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Challenges With In-Situ Measurements

• Space-Time Ambiguity 
– Makes detection and characterization of a specific space plasma phenomenon tricky

• Unsteady Plasma 
– When orbiting sensors return to the position of the original measurement the plasma has evolved 
– Meaningful statistical ensemble through repeated measurements not possible

• Multiple Uncontrolled Variables
– Usually there are many variables and multiple forces operating simultaneously
– Difficult to pinpoint the causality of events and isolate a specific phenomenon for precise 

measurements for unambiguous characterization

• Mitigation: Scaled Laboratory Experiments
– Controlled environment scaled to the appropriate space conditions

- Anchor theory using laboratory experiments and then apply 
the validated model to space conditions

- Compare laboratory experiments to space data
34/10/17
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Space Plasma Processes Optimal for 
Laboratory Experiments

• Turbulence
– Understand turbulence properties in the meso and micro scales
– Kinetic effects
– Turbulence pervades most plasma domains

- Astrophysics, hemisphere, magnetosphere, ionosphere, tokamaks, etc.
- Fundamental yet practical

• Spatial Variability
– Understand the cause and effects of spatial variability in the background parameters
– Many space plasma phenomena associated with strong spatial inhomogeneities

• Multi-Ion-Species Effects
– Most space plasmas are multispecies

• Astrophysical Plasma Processes
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Small Scale Turbulence Properties: 
Electrostatic or Electromagnetic?
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Electrostatic      Electromagnetic: 
Dispersive Properties of Whistler Branch Waves

• Cold plasma dispersion relation for the whistler branch waves in (Ωi < ω < Ωe) 
frequency range

– Electrostatic if 

- EM Whistlers
- ES Whistlers
- ES Lower Hybrid
- EM Magnetosonic
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D(ω ,k,n(r),B(r)) = 0
propagation clearly. For the specific inner magnetospheric ap-
plication of interest here, VA

2=v2trjj >> 1 as will be shown in
the next section, where terms with coefficient Vr

2=v2trjj in the
dielectric tensor 3 dominate over other terms in the growth
rate. Overall, the results show that the growth rate from
the ring distribution is larger than a bi-Maxwellian if Vr

2=

v2trjj > TM⊥=TM jj and that the growth rate does not diminish
as rapidly toward oblique angles.

3. Ray Tracing of EMIC Waves and the Plasma
Model: Application to the Inner Magnetosphere

[15] Though the growth rate maximizes for parallel propa-
gating waves, it should not be concluded that this property
alone determines the wave spectrum. The wave spectrum
resulting from the ring instability is determined from the
path-integrated wave gain G= exp(2 ∫ γdt). Analysis of whis-
tler growth using THEMIS data shows that a gain of G ~ 6 is
sufficient for growth to large wave amplitudes from a back-
ground of noise and even less for moderate wave amplitudes
[Li et al., 2009]. The wave gain is computed by solving for
the growth rate from the dispersion relation (2) at every
point over the raypath. A three-dimensional ray-tracing
scheme is used to compute the raypaths of the unstable waves
[Crabtree et al., 2012a, 2012b]. The background magnetic
field is assumed to be dipolar and the background plasma is
cold, which includes hydrogen, helium, and oxygen, with
density ratio of nH/ne= 0.8009, nHe/ne= 0.1914, and nO/ne=
0.0077, respectively, at the equator where the raypath is ini-
tialized. The plasma density model is the same as in Bortnik
et al. [2011] and is based on the diffusive equilibrium of
Angerami and Thomas [1964] and similar to that given by
Inan and Bell [1977], which has been used for other studies
of convective gain of ion cyclotron waves [Horne and
Thorne, 1993]. It includes an ionosphere, the inner edge of
the plasmapause is located at L= 3, and a number of field-
aligned density structures [Bortnik et al., 2011]. The density
irregularities have no influence on the wave propagation.

Figure 2 shows a typical raypath initialized in the equatorial
plane at L= 3 with frequency ω ≈ 0.68ΩH and k⊥= 0. The
raypath is traced over the contours of constant density used
in the model calculation.
[16] Figure 3 shows the ray trajectory of an initially parallel

propagating EMIC wave. The EMIC waves are initialized
at k⊥= 0 (corresponding to the maximum growth rate from
Figure 1). The waves refract as they travel, mostly parallel
to the field line, through the inhomogeneous magnetosphere,
and k⊥ increases (Figure 3, bottom). Due to the small amount
of magnetospheric helium, when the wave frequency
matches the hydrogen-helium bi-ion hybrid resonance (or
Buchsbaum resonance),

ω2
B ¼

ω2
pHΩ

2
He þ ω2

pHeΩ
2
H

ω2
pH þ ω2

pHe
; (7)

the waves reflect, i.e., k∥ passes through zero and the wave
turns around, only to reflect again at the conjugate point in
the other hemisphere [see also Mithaiwala et al., 2007, and
references therein]. However, most of the gain is achieved
during its initial transit away from the equator, and multipass
gain is not necessary in this model. As stated previously,
when k⊥ becomes sufficiently large, the EMIC dispersion
(3) must be generalized to include εzz≈# ω2

pe

ω2 ζ 2eZ ′ ζ eð Þ # n2⊥ ,

Figure 3. Path-integrated wave gain. (top) The frequency
of the EMIC wave normalized to the hydrogen-cyclotron fre-
quency as a function of time. The normalized frequency ω/Ω
H decreases because the magnetic field decreases as the wave
packet moves away from the equator. (middle) The wave gain
as a function of time. The gain achieved from a velocity ring
distribution with V 2

A=v
2
trjj ¼ 10 for either Vr/VA={1,1.25}

is several times larger than that of an anisotropic bi-
Maxwellian with A=2. The gain from the bi-Maxwellian is
virtually negligible. It takes a temperature anisotropy of
A = 19 to achieve an equivalent gain as the ring distribution
with Vr =VA. Most of the gain is achieved during its initial
transit away from the equator, though the gain from a ring
distribution occurs over a much longer time period since
the growth rate is larger at oblique angles. (bottom)
Perpendicular wave number. As the ray refracts, k⊥ in-
creases, and the wave normal angle tends toward 90o.

Figure 2. The density profile used for ray tracing (from
Bortnik et al. [2011]). The raypath, initialized at L= 3, is
traced over the contours of constant density used in the
model calculation.

MITHAIWALA ET AL.: GROWTH OF EMIC FROM RING DISTRIBUTIONS
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• Scattering rate by thermal electrons in EM limit
– Generalize Hasegawa and Chen 1976

• Wave-particle resonance can be easily met for 
any combinations of (k||, k⊥) with ω ~ constant
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ζ = (ω1 −ω2 ) / (k1|| − k2|| )vte

B

plasma

Frequency Spectrum Wave Vector Spectrum

LaunchedObserved

NRL Space Chamber Validation

δe≡ c/ωpe

[Tejero et al., Nature Scientific Reports, 2015]
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10 MHz – Lab Pump Wave

9.96 MHz – Lab Scattered Wave

547 Hz-Pump

512 Hz-Scattered

X
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Van Allen Probe Data

Nonlinear Landau 
Damping
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Evidence of Nonlinear Conversion by Scattering 
in Lightning Generated Whistlers
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• Increasing k⊥ ⇒ enhanced dissipation (~ k⊥2)
• Wave dissipates as k⊥c/ωpe > 1 
• τint ~ τprop, during which k⊥c/ωpe < 1

• Increasing k⊥⇒ enhanced NL scattering (~ Wk⊥6)
• k⊥c/ωpe < 1 maintained by NL scattering
• τ int ~ τ turb >> τprop, NL scatter keeps k⊥c/ωpe < 1

Standard Quasi-linear Picture Weak Turbulence Picture

Cyclotron resonance time (τint) given by (ω – k||V| |- nΩe(r))⋍ 0

Changing Turbulence Character 
Critical in the Radiation Belt

Fate of lightning generated whistlers in the ionosphere

[Ganguli et al., GRL, 2012; Crabtree et al., PoP, 2012]

ω = ωLHL = 1.2 L = 1.2 ω = ωLH
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Small Scale Turbulence Properties: 
Coherent or Incoherent?
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Signature of Weak Turbulence Processes 
in Radiation Belts

• Analysis of in-situ data from NASA/Van Allen Probes
Van Allen Probe data of chorus 
phenomenon in radiation belts 

Evidence of nonlinear W-W and W-P 
scatterings in laboratory data

Space Chamber Recreation

Antenna 
launched
wave

Chorus

Main Chirping Wave

Scattered  Wave

Main wave loses energy 
while to secondary 
wave: Predator Prey

Wave changes wave-
normal angle by 17°

Wave changes 
azimuthal angle by 50°

Crabtree et al., JGR, 2017 (in press)

Bayesian analysis of Van Allen Probe data

Chirping in Joint European Tokamak (JET)
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Bayesian Spectral Analysis of Chorus Element

Chorus may consist of coherent & incoherent processes, multiple waves with 3D propagation

Minima of Envelope“Chirplet”
• Intensity 

corresponds to wave 
energy density

• Instantaneous 
frequency is plotted 
over time window 

• Growth rate is used 
to adjust wave 
energy density over 
time window

• Color saturates at 
10-11 ergs

NRL Experiment

Stair-step frequency structure

Van Allen Probe Data
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Small Scale Turbulence Properties: 
Strong or Weak Turbulence?

134/10/17
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MHD (Strong) Kinetic (Weak): 
Heliospheric Plasmas

• Οbservation in solar wind
– Turbulence energy spectrum non-Kolmogorov
– Appearance of spectral steepening at kρi ~ 1

• Ongoing debate: 
– Origin of spectral steepening for shorter

wavelengths

• Common belief: 
– Spectral evolution dominated by Landau damping  
– Strong turbulence prevails at all scale sizes

• No good reason to reject weak turbulence for kρi ≥ 1 
in collisionless SW if Landau damping is negligible 
compared to NL rates

• Can Solar Wind Maintain Sufficiently Small df0e/dv|| to Ignore Landau Damping?

144/10/17

Strong        Weak Turbulence

Inertial Dissipative

From Alexandrova et al. PRL, 2009, Cluster data
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Development of Plasma Distribution in Solar Wind

• Stable distributions can Landau damp waves and create plateau
• In SW Coulomb collision time and free path are long (~105 sec, ~1AU)

- Can not thermalize within SW transit time
• Evolution of distribution function given by quasi-linear equation 

• Electron density redistributed in 3 components: 
Cold, Plateau and Maxwellian; in fractions αc, αm, αt

154/10/17

αc ,VA αm,Vm αt,Vte

   

v|| <VA
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
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Plateau
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f0e The Idea Numerical Validation

[Rudakov et al., PoP, 2011, 2012]

Solution of Diffusion Equation 
for observed spectrum

Wscattered

Wpump

= ω − Δω
ω

γ NL ≥ γ L

Turbulence Onset

Efficiency

Experimental Validation

Scattering efficiency increases with decreasing 
linear growth rate in Space Chamber experiment

[Tejero et al., PoP, 2016]
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Effects of Spatial Variability
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ES PotentialDensity

Origin of Strong of Spatial Variability 
in Near-Earth Space

• Plasma compression leads to strong spatial gradients, e.g., 
– Boundary layers, dipolarization fronts, reconnection region, etc.
– Scale sizes can become comparable to an ion gyro-radius or smaller
– Kinetic treatment becomes necessary

174/10/17
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PlasmasheetLobe

NASA/ISEE-1 data: Courtesy, George Parks

• Obtain density 

f0α (v,Φ(x))dv = n0α (∫ Φ(x))

• Use quasi-neutrality to determine the electrostatic potential 

n0α (Φ(x)) = 0
α
∑

Xg = x + vy /Ω

Xg1 Xg2
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Sα

• Use constants of motion to construct a distribution function
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2 )2

Qα (Xg )e
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kTα ,Hα = mv2 / 2 + eΦ(x),

• Guiding center distribution
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[Romero et al., GRL, 1990]
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Effects of Transverse Electric Field Gradients

• Affects zeroth-order plasma dynamics
- Particle orbits in a magnetized plasma are affected

- Particles can move across magnetic field lines

- Unique plasma distributions are created
- Temperature anisotropy in x and y directions possible 
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Laboratory Study of Compressed Plasma Layer

194/10/17

lobe 

plasma sheet 

plasma sheet 
boundary layer 

lobe 

solar wind 

B 

E 

density 

Laboratory simulation of the stressed boundary layer with localized radial electric field  
and axial magnetic field by inter penetrating plasma indicates emission of BEN  

Compression of the magnetosphere creates north-south dc electric field localized in the plasma sheet boundary layer  

Vplasma ~ Vbias 

Vplasma ~ 0 V 

small source 
plasma potential bias 

small diameter 
plasma source 

Vbias 

B 

large diam
eter 

plasm
a source 

electric field 

plasma sheet 

boundary layer 

lobe B 

E 

LE > ρi 
ω < ωci 

LE ~ ρi 

ω ~ ωci 
LE < ρi 
ω > ωci 

[Amatucci et al., PoP, 2003] [DuBois et al, PRL, 2013; JGR, 2014]

Contours of electrostatic potential

Broadband emission

Relaxation of the initial flow

21/2 D PIC simulation of EIH mode for   ρe < L < ρi
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FIG. 2. Comparison between the early-time simulation results giving the 
electric field energy in the (0,4) and (0,6) modes and those theoretically 
predicted by the linear growth rates of the EIH mode. 

exponential rate of increase in close agreement with the 
growth rate corresponding to the linear theory of the EIH 
mode. Ultimately, after more than 15 lower-hybrid peri- 
ods, the growth in the net electric field energy saturates. 

One of the principal features associated with the non- 
linear evolution of the EIH mode is that its onset leads to 
the formation of coherent, closed potential contours in the 
fluctuating electrostatic potential 4(xy,t). As will be 
shown by the results presented in Fig. 6, the electron mo- 
tion throughout this time interval remains, roughly, on 
surfaces of constant electrostatic potential. This in turn 
implies the formation of coherent vortex structures in the 
electron flow. The onset of these coherent structures in the 
potential #(x&t) is shown in Fig. 3, which shows, at time 
qnt=7.2, a contour plot of the total electric potential 
@(x&t) defined in Eq. (19). 

There are four important features associated with the 
formation of these coherent structures. First, we find that 
they typically last for 20 lower-hybrid times, somewhat 
over two ion gyroperiods. The reason for this is that the 
system develops substantial anomalous viscosity which de- 
pletes, as a function of time, the shear in the electron cross- 
field flow, i.e., the source of free. energy for this instability. 
A detailed account of the evaluation and properties of this 
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XIL, 

FIG. 3. Contour plot of the total electric potential @(x&f) shown at time 
t corresponding to o&=7.2. The parameters used to obtain this result 
are L,/&,=41.7, L/A,= 100, LE/AD= 1.6, xdLE= 10.4, and 
pJ,In=o&L,=O.52. The value of the externally imposed electric field 
Ee is chosen so that K= 10.8. The development of coherent, closed poten- 
tial contours (forming vortexlike structures) is clearly demonstrated. 
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FIG. 4. Contour plots of the time evolution of the total electric potential 
@(x,y,t) shown at times corresponding to w,,t=9.0, and qnt= 12.1. 
The tilting of the closed potential contours by as much as f 15” is clearly 
shown. 
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[Romero and Ganguli, Phys. Fluids, 1993; GRL, 1994]

ω s /ω
* = 10.6ω s /ω
* = 10.6

ω s /ω LH = 10.6 ω s ≡VE
max / L

Z/L. 

FIG. 11. Contour plot of the total electric potential Q(x,y,?) shown at 
time t corresponding to o&=21.6, for ~=2.2. 

the characteristic wavelength of the EIH mode becomes 
shorter. However, the formation of coherent, closed poten- 
tial contours is not hindered. For K near unity, a transition 
takes place, in which the formation of closed potential con- 
tours is intermixed with the formation of lateral kinks in 
the potential @(x,y,t). Finally, for K below unity, Fig. 12 
shows that the nonlinear evolution of the system is such 
that only lateral kinks in the electrostatic potential are 
formed. Recall that the limit K < 1 implies that shear effects 
are no longer dominant. Hence, the nonlinear evolution of 
the system is governed by the excitation of the lower- 
hybrid drift instability. In this respect, the result presented 
in Fig. 12 is in agreement with previous electrostatic” or 
electromagnetici simulations of the lower-hybrid drift in- 
stability. This latter result also implies that a smooth tran- 

\ 
a 

x/L. 

FIG. 12. Contour plot of the total electric potential @(x,y,t) shown at 
time t corresponding to qHt= 14.4, for ~=0.4. 

TABLE I. Comparison between the wavelength corresponding to the 
fastest growing mode obtained from the linear theory of the EIH mode 
(given under the heading k,L,) and the resulting number of vortices (V) 
or kinks (K) observed in the PIC simulation of this instability (given 
under the heading N PIC). The number of vortices corresponding to the 
EIH mode wavelength is shown under the heading N EIH. The simula- 
tion parameters are those used to obtain the results shown in Fig. 3. The 
definition cx,=o/Q is used. 

a, K k&E N EIH N PIC V/K 

0.25 10.8 0.40 4 6 V 
0.20 8.7 0.50 5 7 V 
0.15 6.5 0.60 6 8 V 
0.10 4.3 0.80 8 10 V 
0.05 2.2 1.25 12 11 V,K 
0.01 0.4 3.30 40 14 K 

sition takes place in the system’s response as K becomes 
larger or smaller than unity, velocity shear effects domi- 
nating when K > 1. 

The dependence on K of the characteristic wavelength 
of the instability considered in this work is in close agree- 
ment with predictions obtained from the linear theory of 
the EIH mode. This is shown in Table I, which shows that 
for K > 1, the typical wavelength of the present shear-driven 
lower-hybrid waves satisfies the long wavelength relation 
k&,-0.7. In view of the parameters chosen for this sim- 
ulation, for which Ldp,= 3 and T,= Ti, the EIH wave- 
length is much longer than the one corresponding to the 
lower-hybrid drift instability for which it is found that 
k,,p, - dm. T bl I 1 a e a so summarizes one of the princi- 
pal conclusions to be drawn from the results shown in Figs. 
10-12. Namely, that for K< 1, the time evolution of the 
system is such that the potential @(x,r,t) no longer devel- 
ops closed potential contours, but lateral kinks whose char- 
acteristic wavelength is on the order of the electron Lar- 
mor radius. 

Next, we consider in Fig. 13 the time evolution of the 
power spectrum of the EIH mode for two values of K: in 
panel (a) ~=6.5 and in panel (b) ~=2.2. In panel (a), the 
lower curve gives the power spectrum at w&=O. 14 and 
the upper curve corresponds to w&= 12.2. In panel (b), 
the lower curve gives the power spectrum at o&=0.14 
and the upper curve corresponds to a&= 13.5. Both of 
these results are shown for x/&=0.75. It is seen that as K 

is reduced the energy content in the late time phase of the 
instability is reduced for all wavelengths in the system. 
Furthermore, the characteristic wavelength of the system 
is reduced, approaching the electron Larmor radius. For 
instance, for the case ~=2.2 an observable rudimentary 
form of a peak appears to develop in the power spectrum in 
the vicinity of kyLE- 2.4, which corresponds to k,,p,-0.8. 
For even lower values of K, this peak is expected to grad- 
ually strengthen and dominate, signaling a transition from 
the EIH to the LHD instability. 

Finally, we show in Fig. 14 the frequency spectrum of 
the EIH mode for two values of K. The curve correspond- 
ing to K= 10.8 gives the frequency spectrum of the (0,6) 
mode corresponding to kyLE=0.49 (the dominant mode 
for the case K= 10.8). Similarly, the curve corresponding 
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ω s /ω LH = 0.4
LHDI

Romero and Ganguli: Relaxation of the Stressed PSBL 647 

are: /[ = wp•lf• = 1.0, a• = VoI(f•LE)= 0.25, 
A Ni/ Nio -- 0.8, and Mi/me -- 400 (Mi and rn• de- 
note the ion and electron masses, respectively). All of the 
quoted values are attained in the limit z --• - 

The results presented in Fig. I imply that the inclusion 
of the variation of the equilibrium magnetic field for con- 
ditions representative of the PSBL-1obe interface results 
in: (i) an increase in the maximum value of the growth 
rate of the EIH mode, and (ii) no appreciable modification 
in the wavelength of the most unstable EIH mode. 

Nonlinear Simulations 

The nonlinear evolution of the system is investigated 
using an electrostatic, 2-1/2 D particle-in-cell (PIC) code 
first described in Rornero et al., 1992b. The physical pa- 
rameters used here are: L• / P i = L • / P i 
zo/L• = 6.4, and p•/)• = wp•/fl•o = 1.2. At 
t = 0, the system is in equilibrium, its length in the 
direction is L•, co• is the electron plasma frequency in 
the region of higher plasma density, and 
is the Debye length. The ion to electron mass ratio is 
400, Ti = 4 T•, and the total number of particles in the 
simulation is 786 432. Since B ( z ) is directed along the 
axis, the waves reported in this study are flute-like, i.e., 
kll = 0. We choose E 0 such that co s = E0/(BoLr) = 
10.8wz, (i.e., ,• = w• /wz,• = 10.8). Finally, the elec- 
tric field is decomposed into two components: the first is 
doubly periodic in the two spatial dimensions, and the 
second is time-independent and given by Eq.(1). The 
time-independent field component represents the stress 
imposed on the system by the solar wind flow, while the 
time-dependent doubly periodic field component models 
the stress relief caused by the onset of the various mi- 
croinstabilities excited in the system. This latter field 
component is obtained by solving Poisson's equation at 
each time step in a mesh containing 64 nodes in the z 
direction and 128 nodes in the $t direction. 

The nonlinear evolution of the EIH mode has been de- 
scribed in considerable detail for the case of a uniform 
magnetic field [Romero et al., 1992b; Romero and Gan- 
guli, 1993]. In this regime, the EIH mode causes' (i) 
the onset of long wavelength (k•œr • 1, 
dosed contours in the electrostatic potential (indicative 
of the formation of vorteces in the electron flow) when- 
ever •: = w s / w• n > 1, (ii) considerable ion accelera- 
tion perpendicular to both the equilibrium electric and 
magnetic fields, (iii) a broadband spectrum extending in 
frequency from below the lower hybrid frequency to near 
the electron plasma frequency, (iv) the development of 
significant anomalous viscosity which decreases the mag- 
nitude of the cross-field electron flow and eventually lim- 
its the further growth of the instability, and (v) a smooth 
transition, as • is varied, from a regime dominated by 
the EIH mode (• > 1) to one dominated by the lower 
hybrid drift instability (• < 1). These general features 
are preserved in character by including in the simulation 
the self-consistent variation of the equilibrium magnetic 
field (as described by Eq. (2) of this work) across the 
boundary layer. In what follows, we describe the nonlin- 
ear evolution of the transverse structure of the PSBL un- 
der s•ressed conditions and use parameters corresponding 
to PSBL plasmas: w• / f• > 1, a magnetic field varia- 
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Fig. 2 Time evolution of the sheared electron E x B flow 
showing that the EIH mode leads to substantial anoma- 
lous viscosity. 

tion (between the PSBL and lobe) of the order of 50%, 
and Ti/T• = 4 (this number can readily be further in- 
creased without affecting the principal physical results). 

First, we find that substantial anomalous viscosity de- 
velops due to the excitation of the EIH waves. This is 
shown in Fig. 2 where the E x B flow is shown at the 
three indicated times in the vicinity of the boundary layer. 
It is seen that the magnitude of the flow decays to less 
than half its original value in a time interval shorter than 
5 lower hybrid periods. In addition, the flow spreads in 
the region of low magnetic field to a distance of nearly 
2 p i in a time interval of about 20 lower hybrid periods. 
This decreases the value of co s thereby relaxing the stress 
build-up in the system. Details as to how one can quan- 
tify the EIH-induced anomalous viscosity can be found in 
Romero and Gan#uli, 1993. We also note that the final 
flow profile shown in Fig. 2 extends between I and 2 p i 
and that its magnitude is larger than the ion thermal ve- 
locity. This implies that the state of the system is now 
susceptible to the Inhomogeneous Energy Density Driven 
Instability (IEDDI)[Ganguli, et al., 1988a]. Further de- 
pletion of shear due to IEDDI waves may seed the system 
for the Kelvin-I-Ielmholtz (w < fii) instability unless a 

10 -4 

0.1 1 10 

l.d / OJ p e 
Fig. 3 Fourier transform of the time sequence correspond- 
ing to the dominant mode's energy density. It is seen that 
the frequency spectrum of the EIH mode is broadband, 
extending from below the lower hybrid frequency up to 
the electron plasma frequency. 
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Laboratory Study of Dipolarization Fronts

Electrostatic PotentialDensity

Dipolarization 

Seconds after 2012-11-14 05:40:32.437892

EMFISIS Burst Mode Waveform Data
from Van Allen Probes 

Laboratory Data from 
NRL ExperimentsNRL Experiment on Compressed Plasma Layer
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Ionospheric Plasma Phenomena: Auroral Region 
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Physics of Multi-Ion Species Plasma
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Origin of Rotation in a Dusty (Multi-Ion) Plasma

Since E0 = 0, J0 = 0, Quasi-neutral plasma with kz = ky = 0; 
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• Important differences: 
- only a mean fluid rotation 
- ω ≈ Ωc implies a wave resonance, k → ∞, wave predominantly ES
- ω ≈ Ωr implies a wave cut-off, k → 0, wave predominantly EM
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Energy Density of the Rotation Waves
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• Near ( ω ≈ Ωr ) most of the wave energy is 
kinetic energy of light ion rotation

• Unlike classical 2-component MHD, the ions 
can possess a lot of energy

• A possible source of ion energization

Effect of Rotation Wave Resonance

Ponderomotive force (for ky = kz =0) 
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• Ponderomotive force can be magnified by the 
rotation resonance

• Ideal for 1-dimensional force balance 

Since Ωr represents a cut-off the wave is not damped as ω → Ωr
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Electromagnetic Waves in Multi-Ion Species Plasma 

• Consider a  3-species (ion, Electron, and dust) plasma

• For short wavelength (kld >> 1) recover Alfven and magnetosonic waves with minor 
frequency corrections

• For long wavelength (kld << 1) two new branches appear

254/10/17
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2 2 2 2 2( )r z Ak k Vw =W + + Alfven-Magnetosonic Hybrid Wave
Similar to Langmuir waves 

ω 2 = kz
2 (kz

2 + kx
2 )VA

4 /Ωr
2 Ion Whistler Wave 

[Ganguli and Rudakov, PRL, 2004; Ganguli and Rudakov, PoP, 2005]

Langmuir wave  
  
ω 2 =ω pe

2 + k 2Vth
2

kz ≈ 0→ω 2 =Ωr
2 + k⊥
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Strong turbulence? Similar to Langmuir turbulence

264/10/17
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Unlike Langmuir Waves no Dissipation as Wavelength Approaches ld

Turbulence in Multi-Ion Species Plasma: 
Strong? Weak? Both? Composite?

- Fast time-scale is Ωr ( ≡ ωpe )
- Slow time-scale is dust kVA ( ≡ kcs)

- Long time average: t  >> 1/ Ωr ,1/ Ωd
- Nonlinear frequency shift, δω , due to 

ponderomotive force

- The nonlinear Schrodinger Equation
- Solutions: Solitons
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Turbulence in Multi-Ion Species Plasma: 
Strong? Weak? Both? Composite?

Weak turbulence?  Similar to Kolmogorov Cascade of Alfven waves

(ω 2 = Ωr
2 + kx

2VA
2 )→ ω = kzVA 1−1/ 2kx

2ld
2( ) ( )222/11 dxA lkkV +=wand

Short wavelength kld >1

Weak turbulence

Long wavelength
kld<1

Short wavelength
kld >1

Strong turbulence Weak turbulence

• Strong turbulence dominates 
for k << kd but breaks down   
for k ⋍ kd

• Collapse towards kd pumps 
weak turbulence for k >> kd

• Peak in energy density at kd

• Typical structure scale size ~ ld
kd

kd = ld
−1 =Ωr /VA Ωr ≈

Znd
ne

Ωi

k

Both? Composite?
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Molecular Clouds

Astrophysical Relevance

• kVA ~ Ωr  defines structure (filament) scale size

• ld ~ VA / Ωr ~ (c / ωpi)(ne / Znd)(ni / ne)1/2

• ne ~ 10-3cc, nd ~ 10-8 cc, c / ωpi~ 109 cms

• ld ~ 1014 cms ~ 10 AU

Artist Rendition Based on Observations

Astrophysical Turbulence and Transport: Kolmogorov Type Cascade and/or Strong Turbulence?
[Ganguli and Rudakov, PRL, 2004; Ganguli and Rudakov, PoP, 2005]

This cloud of gas and dust is being deleted. Likely, within a few million years, the intense light 
from bright stars will have boiled it away completely. The cloud has broken off of part of the 
Carina Nebula, a star forming region about 8000 light years away. CREDIT: Hubble Heritage 
Team (STScI/AURA), N. Walborn (STScI) & R. Barbß (La Plata Obs.), NASA.
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• Repeated scatterings of rotation waves leads to
longer wavelengths

- Dispersion progressively vanishes

- Reminiscent of Bose-Einstein Condensation (BEC) 
- The rotation frequency represents the ground state 

• Condensates are long-lived structures 

- Condensate scale size L >> ld

In 1D case there is no collapse

(ω 2 = Ωr
2 + kx

2VA
2 ) ⇒ (ω 2 ≈ Ωr

2 )

11,k
!

w  ω1 − Δω ,
!
k2

Induced Scattering Decay

Condensation
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Conclusions

• Many inherent problems with in-situ measurements can be addressed through laboratory 
experiments
– Space-time ambiguity
– Unsteady plasma

• Provide complete characterization of a physical process
– Repeated measurements possible in laboratory 

• Laboratory experiments of triggered emission at NRL have led to a more comprehensive 
analysis of NASA/Van Allen Probe chorus data to show
– Stepwise nature, presence of multiple waves, 3D wave propagation, signatures of induced 

scatterings, etc.

• Led to deeper understanding of the cause and effects of transverse electric fields
– New class of broadband waves were found correlated with plasma compression which clarified 

unexplained auroral observations
– This knowledge is now being used to understand the plasma dynamics of compressed layers, e.g., 

dipolarization fronts
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