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Coupled Model of Wave Damping, Quasilinear Heating, and Radial Transport
Applied to Bumpy Tori
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A simple Fokker-Planck model of rf heating is presented which includes quasilinear velocity diffusion,
collisions, and particle transport by radial collisional diffusion and direct-drift losses. In addition, the
influence of the incident-wave electric-field spatial profile on the velocity-space structure of the quasilin-
ear operator and, in turn, the effect of the nonlinear distribution function on the wave field are included.
Application is made to electron-cyclotron heating in the Elmo bumpy torus.

PACS numbers: 52.50.Gj, 52.25.Fi, 52.55.Hc

In the study of wave heating of plasmas, it is common
to consider the wave propagation and damping, the
velocity-space response of the plasma particles to the
waves, and the transport of the deposited wave energy to
be separable processes. Actually, however, these pro-
cesses are coupled. We have developed a simple model
that permits strong coupling among the spatial damping
of the waves, the quasilinear evolution of the plasma dis-
tribution function, and the radial loss of plasma particles
and energy. We have applied the model to an experi-
ment in which the interaction of these processes is partic-
ularly strong, i.e., electron cyclotron heating of Elmo
bumpy torus devices, EBT-I and EBT-S.! Our model
gives good agreement with experimental results and
shows that details of the spatial structure of the wave
fields and the velocity-space structure of the quasilinear
operator and loss processes can be quite significant.

The EBT devices consist of 24 toroidally linked simple
mirrors that are heated by microwaves launched into
each mirror at frequency f, =18 GHz in EBT-I and
f,=28 GHz in EBT-S." A fundamental cyclotron-
resonance layer o =2nf,=Q. (Q. is the electron-
cyclotron frequency) extends across the minor toroidal
cross section about halfway between the midplane and
each mirror throat. The dominant heating mechanism
for the bulk plasma component is fundamental cyclotron
absorption of extraordinary-mode power propagating
from the high-field side which has been produced in the
high-field region by multiple reflections and mode con-
version of the ordinary mode.?

In mirror geometry, extraordinary-mode waves ap-
proaching fundamental resonance from the high-field
side with wave number k; (magnetic beach configura-
tion) are very strongly damped.>* Because the parallel
velocity, vy, of the particles must satisfy the Doppler-
shifted-resonance condition ¢ =(w — Q¢ )/ky, the sharp
decrease in wave amplitude near the resonance layer im-
plies that particles having large ¢, are most strongly
heated. In EBT devices the effective rotational trans-
form that produces confinement against the vertical drift
is provided by combined VB, BxV¢ (¢ is ambipolar po-

tential), and curvature drifts in the poloidal direction.
Since the sum of these drifts is velocity-space dependent,
the loss rates of particles vary considerably with energy
and pitch angle. At high energy (e > e, where ¢ is par-
ticle energy), where BxVe¢ drifts are dominated by mag-
netic drifts, passing particles and particles with pitch an-
gle near the trapped-passing boundary are particularly
lossy because the poloidal drift is small. Qualitatively,
then, one expects the microwaves to couple to an ener-
getic tail which is itself lossy and which is only weakly
collisionally coupled to the bulk of the distribution.

We attempt to model the central region of EBT by
solving a steady-state, bounce-averaged Fokker-Planck
equation,

VoLtV T =S) — f/2(v), (1)

where I',r is the velocity-space flux driven by the mi-
crowaves,” I is the flux driven by collisions,® S(v) is a
particle source, and 7(v)is an effective lifetime that mod-
els radial-diffusion and direct-drift losses. A transforma-
tion of variables is made to (v,0), where v is particle
speed and 6 is pitch angle at the midplane. Computa-
tional details will be presented by Carter et al.’

The radial losses are treated by a zero-dimensional
model in which each point of velocity space is assigned
a loss rate t(v) "'=D(v)/(Ar)? where D(v) is a
velocity-dependent radial-diffusion coefficient and Ar is a
characteristic radius of the central plasma region.
The diffusion coefficient is taken to be of the form
D =v(r)(Ax)?2 where voo(r) is the energy-dependent
90° scattering frequency and Ax is the collisionally
broadened neoclassical step size,

D)= \/90(1‘)("3((', 0)/[a(r,0)2+ voo(r) 2], )

where v, is the bounce-averaged vertical-drift velocity
and Q(v) is the poloidal drift frequency as described by
Spong and Hedrick.® This diffusion coefficient, which
takes into account radial drifts caused by toroidicity, is
essentially the neoclassical particle-diffusion coefficient
of Kovrizhnikh before being integrated over velocity
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space.®

When the magnetic drift cancels the Bx V¢ drift, the
neoclassical step size becomes quite large and can exceed
the size of the plasma. The diffusive model clearly
breaks down, and losses occur by drifting directly out of
the central region. Therefore, in regions of velocity
space for which Ax > Ar and the time to drift a distance
Ar is less than the scattering time, the particle lifetime
for direct loss is taken as t=Ar/v,.

The microwave electric-field profile, | E - |, is calcu-
lated by our assuming the plasma to be parallel stratified
in the absorption layer near the fundamental cyclotron
resonance.* The warm-plasma dispersion relation is
solved for complex k; by use of the numerically deter-
mined distribution function. When the distribution is
Maxwellian, finite k , makes a very small change in the
| E _(s)| profile and, since the gyroradius is small at the
temperatures of interest, the effect on the quasilinear
operator can be neglected. With k, =0 the dispersion
relation is of the form

CZkznz - 0k 5| 0= Qe A3)
w wk v, ke
where Z(¢) is a generalized plasma dispersion function,
~ *° Fuy)
zZ() = du , Im¢>0,
0= _du T me

Ue it
F(MH)=EJ:) dl'_Ll’_Lf(l‘_L,L(nl’e)‘

Equation (3) is solved numerically for complex &y, and
the profile of the right circular component of |E —| is
obtained from dP/ds=—2Imik}P(s), where P(s)
=cRelk} | E-|?/(8nw) is the Poynting flux and s is
distance along a field line from the w=Q,. location.
This profile is evaluated at the Doppler-shifted-resonance
location for each v,0 to obtain the quasilinear diffusion
operator. The | E — | profile is initially calculated by our
assuming the distribution to be Maxwellian. After solv-
ing Eq. (1) for f, we recalculate the | E _ | profile from f
and repeat the process to convergence.

In calculation of the collision operator in Eq. (1), the
density (or temperature) of the Maxwellian background
plasma is fixed. Then the temperature (or density) of
the background is adjusted iteratively so that the col-
lision operator in Eq. (1) provides zero net power. Thus,
the power deposited in the test distribution by the quasi-
linear operator is balanced by diffusive and direct losses.
At this point, the model is closed and contains six pa-
rameters: n, the electron density; P,, the microwave
power; By, the magnetic field at the midplane; M, the
mirror ratio; V¢; and Ar. Of these parameters, all but Ar
are machine parameters or can be estimated from exper-
imental data. This leaves Ar as a free parameter which,
since direct losses tend to dominate, scales t approxi-
mately linearly. Our approach has been to choose a
value of Ar to match the total energy-confinement time

given by a Monte Carlo transport simulation code® for a
specific set of plasma parameters. The value obtained,
Ar =3 cm, was fixed for all calculations discussed in this
Letter. This value for Ar is not unexpected, because
closed, nested contours of ambipolar potential exist only
out to radii of 5 to 10 cm depending on the operating re-
gime.® Thus, the BxV¢ drift, which dominates
confinement for lower energy particles, is directed away
from the core outside the last closed potential contour
(r25 cm), and the value of Ar obtained by calibration
with the Monte Carlo code is therefore reasonable.

In the experiment, a combination of diagnostics was
used to determine the electron distribution function:
Thomson scattering, which gives information primarily
at low energies (e < 200 to 400 eV); soft—x-ray measure-
ments, which give information in the 400-eV to 2-keV
range; and a spectroscopic aluminum-impurity diagnos-
tic, which gives a measure of average electron energy.
We consider first a specific experimental case that was
analyzed extensively by Swain er al.® The plasma densi-
ty is n=6x10"" ¢m 73, and the total microwave power
at 28 GHz is P, =150 kW; this amounts to a power den-
sity of =3.4 W/cm? incident on each fundamental reso-
nance surface. The ambipolar potential near the center
was described by o(r) =¢oll —[+/(15 cm)]¥, where
0o~ —400 V. The bulk electron temperature from
Thomson scattering was 78 eV, and in Ref. 9 the warm
tail population was modeled as a 500-eV Maxwellian
having density between 20% and 30% of the total. The
total electron-energy confinement time for the central
portion of the plasma rg was in the range 0.18 to 0.25
ms, and particle-confinement time 7, in the range 0.2 to
0.9 ms.

Figure 1 shows contours of the calculated distribution
function for this case. Also shown are the pitch angles
for which particles turn just at the cyclotron-resonance
layer, the trapped-passing boundary, and the boundary
of the region of direct particle loss. When the distribu-
tion function was integrated over 6, an “effective” tem-
perature at different energies was determined from the
slope. At low energy the temperature is — 104 eV, and
at an energy of 2 keV the effective temperature is ~280
eV. The total energy-confinement time is gz =0.18 ms,
and the particle-confinement time is 7, =0.54 ms. These
results are in quite reasonable agreement with the exper-
imental estimates.

Since particles that turn before reaching the cyclotron
resonance cannot be heated and the effect of the heating
is to push particle turning points toward the resonance
(Fig. 1), the cyclotron resonance acts as a stagnation
layer. Therefore, the location in velocity space of the cy-
clotron resonance relative to the direct-loss boundary
should influence heating and confinement. In particular,
if the wave frequency is fixed, increasing the magnetic
field moves the cyclotron resonance to a larger pitch an-
gle and away from the lossy region of velocity space.
Experiments were performed in EBT-I in which the
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FIG. 1. Typical EBT distribution function with self-

consistent power profile for B=7.16 kG, n=6x10'" cm ~3, and
microwave power incident on each resonant surface equal to
3.4 W/em?2,

power was fixed and the magnetic field varied. An in-
crease in line-average density was indeed observed with
increasing field. Figure 2 shows measured average densi-
ty and calculated density wherein the background tem-
perature and wave-power density were held fixed. The
close agreement should be taken only to indicate agree-
ment in trend since in the experiment the hot-electron-
ring location and other plasma parameters varied in
response to the magnetic field.

In each of these calculations, the direct losses dom-
inate the total confinement time. Taking moments of the
loss terms in Eq. (1) with the distribution function in
Fig. 1 shows that 83% of the power and 63% of the parti-
cles are directly lost. Increasing power draws out a more
energetic tail and, since the tail resides in the region of
large direct losses, this effect is increased. Experiments
were conducted in which 20 kW of power was launched
in the throat region of a single mirror cavity and directed
on the fundamental cyclotron resonance, as well as 80
kW of power launched at the midplane of all cavities
through the usual distribution system. 10 In this case, the
wave power density on resonance at the plasma center of
the throat-launch cavity was approximately six times
that for normal operation at 100 kW total power. The
experimental result was that a very strong tail population
developed in the throat-launch cavity. The plasma den-
sity dropped, and measurements in cavities opposite the
throat-launch cavity showed no increase in the bulk plas-
ma temperature. In addition, thermocouples in the wall
of the throat-launch cavity showed a large increase in
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FIG. 2. Experimentally measured line density and calculat-
ed equilibrium density. Both increase with increasing magnetic
field (calculations for 7. =T; =100 eV).

power deposited in the region where open drift surfaces
intersect the wall. Figure 3 shows calculated values of
e, Tp, and average particle energy versus (E) incident
wave power density. The parameters are the same as
those for Fig. 1 except that n=9%x10'"" ¢cm ™3 The
power range shown is approximately that for the experi-
ment. One sees that the average particle-energy increase
is accounted for mostly by an increase in the tail popula-
tion because the increase in bulk temperature is only
—~40%. However, this increased energy is rapidly lost,
direct losses at the highest power accounting for 92% of
the total.

This closed model has given good agreement with a
variety of experimental observations in EBT-I and EBT-
S. This agreement was obtained without adjustment of
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FIG. 3. Confinement times making a transition from
diffusively dominated transport at low powers to direct-loss—
dominated transport at higher powers for standard EBT pa-
rameters (Bo=7.16 kG, » =28 GHz, n=9%10!" cm ™3, and
¢=400 V). Average particle energy indicates distortion of the
distribution function.
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the free parameter of the model (Ar); only the experi-
mental input parameters (n,Bo,P,,f,,¢) were changed.
In particular, the model indicates that simple neoclassi-
cal confinement associated with a small perturbation of a
Maxwellian distribution is not to be expected in EBT de-
vices, even if any anomalous transport associated with
instabilities is neglected. The large direct losses are as-
sociated with the proximity of the heating stagnation
zone to the lossy region of velocity space and the decid-
edly non-Maxwellian nature of the energetic population.
This problem has been addressed in the proposed Elmo
bumpy square device,!' in which the heating zone is well
separated from a much smaller lossy region of velocity
space. Similar calculations for Elmo bumpy square do
show greatly improved confinement.”

For this toroidal device the simple 0D model for radial
transport and 1D model for the wave-field profile suc-
ceed because losses are dominated by single-particle or-
bits with large radial excursions and damping occurs in a
thin layer due to parallel stratification of |B|. Thisis to
be compared to models of electron cyclotron heating
(ECH) in open mirrors'? in which end losses can also be
treated in zero spatial dimensions but the waves propa-
gate perpendicular to B. There the wave-field profile
(hence velocity-space diffusion) is determined more by
antenna placement than by details of wave damping on
the self-consistent distribution function.

Of much more general interest than the application to
bumpy tori is the indication given by this model that the
details of coupling among the different physical processes
involved are important. For example if a constant | E _ |
profile is used rather than the self-consistent one, the
quasilinear operator couples up to 2 orders of magnitude
more power to the distribution function than is actually

carried by the wave. The method used here to treat radi-
al transport is probably not useful for diffusive losses in
larger devices with better confinement. However, it may
well be applicable to prompt losses, such as ripple-
trapped particles in tokamaks or helically trapped parti-
cles in stellarators that are strongly driven by ion
cyclotron-resonance heating.
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