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ABSTRACT

We present evidence of intrinsic stochasticity of plasma ions in
the field of obliguely propagating electrostatic waves. Experiments
are performed in an argon gas dischage as well as in a barium Q
machine, and involve the excitation of electrostatic ion cyclotron
waves and neutralized ion Bernstein waves using capacitor plate anten-
nas. Changes in the ion distribution function, resolved in space and
time, are observed as a function of wave amplitude using laser induced
florescence of the ionic states. Plasma wave amplitudes are measured
through observation of plasma dielectric motion which is coherent with
the applied waves. Concerning the threshold for ion stochasticity,
there is close agreement with the predictions of Hamiltonian single-
particle theory. Above threshold, however, the waves are influenced by
changes produced in the ion distribution function.



1.  INTRODUCTION

Wave-particle interactions have long been an issue of fundamental
importance in plasma physics. Since exact solutions of such probl ems
are usually very difficult to obtain, one is generally interested in
testing the validity of non-self-consistent theory (one which ignores
the back reaction of waves on the particle distributions or vice—
versa). The incorporation of intrinsic stochasticity into theories of
wave-particle interaction presents precisely this kind of problem. By
intrinsic stochasticity we mean the apparently chaotic trajectories of
particles subject to purely deterministic equations. Because of the
complex structure of these chaotic orbits, and their sensitive depen-
dence on initial conditions, a closed form solution of the effect of
intrinsically stochastic particle motion on (mean-field) waves has not
been found.

That magnetized ions may became stochastic with the application
of a single propagating electrostatic wave has been shown theoretical-
ly in two contexts. In each case, stochastic motion results when
particles are in a region of phase space where the trapping regions of
at least two resonances are wide enough (considered separately) that
they overlap.l"2 Smith and Kaufman® consider the case of an obliguely
propagating wave where the resonances of interest are the cyclotron

* and Karney and Bers® consider particle motion

resonances., Fukuyama,
in a wave propagating perpendicularly to the magnetic field. For such
waves, the particles are rendered stochastic by the presence of non-
linear resonances. Karney6 also showed, as a function of propagation

angle, when the non-linear resonances must be considered.

The theories mentioned above are non-self-consistent in that the
simultaneous effect of changes in the plasma particle distributions on
the waves is not considered (except that a damping rate is provided).
Although progress is being made in the construction of a self-con-
sistent theory7"8, very few experiments have been performed to test
the validity of the non-self-consistent theories.’-!?

This paper reports the results of experiments, in both an argon
gas discharge and a barium Q-machine plasma, where the conditions
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necessary for stochastic ion motion are created by excitation of elec—
trostatic ion cyclotron waves and neutralized ion Bernstein waves.
Both the linear and non-linear response of the plasma ions is detected
using laser induced florescence (LIF). In addition to electric probes,
the linear dielectric response provides information on the waves.!'!
Observing the threshold for stochastic ion motion, the effect on the
ion distribution function, and the time development of these changes
provide several points of agreement with the non-self-consistent
theories. Above threshold, however, evidence exists for sel f-con-
sistent effects.

2.  EXPERIMENTAL SET-UP

Two different plasmas have been used for these experiments. The
first is an argon gas-dischérge plasma with ng ~10t! an3,
Te ~14 eV, Ty ~.3 eV, a radius of 5 am, and a length of 500 am. A
steady, uniform (+ .3%) magnetic field B < 3 kG is used to radially
confine the plasma.'? Plasma is alternatively produced by a barium
Q-machine source in the same vacuum vessel. The barium plasma has
ne < 10'% ar?®, T, ~.2 eV, Ty ~.2 eV, and Tj; ~.08 ev.

An end-on view of the experimental set-up is shown in Fig. 1. The
ion distribution function is measured from the spectrum of Doppl er
shifts during LIF.!® In the argon plasma, a metastable state is used
which is populated by the cathode electrons (see Fig. 1). In barium it
is possible to pump directly the ionic ground state with visible light
(6281/2 - 62P1/2, A = 4934 R) with the observed light being from
the same transition. The laser bandwidth, which limits the measurement
of Doppler shifts and therefore particle velocities, is Av ~600 MHz.
Pulses of 10 ns at a rate of 3 Hz are typical. Because the laser can
be accurately triggered (jitter < 1 psec), coherent oscillations of
the distribution function can be observed. By orienting the laser beam
and viewing volume at right angles, the distribution function
measurements are made at a well-defined region in space (~ 50 mm®).
Particle velocities parallel to the laser beam are discriminated by
tuning the laser wavelength. The vertical chord, on which the laser
scans, can be freely scanned across the plasma column.
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Electrostatic waves are generated by means of capacitor plate
antennas which produce oscillations in the charge density at the plas-
ma surface. As a check, the dispersion of the electrostatic waves, at
low power, was compared with linear theory.“’ Figure 2 shows the
observed dispersion relation in barium plasma canpared to the roots of
the expression
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Z is the plasma dispersion function and I, is the modified Bessel
function.

Examination of the dispersion relation for the parameter range of
interest {pe € 1, Loi » 1 reveals the existence of two perpendicu-
lar wave numbers for a given choice of frequency and parallel wave-
number!®;

~- The electrostatic ion cyclotron wave (EICW).
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- The (neutralized) ion Bernstein wave (NIBW)
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In the gas-discharge T/Ti » 1 so that it is easy to avoid Landau
damping over a range of wave parameters (frequency and parallel wave-
length). In the barium plasma the region of parallel phase velocities
which are slow enough to avoid electron Landau damping and yet fast
enough to avoid ion Landau damping, is more restricted. In addition,
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the dispersion curves for To ~ Ti indicate propagating waves only
over narrow bands of frequency. However, because Tj, is considerably
lower than Tj, , the damping is reduced {Tey/Tiy ~3). In both
plasmas, the level of collisions is low enough not to produce
significant damping. Because the Q-plasma has a rapid drift
(vp ~ 10° an/sec) parallel to the magnetic field, the dispersion
relation, in the laboratory frame of reference, is shifted in
frequency by -k vp. Plasma ion drift is easily detected by doing
LIF with the laser parallel to the magnetic field (Fig. 3).

A further check of linear theory involves measuring the perturbed
distribution function. The laser observes a distribution function
which has been integrated over the velocity camponents transverse to
the laser beam. If the laser is normal to both the magnetic field and
the wave vector one has from linear theory!!
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Figure 4 shows a comparison with theory of the perturbed distribution
function in barium plasma with waves being generated at a single
frequency w/Qci = 2.15 (in the plasma frame). The response is
camplicated by the presence of the two perpendicular wave-numbers for
a given frequency.

Though it is very difficult to find evidence of the NIBW from
electric probe data, the short "wavelength" oscillation of fl as a
function of vy are easily evident in Fig. 4. Figure 5 shows the
result of the parameter fit in Fig. 4. Since the dielectric response
is linear in wave amplitude, it can be used to determine the wave
potential. Figure 6 shows the measured relationship between the first
moment of fl, that is the average velocity V> = i fl°vy avy,
and the antenna current. In this way, the laser can be used to

determine the amplitule, wave vector, and phase of the electrostatic
waves.



3. OBSERVATIONS NEAR THRESHOLD

Dielectric response represents a reversible action on the
distribution function. Above a certain level of wave amplitude,
however, rapid changes are observed in the ion distribution function
which remain, even if the wave generation is stopped (although they
decay on an particle confinement timescale).

The threshold fields for overlap of the two kinds of resonance
are given in Table 1.

Wave
_ 1
Ref. 5-6 E”l(Q_Ci_)/a._‘L NIBW
BO 4 ] kJ_C
Ref. 3 EII . Qci © EICW
F‘ .3 » * c
(o} I
Table 1

Since the NIBW and EICW are observed to be excited with a similar
value of electric field, stochasticity due to the NIBW (according to
the mechanism described by Karney) has the lowest threshold in terms
of antenna current. Since the NIBW has a phase velocity near the ion
thermal velocity, interaction is with the "bulk" of the distribution
and it remains roughly maxwellian.® Figure 7(a) demonstrates the rela-
tively sudden change of the argon ion temperature as a function of rf
antenna current. The changes are also rapid, requiring only a few
gyro-periods (Fig. 7(b)), as is typical for stochastic motion.3'®
Figure 8 shows the corresponding changes in the distribution func-
tion. In the barium plasma, where there were also measurements of
f(vy), changes in the distribution function were observed first per-
pendicular to the field and (at higher power) parallel to the field
(Fig. 9). It is better to think in terms of modifications of the
distribution functions rather than simply of changes in temperature,
especially concerning the parallel distribution which is broadened
only in the direction of wave propagation.
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The change in the parallel distribution function at high power
occurs at the field level associated with the overlap of cyclotron
resonances. Figure 10 shows calculated Poincaré section plots of ion
orbits using the Hamiltonian of Smith and Kaufman3

- p2 . .
H(z,¢,Pz,P¢) = Pz/2mi + P¢Qci + e sm(k“z k“.pi sing)

with the EICW wave vector k;/k;j = 10. For e = kj2edo/m2 ~ .3
both theory and experiment demonstrate ion acceleration parallel to
the magnetic field.

Several points of agreement exist, therefore, between these
experiments and the predictions of non-selfconsistent stochasticity
theory. The threshold, the time required, and the form of the
resultant changes in the distribution function all seem to agree with
single particle theory.

4. EVIDENCE FOR SELF-CONSISTENT EFFECTS

Self-consistent effects are observed in at least two instances in
these experiments. First it should be said that linear wave theory
appears to hold throughout. There is no evidence of parametric or
parasitic waves due to changes in the ion distribution (although the
electrons show some activity at high wave power) and the linear
dielectric response is still visible on top of the secular changes of
the distribution function.

Because the wave vector, particularly of the NIBW, is sensitive
to ion temperature, the perpendicular wavelength is observed to change
(increase) with increased ion temperature. Therefore (Table 1) the
threshold increases with ion temperature which may tend to saturate
the process as observed in Fig. 7(a). Wave coupl ing may also change
with changes in the distribution function. A Ffuther complication
occurs when the parallel distribution is broadened. Given the heated
distribution, the waves should continue to be strongly (linearly
Landau) damped even after they have decayed to a level below the
threshold.
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A second point which is nearly visible in Fig. 7(b), but more
striking for higher wave fields (Fig. 11(a)), is the transient time
behaviour of the particle distribution and waves when the waves are
first launched. Figure 11(a) shows the time evolution of the ion
temperature (for lack of a better parameter) as a function of time
after the waves have been engaged. An indication of the influence on
the waves is given by the dielectric response <vy> (Fig. 11(b)). The
relation of these transients to the amplitude oscillations observed in
initial-value self-consistent calculations® is not yet known.

5. SUMMARY

Many experiments remain to be done concerning wave particle
interactions. We have presented experiments involving waves near the
stochasticity threshold. Non-self-consistent theories predict correct-
ly the threshold level of wave amplitude for rapid changes in the ion
distribution fucntion. The form of the distortion of the distribution
function is also very similar to the results of these calculations. On
closer examination, however, there exist a number of elements in these
exper iments which require the inclusion of self-consistent effects.
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FIGURE CAPTIONS

Fig. 1

Fig, 2
Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig., 9

Fig. 10

Fig. 11

Experimental set-up. In the barium plasma the laser was also
able to probe in the direction parallel to the magnetic
field.

Linear dispersion relation in the barium plasma. The

corresponding data for the argon plasma are in Ref. 14.

Line position in perpendicular and parallel LIF. Doppler

shift indicates ion drift.

(a) Measured perturbed distribution function in the presence
of waves.

(b) Prediction of Bg. (2) constrained by (1) including the
influence of both the NIBW and EICW. Free parameters are
the amplitude and phase of each wave.

Laser measurement of wave dispersion if the values of k,

(rather than being constrained by BEq. (1)) are fit t.; the

data, they also agree with the dispersion relation.

Relation between antenna r.f. current and the dielectric

velocity transverse to the wave vy>.

(a) Argon ion temperature as a function of antenna current.

(b) Time evolution of the jon temperature with a pulsed r.f.
signal (w/Rcj = 3.5).

Argon ion distribution function below and above the thre-

shold (w/QRei = 3.5).

Bariun ion distribution functions a) f(vy) b) f(vy) as a

function of wave amplitude. e=0, I g=1A (e=.2), I e1.5A

(e=.3). e is defined as ky2edy/maoi?, where &, is the

wave potential (w/QRqj = 2.15).

Poincaré section plots P,-Z and P,~p for a), b) e=.003;

c)d) e=.16; e)f) e=.3.

(a) Time development of barium ion temperature T for
pulsed r.f. above threshold.

(b) Time development of the dielectric velocity vy>.
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ABSTRACT

Wave physics in the ion-cyclotron frequency range is very rich in
linear and non-linear phenomena. This situation is partly due to the
multiplicity of wave types and the importance of wave-particle inter-
actions. Here we consider the linear hot plasma electrostatic response
of a cylindrical gas-discharge plasma. Electric probes are used to
measure wave potential and laser induced florescence [1] is used to
observe the plasma dielectric response.
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The dispersion relation for electrostatic waves in a magnetized
hot plasma has principally two roots in the ion cyclotron frequency
rande. The electrostatic ion cyclotron (acoustic) wave

TN A A A I
wz—Qz. m.
i i
and the ion Bernstein wave
© 2
n
JI (o) —2—— ~ 0
n'"i 2_ 2
n=1 (w/Qi) n

The dispersion relation is shown in Fig. 1 along with data from a
gas-discharge with Tg ~ 14 eV, T; ~ .1 eV, n ~ 10 ar®  and
Bo = 2 kG. Solid curves represent the dispersion relation, and
dashed curves indicate the level of linear damping. The waves are
launched by a series of plates at the plasma edge which couple
capacitively to the plasma column [2]. The parallel wavelength is
determined by the size and separation of the plates along the magnetic
field.

To obtain a picture of the wave fields generated, one can start
from the electrostatic wave equation VeKe{E} = A4dmpfree, where
Pfree represents the oscillating charge on the antennas, and K is
the hot plasma dielectric tensor. Figure 2a shows a typical recon-
structed waveform for w/Qcj ~ 3.5, the two distinct wavelengths of
the electrostatic ion-cyclotron wave (EICW) and the short wavelength
neutralized ion Bernstein wave (NIBW) are evident. Figure 2b shows
data from an experiment with the same parameters as were used in the
simulation.

Laser induced florescence can be used to diagnose the influence
of waves on the ion distribution function in a non-perturbative
manor. The experimental set-up is shown in Fig. 3. A narrow band tun-
able (dye) laser is used to excite resonant transitions in the bulk
plasma ionic states (Art here). Doppler broadening of the resonance
absorption provides a measure of ion velocities along the laser beam
axis. Florescence is observed along a chord at right angles to the
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beam axis so that the diagnosed volume is very localized. Sub-micro-
second time resolution is also possible (10 nsec laser pulse length).

The linear dielectric response of plasma ions can be represented
in terms of a mobility V = M°E, where E is the self-consistent plasma
electric field. By making measurements of ion velocities which are
syncronous with the externally applied electric fields, the dielectric
response of plasma ions, and therefore the internal plasma electric
field can be determined. Figure 4a shows the measured (average) velo-
city transverse to a central chord, at several positions along this
central chord. Figure 4b shows a reconstruction of the anticipated
electric field pattern of the wave along a central chord for the same
plasma parameters. In this case, the connection between wave field and

vx103
[cm/sec]
504
L0+
30

Fig. 4: Dielectric motion implies electric field

a) measured average transverse ion velocity
synchronous with applied rf.

b) calculated electric field profile for
the same conditions.
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the average transverse ion velocity is given by Vg> = MyxEx

B Qci .
V> = )

X
Y s
BO k Vi n=1

n(I -I')eMz -2 )

where A = (k vi/Q.i)? and Z, 1is the plasma dispersion function
with argument w-nQei/k;Vi.

With synchronous laser measurements it is possible to go further
than measuring the line shift to measure the dielectric motion of
subgroups in velocity space. The different regions of velocity space
may contribute differently to the dielectric motions. For example,
NIBW dispersion characteristics are largely determined by a balance
between the response of ions above and below the ion thermal velocity.

Experiments involving the observation of the spatial and velocity
displacements of plasma ions with selectively populated (or depopul a-
ted) internal ionic levels pramise to provide more detailed descrip-

tions of plasma ion response in the presence of electrostatic waves.
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ABSTRACT

The thermalization of an electron beam (B, < 2 kevV,
Np/Ng < 1.5 %) in a plasma is studied experimentally. It is shown
that high energy beam (E, = 2 keV) can propagate in a plasma over
distance of about 1m (or 10* Ape) before being thermalized. Under
these circumstances, a 2one where no Langmuir waves were excited was
observed in the vicinity of the injection region. This quiescent =zone

is then followed by a region where Langmuir turbulence occured and at
the end of which the beam thermalized.
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1. INTRODUCTION

Experimental results in both magnetized!s? and unmagnet-
ized® r* beam - plasma system have shown intense Langmuir waves
generation and their collapse due to modulational instability. The
relation between the development of the modulational instability and
density cavities has been carefully studied. Less attention has been
paid to the propagation of the beam itself in the case of strong
turbulence. 'lheory5 predicts the propagation of the beam over large
distances and an excitation of Langmuir turbulence along the beam
path. We present here an experimental investigation of the distri-
bution function of an energetic beam injected into a steady state
plasma. Measurements of electrostatic waves are also reported.

2. EXPERIMENTAL APPARATUS

A large volume (diameter: 2 m, length: 3 m) argon plasma was
created by the discharge of four independent groups of each 56 tung-
sten filaments. The electron gun (diameter: 0.3 m) consists of Nickel
strips coated with barium oxide which are directly heated. Two dif-
ferent sets of parameters were used:

A) ng: 0.5¢10%m-3, Te: 0.7 ev, np/ng: 1.5 %,
Ep: 2.0 KeV, W/'Vie = 53.5, Kp: 2.1 cm‘l, beam pulse
length: 5 us.

B) ng: 1.110 %3, T 1.4 eV, np/ng: 1.0 %,
Eh: 1.7 ReV, Vp/Vie = 35, Kp: 3.5 an-!, beam pulse
length: 5 us.

Vbr Vier Kp are respectively the beam velocity, the electron

thermal velocity (2 Te/me)l/ 2, and the K vector of the resonant

wave (wpe/Vb) . The values of the beam energy normalised to the
plasma temperature and the ratio of the beam density over the plasma
density correspond to strong turbulence regime® for the two sets of

parameters. In order to minimize the angular spread of the beam a

longitudinal magnetic field of 1.3 to 3.1 Gauss was applied. This low

magnetic field has negligible effects on the experimental results. The

Langmuir waves were measured by a 2 an length cylindrical probe paral-

lel to beam propagation. The distribution function of the beam was
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measured using an analyzer constructed on the principle of the deflec-
tion of the electrons by electric field. Instead of slowing down the
electrons by a high electric field as in standard multi-grid analyzer,
we used a lower electric field to deflect the electrons, thus having
the benefits of lower voltages and a larger gap between the polarized
plates. The analyzer consists of a slot selecting a sheet of the beam
electrons. Having passed this aperture, the electrons are deflected by
a DC perpendicular electric field produced by two polarized plates.
Finally a thin plate collects the electrons. The analyzer geometry was
selected so that 6 keV beams were analysed by applying a voltage
between the deflecting plate of 2.6 KV. No arcing problem was encoun-
tered up to this energy, since the maximum DC electric field required
was only 100 KV/m.

3.  EXPERIMENTAL RESULTS

As soon as the beam was injected, the high frequency electro-
static waves appeared in the vicinity of the cathode (Fig. 2, t=1 ps).
At later times a difference in the waves propagation characteristics
occurs depending on the energy of the beam. For a high energetic beam
(Vb/Vie=53.5) we measured a displacement of the electric noise and
an absence of Langmuir waves near the cathode (Fig. 2A, t=3 pus). This
displacement had no correlation with the small unavoidable stationary
gradient of the plasma in front of the cathode. Before the end of the
injection the extend of this quiet region decreased. The beam energy
and the beam spread changed only slightly up to the end of the region
where Langmuir waves appeared (Fig. 1-3). Further away the beam was
thermalized quickly. When the beam was switched off, all electrostatic
waves damped out. This indicates that the beam supports the Langmuir
waves which are along its path but it loses its energy mainly at the
end of the interaction region. For lower beam energy (Vb/Vie=35)
the interaction region remained stationary (Fig. 2B) and was limited
to a small region near the cathode. As for the first case, the beam
penetrates through the plasma without being thermalized until the end
of the region where Langmuir waves appeared.
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4. DISCUSSION AND CONCLUSIONS

In some experiments? /"

r the first electrostatic spike presents
a good repetitivity fram shot to shot. Our results however never
showed such repetitive structure. The propagation of the lower ener-
getic beam produced waves with a spatial structure which is similar to
the one calculated by Galeev et al.’ considering a plasma noise in
resonance with the beam. But for the case of the more energetic beam
this interaction region moves and near the cathode a quiescent zone
takes place. A possible explanation of this absence of Langmuir waves
near the cathode is the existence of density inhamogeneities resulting
of the modulational instability of the Langmuir waves. A density

3

depression® or low frequency plasma density fluctuations can decouple

the beam from the plasma.

In summary, we measured the propagation of the interaction region
between an energetic beam and a plasma. The main part of the beam
energy is lost at the end of the 2zone in which langmuir waves are
observed. A quiescent region without high frequency electrostatic
waves appeared near the cathode for high energy beams. The character-
istics of the plasma in this region are under investigation.
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