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ABSTRACT

A n'jmerical experiment is described in which an ini-
tially isotropic, homogeneous, Maxwellian electron distri-
bution function in an axisyinmetric, periodic mirror field
is subjected to a pulse of microwave energy at the electron
cyclotron frequency. The electron distribution is thereby
perturbed, giving rise to large electric fields parallel to
the magnetic field. The frequency spectrum of the electric
fields is peaked at the electron plasma frequency. The ini-
tially cold ions are accelerated and stochastically heated
by the electric fields. The observed heating rate is con-
sistent with the prediction of a simple analytic model.

Introduction

Experiments in toroidal octupoles at the University of Wisconsin1>
have shown significant heating of the ions in a plasma when a high-powe
pulse of microwaves near the electron cyclotron frequency is applied.
In a typical experiment, low-power cw microwave preionization is used i
produce a 109 cia~3 cold ion plasma. A 100 kW, ikh jisee pulse of reso-
nant microwaves is applied, and the average ion energy rises to about
20 eV. The ion distribution is non-Maxwellian, and energies as high as
450 eV are observed. Large fluctuating electric fields, with a componer
parallel to the magnetic field are observed to accompany the heating.
In an attempt to understand the heating mechanism, a computer code was
written to simulate the heating mechanism.

Description of Computer Code

The computer code calculates the one-dimensional, nonrelativistic,
guiding center trajectories of 2500 electrons and 2500 ions in an infi-
nitely periodic, straight, spatially sinusoidal, mirror field:

= ~ B(0) [(l + R) + (l - R) COS jti/L]
C

The initial electron distribution is uniform, isotropic, and Maxwellian
The ions are initially cold and uniform in space-

The electrons are assumed to conserve their magnetic moment



except when they cross the resonance plane where their local cyclotron
frequency is equal to the frequency of the applied microwaves. At each
resonance crossing, the perpendicular velocity is abruptly changed by
an amount proportional to the applied rms electric field, inversely pro-
portional to the square root of the parallel velocity, and proportional
to the cosine of a randomly chosen phase angle3:

cos <t>

This method of simulating the electron cyclotron heating has been veri-
fied in the nonrelativistic limit in other numerical calculations.4 ^ e
applied electric field is continually readjusted so as to maintain total
absorption of a given input microwave power.

The- space charge electric field is calculated from Poisson's equa-
tion using a least square fit to the lowest order spatial Fourier
component:

E|((i) = E Q sin iti/L

All quantities are assumed uniform in the direction perpendicular to the
magnetic field. The ions are accelerated only by the space charge elec-
tric field parallel to B. The ions never acquire any perpendicular
energy. The external rf electric field does not enter explicitly in the
equations of motion for either the electrons or the ions.

Typical Eesuits

A wide variety of cases have been examined, but in the interest of
brevity, only one typical case will be discussed. The parameters are
somewhat unrealistic a i is often the case with a finite computing budget
and a diversity of time scales:

microwave frequency: ui/2it = 10 GHz

microwave power density: JT7 = 1«23 kW/em3

-. microwave pulse length: T = 0.0U8 usee

plasma density: n = 1.23 X 10 9 c^"3

initial electron temperature: kT = 1 keV

mirror ratio: S = 2

mirror length: 2«L = 6b cm

resonance plane: «L = 15 cm

magnetic field at resonance: B = 3.57 kG

ion mass: M = 20 electron masses

Figure 1 shows the average electron energy as a function of time.
The microwave pulse is turned on at 0 and off at 3000 radians. The
heating rate lags the power pulse because of the finite Q of the cavity,
which is assumed to be dominated by plasma absorption. In this case the
perturbed Q is about 500.



Figure 2 shows the amplitude of the electric potential that develops
along the magnetic field. The potential initially goes negative because
the preferential perpendicular electron heating causes the electrons to
move toward the weak field region at the midplane. As the potential
grows, the electrons execute plasma oscillations resulting in an oscil-
lation of the potential at the electron plasma frequency. • The potential
is usually rather small compared to kT /e.

Figure 3 shows the average ion energy as a function of time. Note
that an oscillation at the electron plasma frequency is superimposed on
a monotonic growth, and that the ion energy continues to increase after
the microwave pulse is turned off (at u>ot = 3000). The dashed curve is
the result of a calculation of the stochastic heating expected from the
turbulent electric field in Fig. 2. This calculation was made by ana-
lysing the frequency spectrum of the space charge electric field.

Figure h shows the autocorrelation function of the potential in
Fig. 2:

rT

A(T) = I / #(t) *(t + T) dt .

The plasma oscillation is fairly coherent, but components at other fre-
quencies are also present:

Figure 5 shows the Fourier transform of the autocorrelation function

-T
e i U T dr

vhich is proportional to the frequency spectrum of the electric field
fluctuation. Most of the power is at frequencies near the plasma fre-
quency, but there are low-frequency components in the electric field as
well. The zero frequency component (or, more generally, the component
at the ion bounce frequency) gives rise to a velocity space diffusion
which leads to heating5:

d(kT . /f n
/ J •&J B(i)

This stochastic heating was calculated as a function of time using the
observed electric fields and the unperturbed spatial ion distribution,
and the result is the dashed curve that was shown in Fig. 3.

Figure 6 shows the electron density (solid curve) and energy den-
sity (dashed curve) as a function of position along the magnetic field
at the end of the run. The minimum B is at 0 and the maximum B is at 1.
The resonance zone is at 0.5- Note that the electrons, especially the
energetic electrons, are confined inside the resonance surface as ex-
pected for simple, nonrelativistic, electron cyclotron heating.6

Figure 7 shows the sam3 curves for the ions. The ions have col-
lapsed toward the midplane to cancel the space charge field, and the
energy density is largest at an intermediate position where the space
charge field is large.



Finally, Fig. 8 shows the normalized electron and ion energy distri-
bution at the end of the run. The solid curve is a Ifexwellian. A cold
electron component is observed, apparently due to electrons that always
turn before reaching the resonance zone. The ion energy distribution is
relatively flat up to a cutoff at about twice the average energy. The
cutoff is probably due to the shortness of the computer run and to the
negl&ct of the higher order spatial Fourier terms. The ions move a
distance during the run about equal to the length of the mirror.

Some runs were also made with initially monoenergetic electrons and
also with nonadiabatic electrons. The electrons were made nonadiabatic
by changing the pitch angle to a new, randomly chosen value at each
crossing of the mirror midplane. The usual checks of the code were made
such as changing the step size, changing the number of particles, and
testing for conservation of energy in the absence of an applied electric
field. Different sets of random numbers were also tried with no signi-
ficant change in the results.

The scaling laws for the ion heating rate have not been determined
precisely, but qualitatively the heating is maximum for large microwave
power, lew density, short mirror length, and resonance zones near the
mirror midplane.

Conclusions .

In conclusion, it appears that electron cyclotron heating generally
gives rise to turbulent electric fields with a component parallel to the
magnetic field. Short, high-power pulses produce- the most turbulence
since they disturb the electron distribution more rapidly thac the ions
can respond. The resulting ion heating agrees very well with the veloc-
ity space diffusion calculated from the observed electric field spectrum.
Other mechanisms not considered in the simulation such as ion cyclotron
heating resulting from turbulent electric fields perpendicular to B may
also be important. It's not obvious that the heating observed in the
simulation is the same as that observed in the toroidal octupole experi-
ments, or that the scaling is such as to make the mechanism of interest
in fusion reactors, but the effect is sufficiently enticing to warrant
continued study.
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