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* Describe the research frontier and importance of the scientific challenge.

Novel kinetic waves have recently been predicted by theory and observed experimentally on plasma with
slightly non-Maxwellian particle velocity distributions. An entire new class of waves has recently been
identified in plasmas with velocity distributions flattened at vynase, allowing waves with a given wave
number to propagate at a range of frequencies. Experiments suggest that velocity distributions
spontaneously evolve to make the plasma resonant with a range of driver frequencies. Understanding the
plasma response to drive frequencies is of broad interest.

* Describe the approach to advancing the frontier and indicate if new research tools or capabilities
are required.

Iterated comparisons of theory and simulation with well controlled experiment is required.

The particles velocity distribution can be tailored with lasers or with antenna. Experiments have indicated

that an initially off resonance driver can modify the distribution until the driver becomes resonant with a

new wave. Further techniques to control the distribution function will be developed.

* Describe the impact of this research on plasma science and related disciplines and any potential for
societal benefit.

Understanding these new waves may be the key to tame stubborn plasma instabilities in plasmas exposed

to intense drivers.

Also this type of research is ideal to train graduate students in university research groups with strong

theory and experiment program.




Plasma Waves on Non-Maxwellian Particles Velocity Distributions

Following the pioneering studies of Berstein, Green and Kruskal (BGK) [1] an enormous theoretical
literature [2] argued that nonlinear wave states can exist with wave number and frequency well off the
usual linear dispersion curves. However, the theory suggested that these nonlinear waves require carefully
tailored trapped distributions and it was not clear that the waves could be easily excited by drivers in real
experiments.

Recent experiments (and simulations) have shown that such off dispersion waves are easily excited and
ring robustly. By off dispersion, we mean off the usual dispersion predicted for a Maxwellian velocity
distribution. At least for simple cases, the off dispersion waves satisfy the dispersion curve for a slightly
altered Maxwellian, that is a Maxwellian with a small flat plateau created by nonlinearly trapping at the
wave phase velocity. The plateau is created when a resonant drive is applied over many trapping periods.
One expects that these off dispersion waves can be excited in many plasmas with intense drivers.

Trapped non-neutral plasmas have been useful systems to excite and study these off dispersion waves.
New experimental techniques provide some control of the particle velocity distribution using external
antenna and tailored rf bursts, resonant interaction with a laser beam can also modified the particle
velocity distribution function. Wave coherent laser induced fluorescence techniques allow direct
measurement of the particle distribution in the presence of the wave.

“Small flat spots” on Maxwellian distributions are created by driving the plasma with an external field at
a given frequency and wave number. These slightly modified Maxwellian have led to the experimental
observation of Electron Acoustic Waves. EAWs are the low frequency branch of electrostatic plasma
(Langmuir) waves. The EAW typically has a phase velocity v,,~1.47V, quite low compared to typical
plasma waves, and its frequency has a strong temperature dependence, fzawoc T Linear Landau
damping would suggest that such slow phase velocity waves are strongly damped; but at finite wave
amplitudes, trapping of particles near the phase velocity “flattens” the distribution function, resulting in a
weakly damped wave. These waves have been studied theoretically [3] and numerically [4]; they have
been observed in experiments with non-neutral plasmas [5] and in laser-produced plasmas [6]. Figure 1
(from ref.5) shows a phase-coherent measurement of f(v) for a standing wave in trapped ion plasmas.
Note that the plateau located at the phase velocity oscillates with the wave phase from positive to negative
velocity.

The EAW name is also applied to substantially different waves on bi-Maxwellian distributions in space
physics [7].

While studying on dispersion EAW’s, experiments discovered that waves can be excited and ring robustly
well off the linear dispersion curve for a Maxwellian. When a relatively intense driver field with wave
number and frequency off the linear dispersion curves is applied for many trapping periods, a plateau is
created around the driver phase velocity and a new mode, with only slightly shifted frequency, rings after
the driver is turned off.

A theoretical explanation for this remarkable property is that the corners of the plateau formed by the
drivers make a large contribution to the perturbed charge density for the wave. The sign and magnitude of
this corner charge density is very sensitive to the wave phase velocity, so only a slight shift in phase
velocity (or frequency, for fix wavenumber) can create a new mode, called a corner mode, at frequency
and wave number where none existed on the Maxwellian plasma.



Figure 2 (from ref.8) shows part of the particle distribution with a flat spot. The dashed line shows the
drive phase velocity and the dotted dashed line indicates the phase velocity of the excited wave. An on
dispersion mode rings essentially at the same frequency as its driver, in contrast an off (Maxwellian)
dispersion mode rings at a lower frequency. [8]

“Extreme distortion” of a Maxwellian velocity distribution can routinely be created by frequency chirped
drive. Plasma wave excited on these distributions are easily excited to large amplitude and have extremely
low damping. Figure 3 shows the measured particle velocity in a pure ion plasma before and after a
frequency chirped drive [9]. Also shown on figure 3 is the wave amplitude at various locations along an
electron plasma column showing strong non-sinusoidal behavior [10].

Summary

EAW types of waves have been observed in laser fusion and on bi-Maxwellian distributions in space
physics. In both cases diagnostics are extremely challenging. In contrast measurement on trapped non-
neutral plasma have measured the wave coherent velocity distribution function, and have found waves
existing off Maxwellian distributions when f{v) is tailored with an external drive.

Understanding these waves on non-Maxwellian velocity distributions may be important to tame unwanted
plasma instability in hot plasma exposed to intense drivers. Well-diagnosed low collisionality non-neutral
plasmas are ideally suited to investigate these new types of waves on non-Maxwellian velocity
distributions.

Furthermore these detailed theory-experiment comparisons offer unique training for graduate students.
Training new Ph.D. in plasma physics is essential to replenish the aging plasma physicist population.
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Figure 1 Phase coherent particle velocity distribution in the presence of an EAW [5].
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Figure 2 Off-Maxwellian dispersion modes have a phase velocity different than the one setup by the drive
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Figure 3 Example of extreme modifications of the velocity particles distribution in ion plasma [9], and
large amplitude cnoidal plasma waves measured in electron plasma [10]



