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ABSTRACT. Lower-hybrid current drive requires the generation of a high-energy electron tail anisotropic
in velocity. Measurements of bremsstrahlung emission produced by this tail are compared with the calculated

emission from reasonable model distributions. The physical basis and the sensitivity of this modelling process

are described, and the plasma properties of current-driven discharges which can be derived from the model

are discussed.

1. INTRODUCTION

During lower-hybrid current drive an energetic
current-carrying electron tail is created by the uni-
directional RF waves. One of the primary goals of
the Princeton Large Torus (PLT) lower-hybrid experi-
ment [1-5] is to determine the velocity distribution
of this tail. A method for diagnosing the high-energy
electron velocity distribution is to measure the brems-
strahlung produced by those electrons [6—-8]. Several
difficulties must be overcome in order to utilize the
bremsstrahlung method. First, since the electron
distribution during current drive is expected to be
anisotropic, it is necessary to measure the brems-
strahlung as a function of angle to the magnetic field
in order to gain information about the degree of aniso-
tropy of the electron distribution. The second diffi-
culty with the bremsstrahlung technique is that the
photon energy distribution measured by a pulse-height-
analysis system is not the electron energy distribution.
In fact, photons of a given direction and energy (hv)
can result from any electron with arbitrary direction
and with kinetic energy higher than hy. Because of
these difficulties, it is practically impossible to derive
the electron distribution directly from the bremsstrahl-
ung data. Instead, one must assume a relatively simple
model for the electron distribution and determine its
consistency with the data. The parameters of the
model which best fit the data are obtained by iteration.
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The resultant model distribution is obviously not
unique, but it is able to describe many of the essential
features of the true electron distribution. Higher-order
features can be added to the model as long as their
effect on the bremsstrahlung emission can be dis-
tinguished by comparison with the data.

The accompanying paper [9] describes how the
bremsstrahlung measurements are made and how the elec-
tron distribution function behaves for various plasma
and RF conditions. The modelling calculations are
described in Section 2 of this paper, and fits from
increasingly refined models are compared to the data
in Section 3. A spatially homogeneous, three-
temperature model is fit to the data in Section 3.1,
and the sensitivity of that fit to the model temperatures
is discussed in Section 3.2. More complicated models
in velocity space and physical space are discussed in
Sections 3.3 and 3.4, with the result that the best
overall fit to the data involves a model which is
spatially inhomogeneous as well as anisotropic,

Section 4 is a discussion of the distribution
function calculated directly from the Fokker-
Planck equation with a quasi-linear RF diffusion
term. For reasonable parameters, the Fokker-
Planck quasi-linear RF theory gives a good fit to
the bremsstrahlung data. Finally, the implications
of the modelling results to current drive plasmas are
discussed in Section 5.

1529


http://charles.karney.info/biblio/stevens85.html

STEVENS et al.

2. SOLUTION PROCEDURE
2.1. Experimental data

Measurements of hard X-rays as a function of
energy and angle were made on the PLT tokamak with
the experimental arrangement [4] shown schematically
in Fig.1. The PLT plasma has a major radius of 1.32 m
and a minor radius of 0.4 m. A 3 in. X 3 in. Nal (T])
detector views the plasma along a line-of-sight deter-
mined by two apertures with angular resolution of
about 1°. The detector line-of-sight intersects the
magnetic axis of the plasma at an angle defined as 6.
The detector apparatus can be pivoted so as to allow 6
to vary between 28° and 86°. The range of 0 is
increased to 28° —152° by reversing the direction of
all fields and currents in PLT as well as the phasing of
the lower-hybrid waveguides.

This paper will discuss in detail a single set of
measurements as a function of 8 in order to illustrate
the modelling procedure. The X-ray data were taken
in a plasma with a current of 180 kA, a line average
density iy, = 5 X 10" cm™, and an 800 MHz RF
power of 200 kW. The RF power which maintained
this discharge was launched primarily in one toroidal
direction by a six-element waveguide grill with a rela-
tive phasing of 90° between guides. The RF power
spectrum was peaked at ny =~ 2.25 with a width at half
maximum of Any~L.5. The measurement of brems-
strahlung emission versus energy and angle for this
discharge is shown in Fig.2b, The symbols in the figure
show photon counts per 3 keV energy interval at four
different photon energies and fourteen different view-
ing angles, Data at each viewing angle are the sum
over five plasma shots with the RF on for 0.35 s each
shot. The data have been weighted to account for the
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FIG.1. Schematic diagram of experimental geometry. Angle
between magnetic axis and detector line-of-sight, 8, can be
varied between extremes of 28° to 86°.
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FIG.2. (a) Model distribution function plotted versus p“/pth
and p [pw, where 1 keV thermal bulk plasma is assumed. Every
contour represents factor of 2. Contours for thermal part of
distribution are not shown. (b) Photon counts per 3 keV energy
bin and 2.8 s time interval versus detector viewing angle 8.
Symbols are measured data for photon energies of 100, 200,
300, and 400 keV. Solid lines are computed from model distri-
bution shown in (a).

different lengths of the line-of-sight through the plasma
at each viewing angle. These weighting factors are
computed from radial profiles determined by Abel
inversion of 14 keV radial chord X-ray measurements
which are made separately with a Si(Li) detector [10].
It is assumed, for lack of better information, that the
fast-electron tail has the same radial density profile

as that determined from 14 keV soft X-rays. The
radial profile for these data is shown in the accompany-
ing paper [9].

The statistical counting errors are approximately
10% for most of these data but increase for energies
above about 300 keV, because of limited statistics.
Some improvement in the counting statistics can be
made by averaging over adjacent 3 keV energy channels.
Background counts, which can come from the limiter
or elsewhere, constitute a further source of error for
the higher-energy photons (hv > 300 keV). A more
serious and difficult-to-estimate source of error is the
shot-to-shot variation during the 80 plasma discharges
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FIG.3. Geometry of bremsstrahlung emission process at any
position in plasma. Directions of external magnetic field B,
lincident electron momentum pg, and emitted photon k'

are shown,

needed to construct Fig.2b. It will be shown that
angular resolution better than about 40° in § is not
expected, so that the smoothness of the photon count
data versus 0 gives perhaps the best indication of the
shot-to-shot variation of conditions. Figure 2b shows
that for 90°< 6 < 150° the jitter in the data can be

as much as = 15% at hy = 100 keV and * 50% at

hy = 300 keV. Another difficult source of error to
identify is the effect of small electric fields on the high-
energy electron tail. A loop voltage of less than 50 mV
is enough to cause 500 keV electrons in the RF-
produced tail to run away in these discharges. Since

it is desired to measure the tail created by the RF alone,

all the tokamak magnetics quantities (plasma current,
internal inductance, and Ohmic-heating transformer
current) were held as constant as possible to minimize
residual voltages.

There are two main features of the data that the
modelling should reproduce. One is the asymmetry in
the X-ray emission between small and large viewing
angles. Figure 2b shows that there are approximately
four times more counts for 100 keV photons and
approximately ten times more counts for 400 keV
photons at 8 = 28° as compared with § = 152°. The
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second main feature of the data that the model should
reproduce is the slope of the plot of photon counts
versus photon energy at each viewing angle.

2.2. Bremsstrahlung emission

The calculation for the number of photons emitted
in a given energy and time interval and at a given
viewing angle proceeds straightforwardly by integrating
the bremsstrahlung cross-section over the distribution
of electron momenta. For any local point in the plasma
(Fig.3):

do(k', 8, o, Z;
ocfd3f>>of(;o,6p) (. 0.00. ) | =y

dk'dt dk'df,

where k' = hr/mc? is the photon energy normalized
to mc?, p, is the momentum of the incident electron
normalized to mc, v, is the veloolty of the incident
electron, 0, is the angle between po and k_)() is the
angle between the external magnetlc field B, and po,
§1d 8’ is the angle between B0 and the emitted photon
k'. The bremsstrahlung cross-section, differential in
energy and angle, is do/dkdf,. The tail electron
distribution function f is the unknown which we wish
to find. Summing the emission along the detector
line-of-sight gives the number of photons seen by the
detector at a given energy and viewing angle:

fdtfde(k k")
At

=5

N(k,8) =

X f deW (0,0, 2) n, (R)ng(®) f dpocpo/Eq
K'+1
m

. dogy; doge
X sin(04) d0g \ Zess mdk'd() +——~———dk,d0
o 0

0

2m

n; \ do
+ et I ,
Z(n) dk’d90>fd¢of(po,9p,Q) )

i 0

where the relations ﬂpffof =1, vo/c = po/Eo,
E) =ps + I, and 05 =cos™ [cos §' cos O,
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+ sin 0 sin 0, cos¢,] are used for evaluating the
integrals. In Eq.(2), the quantity G(k, k') represents
the response of the pulse height system, k, to an
incident photon of energy k'. The photo peak response
of the 3 in. X 3 in. Nal crystal is practically 100% for
energies in the 30 up to 400 keV range, and the energy
resolution is approximately 6.5% at k = 662 keV and
varies as k=2 [11]. Therefore, since energy resolution
better than this is of no immediate interest, it is a good
approximation to take G(k, k') = 6§ (k, k).

The function W(0, 8', 2) takes into account the fact
that each external viewing angle 6 views a different
path length through the plasma and also that each
external viewing angle # actually samples many dif-
ferent local angles of emission, 8, along the line of
sight. The plasma bulk electron density n., the density
of tail electrons ny, and the tail distribution function f
can all vary along the line-of-sight. The quantities A,
and A, are the areas of the detector apertures, and b
is the spacing between apertures. Finally, the brems-
strahlung cross-section is divided into several contri-
butions described below.

2.3. Bremsstrahlung cross-sections

X-ray photons in the energy range of the Nal detector
(30—750 keV) are produced in the plasma by electron-
ion bremsstrahlung, electron-electron bremsstrahlung, or
by electron-ion recombination radiation. A relativistic
Born approximation formula for electron-ion brems-
strahlung is given by Gluckstern and Hull [12—14].

In addition, this cross-section is multiplied by a
Coulomb correction factor derived by Elwert [15]
which improves the result, especially for photon
energies comparable to the incident electron energy.
The Born-Elwert cross-section, differential in both
photon energy and angle, differs from more accurate
calculations by less than 10% for most emission angles
in the 50—-500 keV range for low-Z ions [16—18]. The
largest discrepancy occurs at angles 8, at which the
emission is smallest. This is satisfactory for the present
data which have at least 10% error. Polar plots of the
electron-ion bremsstrahlung intensity versus emission
angle are shown in Fig.4a for 50 keV and 500 keV
incident electrons. It is the forward peaking of the
bremsstrahlung emission which makes it possible to
transform from X-ray spectra to electron energy spectra.
However, the difficulty of this deduction process is also
apparent from the figure since electrons of a single
energy and direction can emit photons at all energies
below the kinetic energy of the electron Ty (E E,—1)
and in all directions. The angular width of the forward
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peak is approximately 40° at hy = 500 keV which is
indicative of the smallest angular resolution in velocity
space that can be achieved by bremsstrahlung
measurements.

The relativistic Born approximation formula given
by Haug is used for computing electron-electron brems-
strahlung [19]. This formula again is multiplied by an
Elwert-Coulomb correction factor. The target elec-
trons are assumed here to be stationary. In general,
the contribution from electron-electron bremsstrahlung
is comparable to the electron-ion term for electrons
with normalized kinetic energy T, > 1 (511 keV) in
plasmas with Z ¢ = 1 [20—21]. For most electron
distributions of interest here, where Z ¢ > 1 and
Ty < 1, the electron-electron term contributes less
than 10% to the total emission. Polar plots of the
electron-electron bremsstrahlung intensity versus
emission angle are shown in Fig.4b for 50 keV and
500 keV incident electrons and stationary target
electrons.

A third possible mechanism for plasma X-ray
emission is recombination radiation. The ratio of
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FIG.4. Polar plot of bremsstrahlung intensity for 50 and 500 keV
incident electrons colliding with (a) protons and (b) electrons.
Intensity patterns are plotted for photon energiesequal to every 20%
of incident electron energy. Case of 50 keV electrons colliding
with electrons is plotted on expanded scale.
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total recombination radiation to bremsstrahlung can
be estimated from non-relativistic formulas [22, 23].
However, relativistic effects as well as the angular
dependence of recombination emission may modify
these estimates. It is known, for example, that the
cross-section for the photo effect (inverse process of
recombination emission) falls less steeply with k at
relativistic energies [13]. To estimate the contribution
of recombination radiation, a relativistic Born approxi-
mation cross-section was obtained for K-shell recombi-
nation radiation from the corresponding K-shell
photo-effect cross-section by a detailed balance
argument;

kZ

4] =—q 3)
Pe photo pz photo

©

Cc
Orecomb™ ; o
where p, , p, are the densities of quantum states for
the emitted recombination photon and the photo-effect
electron, respectively. The relativistic Born approxi-
mation cross-section for K-shell photo-emission,

O bhoto> is given by Sauter [24]. The cross-section is
multiplied by a ‘rule-of-thumb’ factor of 1.25 to
account for recombination into other energy shells
[13]). Results using this cross-section indicate that
recombination radiation is negligible compared to
electron-ion bremsstrahlung (< 5%) at all viewing
angles for photon energies between 50 and 400 keV
and for both light impurity ions (C, O) as well as
heavier ions (Fe, Ti, Cr, Ni) in He-like states. This
assumes an electron tail temperature higher than

100 keV. Therefore, recombination radiation will

be neglected in the rest of this paper. Recombination
radiation from the RF-produced tail could become
significant for tail temperatures lower than 100 keV

or for discharges with higher bulk temperatures where
fully stripped heavy impurities make a large contribu-
tion to Zg¢s.

2.4. Model electron distributions

A description of the tail electron-distribution func-
tion which fits the data is built up step by step by
assuming a simple model and then adding additional
features as long as they can be justified by the data.
A simple model which can display velocity space
anisotropy is given by

— p? p}
f(p)=CNexp <———l——— L )for p||>O

2T, 2Tyg
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pi  pj
C — =t |for py < 0 4
Nexp< 3T, QTUB> rpy 4

i

=0 forpy, py > p*

where f(f;) is assumed to be spatially uniform through-
out the plasma. The constant Cy is chosen to satisfy
the condition

f d*pi(p) = 1

The momenta are again normalized to mc and the
temperatures are normalized to mc?. This three-
temperature model reduces to a bi-Maxwellian when
Ty = Tyg and T, T,<<1. The four adjustable para-
meters available to fit the data are: Typ (forward
parallel temperature), T, (perpendicular temperature),
T%lB (backward parallel temperature), and

p* = (E*? — 1)¥? (maximum momentum). Note
that the forward direction (p“ > 0) corresponds to
the direction of the wave phase velocity. It will be
shown in Section 3.3 that allowing additional
freedom in momentum space for f(f)’) cannot

be justified by the present data. However, allowing
f(g) to vary with plasma minor radius appears to be
able to explain an essential feature of the data
(Section 3.4).

An alternative to assuming a model distribution
function is to calculate the electron distribution using
the Fokker-Planck equation with an added quasi-
linear term [25, 26]. The adjustable parameters are
the minimum and maximum extent of the RF wave
spectrum (W; and W), the strength of the RF diffu-
sion coefficient DQL(W), and Z ¢ of the plasma. The
comparison of the calculated bremsstrahlung emission
with the data proceeds in the same manner as for the
three-temperature model. The resultant distribution
functions for both models should be very similar. The
results of comparing the quasi-linear, Fokker-Planck
calculation with the data are discussed in Section 4.

2.5. Fitting criteria

Obtaining a best fit of the model parameters to the
data proceeds by assuming values for the adjustable
parameters, calculating the bremsstrahlung as a function
of energy and angle, and then applying a statistical test
to measure the quality of fit. A least-squares fitting
criterion was used to minimize the mean percent
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difference, €, between the measured photon counts
and calculated photon counts with all data points
weighted equally (J = number of points):

e={exp(4/8%/]) — 1} X 100% (5)
where

i)
8% = Z{ln (NP (k,0)) — In(N{ (k, 0))}2 (6)

i=1

NP is the measured number of photon counts, and N?
is the calculated number of photon counts at photon
energy k and detector angle 6.

A x?-test to estimate the correctness of the fit is
not very meaningful because of the difficulty of
estimating the experimental and computational errors
for this experiment. In addition to the usual counting
statistics which are < 10%, there are possibly shot-to-
shot differences in the plasma discharges, varying
levels of background X-rays at each viewing angle,
and perhaps small alignment errors, There are < 10%
uncertainties in the bremsstrahlung cross-sections, as
well. Fits with e & 25% have been obtained, which are
probably indicative of the overall uncertainty.

3. COMPARISON WITH EXPERIMENTAL DATA
3.1. Homogeneous distribution function

As a first approximation it was assumed that the
tail distribution function was homogeneous, i.e. that
it was the same everywhere in the plasma. The solid
lines in Fig.2b are a fit to the data for photon energies
of 100, 200, 300, and 400 keV, assuming a three-
temperature distribution function with the parameters
Tygp =750keV, T = 150 keV, Tz = 150 keV, and
the maximum kinetic energy mc? (E¥ —1) = 600 keV.
These parameters give a mean square percent difference
of € = 32% between the calculated and the measured
photon counts. A contour plot of the model electron
distribution is shown in Fig.2a. Note that the model
distribution has an enhanced forward temperature,

i.e. in the direction of the wave phase velocity. The
bremsstrahlung spectrum calculated from the model
duplicates the two main features of the data: (1) the
general peaking of the emission for forward viewing
angles (6 < 90°) and (2) the relative spacing between
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lines with 100 keV increments in photon energy (i.e.
the slope of the X-ray spectrum at each viewing angle).
A major discrepancy between the data and the cal-

culation from the model is the relatively narrow
emission peak in the data at § = 45° and the subse-
quent fall off as & approaches 28°. The peak is most
pronounced for high photon energy (hy =~ 400 keV).
A smaller peak occurred in other data sets. The peak
was always present during the RF pulse and always
disappeared after the RF turnoff. The presence of this
peak indicates that during current drive the distribution
is more complicated than first assumed. More refined
models such as allowing f(f;) to vary with minor radius
will be investigated in later sections.

The cutoff energy E* was introduced as a fourth
free parameter for the model distribution. E* can be
used to simulate a high-energy limit to the distribution
function which could result from a maximum wave
phase velocity due to the lower hybrid wave accessi-
bility condition. However, it is not possible with the
present data to distinguish between models with and
without a cutoff energy E*. A best fit, for E* — oo
is obtained with TMF =450 keV, TJ_ =T = 150 keV.
This gives a mean square difference between model
and data of € = 42%, which is slightly worse than for
the model with mc?(E* — 1) = 600 keV and
Tyg = 750 keV. In either case, the tail distribution
function is greatly enhanced in the direction of the
wave phase velocity. Data for photon energies
hw > 500 keV would be necessary to distinguish
between the case of a cutoff in the forward distribu-
tion and the case of a distribution which tails off
more gradually at high energies,

3.2. Sensitivity of the calculated emission
to the model parameters

A critical question for the modelling is the sensitivity
of the calculated X-ray spectra to the model para-
meters, Figure 5 is a plot of calculated bremsstrahlung
angular distributions at hy = 100 and 300 keV for the
best fitting model distribution given in the previous
section (solid lines) along with spectra which are
calculated as one parameter at a time is varied by
* 50% (dotted lines). It is apparent from Fig.5 that
the major change in the X-ray emission intensity
occurs at the angles for which the electron distribution
has changed, i.e. if T| is varied, then the major change
in X-ray emission occurs between 6§ ='60° and § = 120°
Similarly, variations in Ty affect primarily the for-
ward X-ray emission (8 < 60°) and variations in TIIB
affect mainly the backward X-ray emission (6 2 120°).

NUCLEAR FUSION, Vol.25, No.11 (1985)
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FIG.5. Calculated photon counts versus 8 for hv = 100 and
300 keV, Solid lines are best fit to data. Various dashed lines
represent a £50% change in one model parameter with other
parameters maintaining their best fit values.

This is to be expected because the X-ray emission
patterns are peaked strongly in the direction of the
incident electron velocities (Fig.4).

The slopes of the photon spectra are not very
sensitive to the tail electron temperature. For example,
a change in T, of 50% changes the perpendicular
photon slope {Tph =-A(hv)/AIn(N)} by less than
16%. The slope of the photon spectrum becomes even
less sensitive to electron temperature for electron
temperatures above 150 keV. However, the determina-
tion of tail temperature is improved somewhat by
having fourteen different viewing angles at which the
slopes are compared with the data.

Many X-ray emission experiments in tokamaks are
carried out at § = 90°. However, the 90° emission
alone can be very insensitive to the energetic parallel
component of distributions such as those encountered
in runaway discharges or in current drive discharges.

A plot of the calculated 90° photon temperature
versus forward temperature is given in Fig.6, with

Tl and TIlB taking on selected values. The figure
shows that large changes in T"F have only a slight
effect on the slope of the 90° bremsstrahlung spectrum
when TIIF > TL' The parallel temperature, T\, has
no effect on the 90° photon temperature when

Tyg < T|. These calculations indicate that it is
necessary to interpret fixed-angle X-ray measurements

NUCLEAR FUSION, Vol25, No.11 (1985)
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with caution when dealing with anisotropic electron
distributions.

3.3. Additional velocity space structure

The problem of the data peaking at § =~ 45° in
Fig.2b could not be accounted for by a simple, homo-
geneous, three-temperature distribution. A test was
made to determine whether the peak at 8 ~ 45° could
be the result of a finer structure in velocity space. An
obvious choice is a distribution with electrons only
at Gp = 45° in velocity space. The X-ray emission
from such a ‘cone’ distribution with T = 300 keV is
shown in Fig.7. The bremsstrahlung calculated from
this ‘cone’ distribution has an emission peak at
hv = 400 keV and 8 ~ 45° which has a width
A0 = 40° at half maximum. This is approximately
twice as wide as the peak in the data, and in fact, the
calculated peak represents the minimum angular
resolution obtainable by bremsstrahlung measurements
at these energies. Furthermore, this ‘cone’ distribution
is unphysical in a tokamak where it is expected that
collisions would broaden such narrow angular distribu-
tions. Therefore, the narrow peaking of the data at
emission angles near § = 45° is not primarily a velocity
space feature of the distribution function.

10000,

1000

Ty {keV)

00

=300 keV

80 100

Tph(kev)

FIG.6. Perpendicular photon temperature versus forward
parallel temperature for T| = Ty = 10, 20, 50, 100, 200,

and 300 keV. Photon temperature, Ty, = Ak/In[N(k)/N(k +Ak)]
is evaluated at k = 200 keV and 0 = 90°,
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FIG.7. Bremsstrahlung emission versus 8 calculated from model
distribution given by f=§ (0, ~ 45°) exp (—p*/2T), where

T = 300 keV/me®. Even though electrons are modelled to be
at single angle in velocity space, calculated emission peak for

hv = 400 keV at § = 45° is broader than peak in data.

3.4. Inhomogeneous distribution function

The electron distribution function may also be a
function of radius. The fit to the bremsstrahlung data
in Fig.8 assumes a two-step radial variation with the
following parameters:

Radius Tg T, Tyg E*
(keV) (keV) (keV) (keV)
0-20 cm 750 150 150 425
20—40 cm 5000 150 150 800

With these parameters, an improved fit is obtained to
the bremsstrahlung spectra, including the narrow
emission peak at 6 = 45°. The mean square percent
difference between measured and calculated photon
emission is reduced to e & 25% in this case. It is
interesting to note that the calculated 90° emission

at 14 keV is almost identical for the homogeneous and
the two-step models, and thus the two-step model is
also consistent with the radial profile based on 14 keV
X-rays viewed at 90°.

The two-step distribution is less energetic in the
interior and more energetic on the outside than the
homogeneous distribution discussed previously. Fewer
energetic electrons (> 425 keV) in the central region
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would mean that the path-length-weighting factors

for the higher-energy photon data are too high in the
viewing range 0°< 8 < 45°, thus accounting for the
decrease in measured emission for those angles. More
radial steps or a smoothly varying f(B) with radius
might be used to improve the fit further. However,

a more detailed model with more adjustable parameters
is probably not justified in view of the accuracy of the
data. The two-step model does indicate that the
distribution of higher-energy electrons is weighted
toward the outside of the plasma for this particular
discharge. The tack of many high-energy electrons

(>> 425 keV) in the interior is reasonable since the
lower-hybrid wave accessibility condition restricts

0 1 i ] L | L

PoL il

PHOTON COUNTS

1yl

0
10 400 keV

T

T
1

ot 1 | | | !
0 30 60 30 120 150 180

DETECTOR ANGLE ¢

FIG.8. (a) Two-step radial variation of tail distribution function.
Parameters for the two distributions are given in text. (b) Solid
lines are bremsstrahlung emission versus 0 for hv = 100, 200,
300, and 400 ke V, assuming the two-step distribution shown in
(a). Data are same as shown in Fig.2(b).
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the phase velocity of the waves capable of penetrating
to the interior to approximately 400 keV for the
conditions of this particular discharge

(i, = 5 X 10" cm™, B~ 29 kG). It is also reasonable
to expect relatively more fast electrons on the outside
because faster electrons should diffuse outward before
slowing down while slower electrons created in the
interior are expected to slow down before having

time to diffuse to the outside.

4. COMPARISON OF THE FOKKER-PLANCK
SOLUTION WITH THE DATA

A calculation of the electron distribution can be
made by using the Fokker-Planck equation with an
added quasi-linear term. Details of the background
plasma and the RF spectrum must be provided in
order to specify the problem completely. In the
absence of any definite information about the wave
spectrum, the simplest one is chosen, namely [26]:

Doy = Drp for W, < W< W,

=0 otherwise,

where W = vy /v, and vig = (2kT, /mg)'/? (note that
other papers [25, 26] define v, = (kT /mg)'?).
Furthermore, it is assumed that Dgp >> vi v, where
v, 1s the thermal collision frequency. In that case, the
solution to the Fokker-Planck equation is independent
of Drg and the RF is characterized by just two para-
meters, W; and W,. A wide range of realistic spectra
may be approximated by this simple form of the
equation. To describe the background plasma, an
additional dimensionless parameter Z,¢r must be
specified. However, since the bremsstrahlung comes
primarily from very-high-energy electrons, effects
additional to those considered in Ref.[25] must be
included. These are relativistic corrections and
synchrotron radiation. Since the background tempera-
ture is small, the relativistic collision operator reduces
to the Landau operator which is easily computed [27].
The synchrotron radiation is calculated in the thin-
plasma limit, where it appears as an additional fric-
tional term in the Fokker-Planck equation [28]. The
current-carrying tail is again assumed to be homo-
geneous. The parameters for the background plasma

taken from the experimental data are n,=7.5 X 10 2em3,

T, = 1 keV, and B = 29 kG. Given these quantities,
only the three parameters Wy, W,, and Z ¢ are left
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FIG.9. (a) Distribution function calculated from Fokker-
Planck theory with large quasi-linear RF diffusion term between
Wi = 3and W, = 23. 1 keV bulk plasma is assumed for
normalization parameter py,, and Zoes = 4. Every contour
represents factor of 2.

(b) Bremsstrahlung emission at hv = 100, 200, 300, and

400 ke V calculated for distribution in (a). Data are same as
shown in Fig.2(b).

to vary. Of these, W, is determined by the condition
that the current be close to the observed value, giving
W, = 3. Small changes in W, give large changes in the
current but only small changes to the bremsstrahlung
spectra.

For computational ease, an approximate analytic
solution [29] for f(E)) was used to optimize the fit to
the bremsstrahlung data as a function of W, and Z .¢¢ .
The best fit occurred in a broad minimum around
W,=20+4and Z ¢ =4+ 2. A more exact solution,
including relativistic effects and synchrotron radiation,
was carried out numerically for W, =23 and Zggp =4.5
(Fig.9). The resonance region goes as pu/pth:
=W, (1 + pf) 1/2 when relativistic effects are included.
A contour plot of this solution is shown in Fig.9a, and
the calculated bremsstrahlung from this distribution
is plotted in Fig.9b along with the data. The fit to the
data is quite good considering the simple form of the
quasi-linear RF diffusion term that was used. The
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main discrepancy between the calculated brems-
strahlung and the data is that not enough emission
is predicted for the backward direction (8 = 180°).
Consider the values of W,, W, , and Z ¢ that are

expected in the experiment. The value W, =20
corresponds to a minimum ny of about 1.28, which is
roughly in accord with the expectation of n | = 1.2
based on wave accessibility. The value Z ¢ == 4 agrees
with the estimate in Section 5 based on the absolute
level of bremsstrahlung emission. The value of W, =3
needed to produce the observed current differs from
the expectation of W, 22 5.5 based on the minimum
parallel phase velocity of the launched spectrum. This
is the ‘spectral gap’ problem, where the waves are not
launched in the range of 3 to 5.5 v, and yet somehow
a tail is formed for current drive. Thus, except for
this spectral gap, the parameters of the theory which
best fit the data have values close to those expected
from other considerations.

A number of effects in the experiment are not
included in the simplest form of the theory:

(1) A smaller RF diffusion coefficient (DQL< ©0),
which would make the forward plateau less flat.

(2) A weak (DQL< 1) spectrum of backward waves
which would increase the backward emission.

(3) Trapped-particle losses which may reduce the
perpendicular emission.

(4) A radial variation in f(ﬁ), whose effects were
already discussed in Section 3.4.

Various combinations of these effects would produce
distributions which better fit the data. However, a
complete discussion of the various possibilities will
not be attempted here.

In conclusion, a distribution calculated from Fokker-
Planck theory with a simple form of the quasi-linear
RF diffusion operator gives a good fit to the essential
features of the data. This calculation can be used to
give an independent estimate for the width of the RF
spectrum and the effective ion charge, two parameters
which are difficult to measure experimentally.

5. DISCUSSION

Knowledge of the electron tail distribution function
is important for the following points related to current
drive: (1) the number of electrons in the high-energy
tail, (2) the energy content of the electron tail, (3) the
power dissipated by the tail, (4) the slope of the
forward plateau (i.e. wave dafnping), (5) the Z ¢ of
the discharge, and (6) the power radiated by cyclotron
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emission and bremsstrahlung. Calculations of the
integrated quantities listed above should be used with
caution for quantitative predictions because of various
uncertainties associated with the model distribution.

The number of tail electrons is computed by
assuming that the RF-produced tail carries all the
plasma current. The number of tail electrons in the
centre of the plasma, n;q, can thus be derived from
the definition of plasma current:

a co

nA(r .
= ntoe/ 27r dr (1) fd3}_>>0v||f(r,_p>o) (7

Nto
0 0

where {nt(r)/nto} is a radial form factor for the
current grofile based on the soft-X-ray radial profiles,
and f(r, py) is the normalized distribution function at
each radius r. The assumption that the electron tail
carries all the plasma current is reasonable for dis-
charges where the plasma current is constant and
where the RF supplies all the external power to the
plasma. A central tail density, nyg, of 2 X 10''em™
is estimated for the discharge which produced the data
in Fig.2. This represents approximately 3% of the
central electron density.

In principle, the total emission as defined in Eq.(2)
can be calculated when f(r,_p>0), Ny, and Z ¢ are
known. A Zg of approximately 4 gives the observed
level of emission for the fit to the data shown in Fig.2,
assuming the value of n;y calculated from expression (7).
This value of Z.¢ is unfortunately difficult to check
by other means because the present PLT current drive
experiments are done in low-density (< 10'3cm™)
discharges where plasma resistivity measurements are
influenced by superthermal electrons.

The energy content of the electron tail is:

E; =mc?e 21 R, f 2mrdr ny(r) d3§>0T0 f(r,?o)
0

0 joule (8)

where T, is the kinetic energy normalized to mc? and
R, is the major radius. A tail energy content of about
5 kJ is estimated for the discharge which produced
the data for Fig.2. This is several times the energy of
the bulk electrons measured in similar discharges with
TV Thomson scattering. Since the X-ray spectrum
from which we deduce f(r,?) is primarily determined
by the most energetic electrons, the estimate for the
total energy content of the tail should be reasonably
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accurate. This is not true when calculating power
dissipated in the electron bulk by the tail due to
collisions [30]:

Pp =mc?e (3.01 X 107%)1In A 27R,

oo

a
E
X /21rrdr ny(r) ng(r) f dsl_))o—if(r,f))o) watt
0

0
Pmin

)

Here, the major contribution to the velocity space
integral comes from tail electrons with p =~ p., ,
where p i, is the momentum at which the tail
distribution meets the bulk distribution. Brems-
strahlung from these low-energy electrons is
considerably less than emission from higher-energy
electrons; this implies that for low values of p, f(_f))
could deviate significantly from the best fit model
and drastically change the calculated Py, without
significantly affecting the calculations for n; or E;.
With this strong caution, values of Py, = 65 kW= 0.3 Pgp
are calculated assuming the model in Fig.2a.

The power radiated at all cyclotron harmonics is
calculated from the single-particle emissivity [31]:

a

Peye =2wR0f2nr dr ny(r)
0

oo

X /d%’of(r,‘p’o){l.ss X 10716 BZp2 | watt

o (10)

Avalue of Poy . = 12 kW is calculated from the model
which is reasonably consistent with the observed values.
The power radiated by high-energy bremsstrahlung
was found to be negligible: Pgpgpy =20 W.

The energy confinement time of the high-energy
tail is of interest. For example, the whole process of
RF current drive depends on confining tail electrons
for times longer than the collisional slowing-down
time, The energy confinement time for tail electrons
is approximately rg = E{/(Prg — Pp — Py ), where
Prg < 200 kW and values of E; = 5 k], Pp =~ 65 kW,
and Py~ 12 kW are derived from the model. This
gives 7y ~ 40 ms, assuming that all the RF power is
absorbed by the tail. Next consider electrons with
energies above 200 keV. In this case, E; = 4 kJ from
the model distribution and Pgg =~ 20 kW from a
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calculation of the grill spectrum (assuming no change
in ny spectrum as the wave propagates). Neglecting
Ppand Pgyc, which are comparable to P,

rg(mc?Ty > 200 keV) = 0.1 5. Even RF spectrum
downshifts as large as Ann ~ —0.5, which are much
larger than calculated by ray tracing, do not change
this conclusion. Long confinement times for the tail
electrons are corroborated by the fact that the power
required for current drive depends approximately
linearly on the electron density, thus suggesting a
collisional slowing-down energy loss mechanism for
the tail with 7g > 7,2 0.05 5. In spite of the large
uncertainties in the power estimates, it appears that
the energy confinement time for 200600 keV elec-
trons in current-driven discharges is significantly longer
than runaway electron confinement times measured
previously on PLT [32]. The reason for this difference
in confinement is not known. Some possible explana-
tions for the good confinement of the high-energy
current-driven electrons are: (1) the much lower
density for these discharges, (2) perhaps a lower level
of MHD activity (q(a) = 10 for the discharge modelled
here), and (3) some other confinement property of
non-inductively driven discharges. A more quantita-
tive evaluation of the tail (mc2T,> 200 keV) energy
confinement time is difficult for the method discussed
here because it depends inversely on the difference
between large, uncertain quantities, Ppp and Ppy.

Finally, it is desirable to know the slope of the
forward plateau in order to estimate the damping of
the lower hybrid waves. As was mentioned previously,
it is not possible with the present data to distinguish
between the case of a relatively flat distribution which
is cut off above an energy of (E* — 1)mc?= 600 keV
and the case of a smaller forward temperature,

Typ = 450 keV, which has no cutoff in energy. Thus,
only a lower limit of the T“F > 450 keV can be set for
the temperature of the forward plateau. In the range
of electron energies with which most of the RF power
is resonant (< 100 keV), the slope of the electron
distribution will have only a very small effect on the
X-ray spectra. Again, this is because the X-ray spectra
are determined primarily by the most energetic elec-
trons. An improvement in accuracy of several orders
of magnitude would be required for the bremsstrahlung
measurements to be able to give information about the
slope of the distribution below 100 keV.

Future measurements may lead to improved models
for the tail distribution function. For example, data for
angles 6 < 28° and 6> 152° would be useful in determin-
ing whether the two-step model, discussed in Section 3.4,
is correct. Further experiments that measure the high-
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energy bremsstrahlung spectra along different minor
radius chords are needed to determine when the
distribution f(g) varies with minor radius. Such a scan
for photon energies up to hv = 200 keV and a density
of i, = 5 X 10'3 em™ has proved negative on
Alcator C [33] while evidence for a radial variation

of f(g) has been obtained on PLT for certain plasma
conditions [9]. Finally, bremsstrahlung measurements
at higher energies (hw > 400 keV) could make it
possible to distinguish whether or not a cutoff energy
E* exists.

6. CONCLUSION

The range of possible electron distribution functions
for the lower-hybrid-produced tail has been narrowed
significantly by comparing the bremsstrahlung intensity
calculated from simple models with the experimental
data. Only very anisotropic distributions, with
temperatures in the wave direction much higher than
perpendicular and backward temperatures, produce
calculated bremsstrahlung spectra which fit the main
features of the experimental data. In addition, a radial
variation of the electron tail distribution function,
where the tail on the outside of the plasma is more
energetic than on the inside, appears to be able to
explain the narrow peak in emission at viewing angles
of 8 = 45°. Future experiments should be able to
give additional information on key questions such as
the radial variation and the maximum energy of the
tail.
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