of three either way. In other similar shots the number can be
substantially higher, depending on the plasma density (as ‘discussed in
Seé¢. V). , /

In ORMAK, the transformer providing the electromotive. force (emf)
is driven by a capacitor bank for the first 15 msec. When this time has
elapsed, a lead cell battery is usually switched in to keep the discharge
current at a constant level. In the series of experiments represented in
Fig. 8, only the capacitor bank was used, and the capacitor voltage VC
was varied to change the overall flux swing ¢ within the discharge vessel.
Each point in the figure thus corresponds to the runaway behavior observed
for a'particular charging voi;age. The measured maximum energies can be
shown to follow.the free-fall gain if the runaways are .all started at
to = 3 msec, thus.allowing them to miss a fraction of the flux swing.

As .before, the results.leave some room open for speculation as to
what happens to.the‘ma£imum energy .runaways before they become detectable,
that is, below 2 MeV. For example, it is possible that electrons start
near to = 0 msec but their energy gain in the first few milliseconds of
their lifetime is reduced by enhanced friction. It is clear, however,
that‘the late.dump (and thus the small calculated orbit radii) of these
runaways distinguishes them from the group of breakdown runaways obtained

at higher densities (see Sec. IIL.A).
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We note two interesting features of this result with respect to
runaway production. First, for the group of discharges at 0.09 Wb in
Fig. 8, the preionization pulse amplitude was varied appreciably with
apparently no systematic effect on either the maximum energy or
intensity of the high energy runaways. Second, the number of high energy
runaways is seen to decrease with increased voltage. This unexpected
behavior (see Sec, V) is due to the dependence of n, (and probably Te) on
the applied voltage (see Fig. 8) and points out the difficulty of pre-
dicting runaway ﬁroduction in tokamak discharges.

Finally, it may be interesting to note that in an additional series
of experiments the flux swing range was further extended up to 0.8 Wb by
switching the battery into the transformer circuit for various lengths of
time. In these experiments the maximum energy of runaways dumped at the
end of the discharges increased at only one third the rate expected from
free fall in the extra flux swing. No.clear-cut explanation can be given
for this effect. It is possibie, though, that the runaways did continue
in free fall, but their population was not detgctable in the presence of

a large number of runaways born later.
IV. RUNAWAY TRANSPORT

A. Overall transport properties

Runaway electrons Become relativistié after they have passed through
several initial phases in their lifetime. Three majdr phases can be
defined by critical energy ranges. The first concerns the runaway birth
and can be defined by T < Wj, where typically W; = 2eEcc/\)ei is on the
order of the critical runaway energy, implying that at W; the runaway
becomes decoupled from the plasma. Here vei is the collision frequency
and EC is given in Eq. (14); thus for a normally hot plasma (ne =3
*x 1013 cm™3, Te = 1 keV), we obtain W) 2'90 keV. In this phase, the
generation of runaways and the friction experienced by recently born
runaways may be mostly determined, in addition to Coulomb collisioms,
by collective interaction modes. This may result in a reduced number of

runaways and in pitch angle scattered or slowed-down runaways on one hand
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and in emission of enhanced electron synchrotron and plasma radiation on
the other.3»1l Correlation between runaway effects and enhanced high

12 and also in

frequency radiation has been detected in many experiments
ORMAK.!3 1In this phase an enhanced transport of runaways may be related
to the anomalously large electron energy loss characteristic of tokamak
discharges. -

The second phase may be defined by the kinetic energy interval
(W1, Wp). Here Wy is the energy at which the orbit shift dY [Eq. (5)]
typically becomes equal to the radial thickness Arm of defects in the
magnetic configuration (in ORMAK, at half radius with Arm = 1 cm, we have
Wo = 1 MeV). In this phase, the drift velocity of runaway electrons along
magnetic field lines is typically larger by a factor of 100 than that of
the bulk of electrons carryihg current; thus the runaway electrons sense
dramatically any ergodicity of the magnetic topology. Relatively large
runaway losses measuredl“Ain smaller plasmas than ORMAK's could be due to
this effect. Very small magnetic perturbations (i/B z 10’“), which can
be inducéd by experimentally observed drift waves (e&/kTe® 10-2),15 can
thus enhance very substantially radial transport of runaways in this
energy range. ' |

In addition, major defects in the smooth magnetic topology, such as
islands along mode rational surfaées, internal sawtooth oscillations, or
disruptions, can affect the radial transport of runaways much more than
in the previous case. In fact, detailed correlation between such
activities'(measufed}by magnetic probes or by a positive—intrinéic-negative
diode array sensitive to soft x rays) and the hard x-ray signal at the
limiter has ;epeatedly been measured.l0

Finally, for kinetic energies larger than W;, the drift surfaces
decouple partially from the magnetic flux surfédes, and the inertia of
the electrons increases by the factor Y. The runaways are less affected
by small-scale and resonant effects, and their confinement time can greatly
exéeed.the'electron energy containment time, as shown by our experiments.
For example, in the discharges .described in Secs. II.B and 1I.C, the
high energy runaway containment time can exceed 50 msec, while the

electron energy confinement time is typically <5 msec.
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B. Normal limiter-target effects

According to our model, under normal discharge conditions the high
energy runaways move on orbits that are always shifted outward along
the major radius with respect to the current distribution in the plasma.
The intensity plot given in Fig. 9a indeed shows a sﬁrong bremsstrahlung
source at the outer limiter and no clearly detectable source at the inner
limiter. (The remaining intensity roughly corresponds to the estimated
background of radiation that is Compton-scattered into the acceptance
cone of the collimator.)

A confirmation of the basic loss mechanism was found during inspec-
tion of the ORMAK limiter after more than three years of operation, during
which many series of runaway beam discharges were also sustained. The
main damage pattern that might be ascribed to impact of high energy
electrons is a slight melting at the outer limiter extending about 3 cm
up and down from the equatorial symmetry plane, that is, just where the
drifted and perfectly symmetric electron orbit should intersect the
limiter. ’ v o

The very good containment of these high energy runaways within the
plasma makes it possible to shift their orbits in the machine along with
the plasma by changing the vertical field. If the orbits are shifted
inward (as, for example, in Fig. 5), the runaways are allowed to gain
more energy before hitting the limiter. A series of such shift experi-

mentslo’13

as well as the similar experiment documented in Fig. 5
substantially confirm.the drift orbit model. Recent experimental results
show that in addition to the velocity Ady/At with which the drift surfaces
shift into the limiter [for which from Eq. (9) a typical value is found

to be 102 cm/sec], an additional (formal) diffusion process with d = 102
cmz/sec can be allowed. This process increases somewhat the transport of
high energy runaways near the outside of the discharge where, in fact,

additional effects may play a role (see Sec. IV.A).

C. Point limiter effects

A further .test of the validity of the drift orbit model was made with

an experiment in .which an.additional movable limiter in the form of a
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l-cm-diam tungsten rod was radially pointed into the discharge chamber
in the equatorial plane (see insert, Fig. 9b). As this limiter was
gradually inserted over a series of shots, the hard x-ray intensity at
the outer section of the ordinary limiter, measured in the usual way,
was found to decrease correspondingly (Fig. 9b); however, the'intensity
at the inner section of the limiter, lower by about a factor of 100,
remained roughly constant during such runs. The intensity at the outer
limiter was seen to decrease gradually over an insertion distance of

<2 cm, as shown in Fig. 9b.

In addition, the movable limiter, upon removal after about 30 dis-
charges, showed a damage pattern consistent with high energy electron
impact (see insert, Fig. 9b). In particular, the flat surface facing
the plasma was not damaged, as it would have been if the overall limiter
damage.were due to hot, normal conduction electrons or ions, or to
runaways with a substantial radial velocity.

Both observations relative to the inserted movable limiter indicate
that high energy runaways can move radially outward as much as dd = 1.5 cm
past the tip of this limiter. To estimate the corresponding radial
diffusion velocity V., we note that the ideal relativistic electron moving
without transverse energy on an orbit with mean radius r, is likely to
hit the tungsten rod with diameter 2rt only after 21Trc/2rt toroidal
transits, each of which is completed in the time 2"R0/9? hence,

v = dd(rt/ﬂrc)(c/ZﬂRo), so with r. = 18 cm, it follows that v = 400 cm/sec.
It is obvious that this outward velocity could only be effective a short
distance from the limiter, implying.that this is a surface rather than a
bulk phenomenon, because.otherwise the mean lifetime of electrons would

be much less than that required.to gain relativistic energies.

There are several effects that can explain this enhanced diffusion.
The most relevant with respect .to the high energy runaway experiment
reported in Fig. 9b is a scattering of the electrons as they hit the
point limiter. In fact, as the runaways (initially with small transverse
momentum) move outward with the slow drift orbi; motion discussed in Sec.
IV.B, they shoﬁld.eventually hit the point limiter within less than a
millimeter of its tip. In such a collision, there is a good chance that

the . electron is not absorbed but is instead violently scattered. 1In a

[
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plane tungsten target, for example, the backscattered fraction of normally
incident 4-MeV electrons can be as high as 30%.16 Electrons hitting a
cylindrical limiter can, in addition, be scattered by the curved surfaces
and also through the flat surface facing the plasma; it is estimated fhat
20-30% of these electrons will be neariy elastically scattered away from
the limiter into gyro-orbits with a pitch angle of more than 20°. The
main consequence of such collisions is that the orbit of the scattered.
electrons is displaced by a mean step corresponding to the Larmor radius
[Eq. (1)] or more if the runaway becomes trapped (typically for scattering
angles of more than 50°). On consequent passéges they may hit the main
limiter (with a chance of being de;ected and thus reported as in Fig. 9b),
be scattered a second time, or be absorbed by the point limiter. This
effect is somewhat difficult to express in exact quantitative terms, dué
to the complex geometry of the two targets, but since elastic scattering
prevails so strongly over bremsstrahlung radiated into the detector's

high energy acceptance range, there remains an ample margin to cover the
_experimental observations. Notice that a similar scattering effect also
exists with only the normal limiter in_place; however,»due to its large
poloidal extension, the ;adial displacement of runaway impact will be

somewhat less pronounced.

V. RUNAWAY PRODUCTION

In recent years, an appreciable amount of theoretical and numerical
work on runaway production rates has been presented, generally based on
ideal plasma models and on Coulomb collisions only. However, these
results are so.critically and .strongly dependent on some plasma parameters,
such as electron.density_ne and .temperature Te’ and also on col;ective
effects that have not .been .sufficiently taken into account, that at
present .some doubts ekist about their applicability to real plasmas.

For the relative rate S/ne,of electrons .running away per second in a
fully ionized plasma, we take here for comparison with the experiments
the result of Kulsrud et al.l7 and rewrite it in the approximate practical

form
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. _ (n /1013) E \0.375 E 2E
5 . 9 ¢ {_¢ - _|_<
o =~ 1,6 x 10 Te3/2 = exp iE / 7 ) . (13)

The characteristic runaway field

n

EC = 4me3 i%—-ln A (14)
e

can be taken in the form (with 1n A = 15)

/ n
E =4 x 1072 [ —= 50—3—,
¢ 1013 Te
1

where Te is measured in eV, n, in cm‘3, E and Ec in V-cm™*.

There are at least three basic effects that modify the runaway rates
in real plasmas with respect to what is given above. Probably the most
v‘general one is due to collective plasma modes (see Sec. IV.A).

The second effect concerns impurity ions in the plasma. According
to an expression by Cohen;18 in a typical ORMAK plasma (E/Ec < 0.1) with
gffective ionic charge Z = 6 in the steady-state phase, the runaway rate
would be smaller by an order of magnitude than given by Eq. (13). On the
other hand, impurities are known to indirectly enhance runaway formation,
particularly in the strong runaway type of discharge, where runaway beams
are formed at early times; this has reproducibly been checked in ORMAK .7

Finally, there is an enhancement of runaway formation obtained during
breakdown!?® in the partially ionized gas; this is due to the intermixed
molecular gas, WhiCh provides a collisional (momentum transfer) cross
section per molecule that is smaller?0 than twice the corresponding
electron-ion cross section in the electron energy range up to about 50 eV.
The very early breakdown runaways documented in Fig. 5 are most likely
.generated. through this enhancement effect. In fact, unless one assumes a
pronounced skin effect with strong local heating, the high filling pressure
and low initial temperature characterizing these discharges provide

~ practically no detectable runaways through Eq. (13).
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On the basis of this expression and of measured n,» Te’ and E
values, a typical evolution in time and radius of runaway generation rates
in the ORMAK discharge is obtained in Fig. 10. ‘It is clear that between

"steady-state" runaways there is a period from about 10

the "early" and
to 20 msec during which runaway production is quenched because the
electric field has decreased more than the temperature has increased.
Another result is that at an early time (<5 msec), as long as inductive
effects reduce the electric field inside the discharge, runaway produc-
tion may be higher at outer radii than in the center. With respect to
runaways generated after this time, Fig. 12 shows a drastic increase in
runaway intensity as the mean electron density (measured at 30 msec)
becomes smaller than about 1.3 x 1013 cm™3. The comparison with the
relative theoretical curve shows that the experimental results can roughly
be understood in terms of the density dependence given by Eq. (13).

It is interesting to attempt a quantitative comparison between this
calculated runaway production and the observed population of high energy
runaways. It must be kept in mind, however, that our measurements refer
only to the highest energy components lost to the limiter at any time,
as shown, for example, in Figs. 6 and 7.

Because runaways with the largest energies are predominantly formed
in ORMAK at early times, we can compare the observed population of =10-MeV
runaways lost during the current .decay to the expected number born at the
free—fall—extrapglated'birthtime‘of t # 10 msec. From Fig. 10 (corrected
for ORMAK Z = 6), we find an expected runaway production during this time
for a typical volume of 210° cm® to.be 21015 electrons. This can be
compared to the bbservéd population‘of ~10!3 electrons for this density
(Fig. 11). Apparently, either the production rate is less than classical
or some of the runaways are lost .before they reach maximum energy,
probably before becoming relativistic. It must be kept in mind, however,
that the uncertainties involved are at least a.factor of three either way
for each figure.

In addition, a steady-state production rate is in part reflected in
the loss of lower eqergy'components4during the end of the current decay
as described in Sec, III.C. In the high current, high temperature

discharge of Fig. 7, this.component evidently implies a significant
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production rate in the steédy state, but in this case an anomalous
frictional force on earlier born runaways cannot be ruled out as an
explanation for the relatively low energy.

In larger tokamaks,!>2 this latter type of runaway may strongly
predominate due to the increased time of the discharge pulse. A steady
state in the population of runaway electrons in a discharge would be
the result of a balance between runaway generation and loss; in general,
these processes can be inferred only indirectly from experimental results,
An enhanced loss rate for low energy .runaway components can produce a

similar result.?!

VI. CONCLUSIONS

The experimental results presented and discussed in this work show
that in a variety of normal ORMAK discharges, runaway electrons can be
accelerated as (nearly) free electrons up to maximum energies of 10 MeV.
They thus pass through the lower eﬁergy range (<0.5 MeV) where they are
critically e#posedvto collective plasma modes and defects of the magnetic
topology.

A variety of indirect observations suggest that the dynamics of these
high energy runaways can basically be understood in terms of a simple
physical model. In particular, the surprisingly good confinement (for
times of over 50 msec.for the higher energy.components) which exists in
spite of .the complex oscillating magnetic topology of tokamaks may be
hypoﬁheSized as‘beiné.due to .the sizable shift of the drifted orbits
away trom thé magnetic flux surfaces.

_The"grOup of high energy.runaways can influence the physics and the
macroscopic character}stics of tokamak discharges, particularly at early
timeé. For example, the early enhanced runaway fdrmétion.should in
most Eases give rise.to an unstable positive slope in the electron distri-
.bution which would tend.to produce a wave spectrum. This wave spectrum
would self-consistently determine further .runaway production and accelera-
tion. Also, due to .the electron.stimulated.desorption,22 this early runaway
dump might cause influx of neutral gas and thus help to detérmine the char-

acter of thg'discharge. High energy runaways also have .several important
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practical consequences later in the discharge, such as the generation of
large fluxes of penetrating hard x-rays that interfere with many
diagnostic systems, the generation of neutrons by photoreactions in the
limiter material and/or by Coulomb dissociation of deuterium in the
plasma, and possibly the enhancement of high Z impurity influx due to
runaway induced evaporation of the limiter. One of these effects,
anticipated earlier" on the basis of our results, has meanwhile been
detected and studied in detail.?3

The study of high energy electrons has allowed us to identify several
distinct groups of runaways that can be classified in accordance with the
time and condition of birth. In this sense the runaway population, as
inferred from high energy results, qualitatively agrees with the theore-
tical runaway rate, but quantitatively tends to be more than an order of
magnitude smaller than calculated.

In conclusion, considering the physical complexity of runaway
phenomena in tokamak discharges, it can be seen that high energy runaway

effects are remarkably reproducible and controllable.
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FIGURE CAPTIONS

Fig. 1. Schematic cross section through an ORMAK discharge, where
Ro = 80 cm and r = 23 cm. A runaway drift surface AB is shown shifted
outward dY from a magnetic flux surface which is itself shifted dp inside

the chamber axis.

Fig. 2. Outer limiter intersection condition as a function of total
plasma current (I) and electron energy (IA). The "filament" current curve
corresponds to Eq. (8), the "flat" curve to uniform current density, and
the "type B" curve to the current distribution of Eq. (7). Insert shows
calculated orbit with 100 kA of "type B" current for 5-MeV (outer) and

10-MeV (inner) electrons.

Fig. 3. Hard (20.5-MeV) x-ray intensity signatures for different
types of ORMAK discharges as monitored by an uncollimated Nal detector.
In discharges of intermediate density both the early and late x-ray -

signals may appear in the same discharge.

Fig. 4. A typical scintillator pulse height spectrum matched with
theoretical curves. The histogram represents data obtained during a 5 msec
interval summed over four similar discharges (90-95 msec in Fig. 7). The
solid.curve is the expected spectrum for 0° emission from 2 x 10!l 10-Mev
electrons normally incident on tungsten. The broken curve includes an

additional component of 4 % 10!l electrons at 5 MeV.

Fig. 5. Early time evaluation of the maximum runaway energy in two
.sets of discharges. The curves represent free-fall energy gain from t = 0
assuming an L = 0,5 .uH appropriate for electrons at approximately L 2 18 cm.

Plasma current and.shift curves are given for the 90-kA case.

Fig. 6. ‘Maximum energy vs time for runaways hitting the limiter
. .during the steady state of two discharges. Plasma current, plasma shift,
number of electrons.lost, and typical orbit radii are shown for the (a)

diecharge.
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’

Fig, 7. Maximum energy and intensity of runaways hitting the limiter
during the discharge current decay. The number of runaways lost and the
calculated orbit radii are computed for the energy components shown at the

top of the figure.

Fig. 8. Maximum energy vs total flux swing for a series of discharges
in which the capacitor charging voltage VC was varied. Also shown is the
variation in plasma density and in the estimated number of high energy

runaways during this sequence.

Fig. 9a. Relative bremsstrahlung intensity (number of pulses above a
threshold of 2 MeV) measured by the collimated detector as it sweeps in
the equatorial plane from the inner to the outer limiter. The FWHM of the

collimator's acceptance cone measured at the limiter is 6 cm.

Fig.' 9b. Relative bremsstrahlung intensity measured at the outer
limiter for various insertion distances of the point limiter. The

melting of the point limiter is due to runaway impact.

Fig, 10. Runaway rate S for a pure hydrogen plasma calculated vs time
and radius from measured density and temperature profiles in ORMAK. The
electric field is calculated from the loop voltage, using L = 0.5 uH for
the outside (r = 15 cm) and L = 0.9 uH for the inside (r = 0). Note that
the steady-state rate is more commonly higher on axis due to a peaked

temperature profile.

Fig. 11. Relative intensity of high energy (22-MeV) runaways from
three different experimental series vs mean electron line density. Solid
line is obtained from Eq. (L3)vwith Te =500 eV and E = / X 1073 V/cm
and is normalized .at E; = 1.2 x 1013 cm™3 with the experimental points.
Note that these data refer to runaways lost during the steady-state and
current .decay phases of the discharge, and so describe runaway production

characteristic of t = 5-15 msec.
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