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w NRL PPD
- 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
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Space Plasma Processes Optimal for
RESEARCH Laboratory Experiments

LABORATORY

‘ NRL PPD

* 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?

Ganguli UCLA Workshop



L Electrostatic = Electromagnetic:

RESEARCH Dispersive Properties of Whistler Branch Waves
NRL PPD
» Cold plasma dispersion relation for the whistler branch waves in (Q, <w < Q,)
frequency range
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- EM Whistlers k2<1 k2> D(w,k,n(r),B(r))=0

- ES Whistlers K2>1 1K/ >p

- ES Lower Hybrid  &'>1 &2 /kl <u
. — — [Ganguli et al., PoP, 2010]
- EM Magnetosonic k’<1 k’<u
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 Scattering rate by thermal electrons in EM limit [")R’ jfj‘?e C:f‘ber Validation

— Generalize Hasegawa and Chen 1976

1 iy W -Q
L_ImZ(¢
1+(Aw/ AR ¢) 1Hi m2(¢) nyl,

g = (COI - 602) / (le o k2||)vte

2 22
B
a)2 — kZ +‘l,t k Qe T l
7.2 7.2
(1+k°) 1+ k TN - .. :
y 25— / ................... A ¢ e R plasma
. o
: SO F Spect Wave Vector Spect
- s /l requency Spectrum ave Vector Spectrum
w19k1 o, -Aw,k, L ANk, /k.) Large 70 — . I—————
s 41 ‘Electromagnetic — Above Threshold - = 10 MHz
/l,' % ~ 601 - -  Below Threshold “\ 1 ° o5 — 9.96 MHz
051" ' A . 5op " Theory | Pump{ = sp
» — Scattered i} £

Vel Vez 07"“‘*' - - T ormalize |E 40r H ] g ar
Nonlinear La:dau Dampin ) TNorma"zedK* o T = 30f 1 g3}
ping g(”t/kt)t-sma" 20} ; gz.

ectrostatic ,

1ol Theory —-> ,\ E 1l |
0.00 05 550555 1000 o Qs 5

Frequency (MHz)

« Wave-particle resonance can be easily met for
any combinations of (k;, k) with w ~ constant

Observed Launched

[Tejero et al., Nature Scientific Reports, 2015]
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Evidence of Nonlinear Conversion by Scattering
in Lightning Generated Whistlers

10 MHz — Lab Pump Wave
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L J Changing Turbulence Character
RESEARC Critical in the Radiation Belt

NRL PPD

Fate of lightning generated whistlers in the ionosphere

® Increasing k;, = enhanced dissipation (~ k 2) ® Increasing k, = enhanced NL scattering (~ WKk , )
® Wave dissipates as k | ¢/w, > 1 ® k, c/wp < 1 maintained by NL scattering
® Tint ~ Tprops during which k; ¢/wp, < 1 ® Tint ™ Turb >> Tpropsr NL scatter keeps k| ¢/wpe < 1

Cyclotron resonance time (t;,) given by (w — K|V, = nQ(r))= 0

[Ganguli et al., GRL, 2012; Crabtree et al., PoP, 2012]
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Small Scale Turbulence Properties:
Coherent or Incoherent?
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In Radiation Belts

Sighature of Weak Turbulence Processes

 Analysis of in-situ data from NASA/Van Allen Probes

Van Allen Probe data of chorus
phenomenon in radiation belts
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S NAVAL Bayesian Spectral Analysis of Chorus Element

ESEARC
LABORATORY
NRL PPD
1800 ; | T | | .
Van Allen Probe Data - ; - « Intensity
. . Chirplet Minima of Envelope | ‘ corresponds to wave
o] b _ o energy density
f {1400 | 1 « Instantaneous
< - frequency is plotted
60%51 Secoorflzds from 20f§-11-14 14:00(:;?22.67931805%\ 1200 B i Over time WindOW
Z
| Looo L |+ Growth rate is used
NRL Expelment to adjust wave
o \‘ 200l Py |  energy density over
50.7: /7‘ t|me WlndOW
600 | . 1 « Color saturates at

w
|

0.15 /0.2 0.25 0.30 0.35 0.40

10-! ergs
Stair-step frequency structure ™

o
v

0.1 i i

00" i
70m 80m 9.0m

Time (s)

Chorus may consist of coherent & incoherent processes, multiple waves with 3D propagation
4/10/17 Ganguli UCLA Workshop 12




\_g.s. NAVA)I__‘J
ESEARC
LABORATORY

NRL PPD

Small Scale Turbulence Properties:
Strong or Weak Turbulence?
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MHD (Strong) = Kinetic (Weak):

U.S.NAVAL = =
ESEARC Heliospheric Plasmas
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« Observation in solar wind
_ Xurbulence enfergy sépelct;um no.n-KoItn?(ogor(iv Strong " Weak Turbulence ‘
— Appearance of spectral steepening at kp; ~ 108 [ e
« Ongoing debate: = :
— Origin of spectral steepening for shorter oy | )
B 2.8
wavelengths = 107°F  fnertia  pisspative
_ = 107%}F | ' -
« Common belief: SR | Ko N ]
— Spectral evolution dominated by Landau damping oel (P) LSV N
— Strong turbulence prevails at all scale sizes 105 10-* 10> 16°° fo-* 10° 1o
k=27rf/V [km™']
- No good reason to reject weak turbulence for kp; = 1 From Alexandrova et al. PRL, 2009, Cluster data

in collisionless SW if Landau damping is negligible
compared to NL rates

- Can Solar Wind Maintain Sufficiently Small df,./dv, to Ignore Landau Damping?

4/10/17 Ganguli UCLA Workshop 14



ESNAVHJ Development of Plasma Distribution in Solar Wind
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» Stable distributions can Landau damp waves and create plateau
« In SW Coulomb collision time and free path are long (~10~ sec, ~1AU)
- Can not thermalize within SW transit time Efficiency
 Evolution of distribution function given by quasi-linear equation Wit _ @ A0
_ W
>0 i N Experimental Validation ’ ’
" The Idea 0.4 Numerical Validation LOp— . ; . . . Turbulence Onset
~ 03 | 08 Yve 271
- S 0.6} .
v|<VA§ VA<vH<vm 0.2 §0.4 ki v W
o Plateau ¢ - ot - %}/L,—Jk]
: : o 0.2 . ~ iy Linear Processes
a.,Va s Vi T | ¢ .
K. 05 1 1.5 0% —=5 10 15 20 25 30 35 ~Y i W W, —%S—Z)Wk
_ Vi _ Byjyea (NT) — 1
Solution of Diffusion Equation Scattering efficiency increases with decreasing QMQE%CSJ,?Z‘}S,; Propagatio

for observed spectrum linear growth rate in Space Chamber experiment

® Electron density redistributed in 3 components: [Tejero et al, PoP, 2016]

Cold, Plateau and Maxwellian; in fractions a,, a,,, o [Rudakov et al., PoP, 2011, 2012]
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Effects of Spatial Variability
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Origin of Strong of Spatial Variability
RESEARCH In Near-Earth Space

LABORATORY

» Plasma compression leads to strong spatial gradients, e.qg.,
— Boundary layers, dipolarization fronts, reconnection region, etc.

— Scale sizes can become comparable to an ion gyro-radius or smaller My, =
Kinetic treatment becomes necessary i D ///'/'527"/ /{’/”//////
- WIND (L LLLLLE
« Use constants of motion to construct a distribution function o M\ 7 AN .
H,(x) -= 0 LavEn
2 — NO‘ _I?Ta -~
H,=m"/2+e®(x), X, =x+v, /Q Jou (X H (X)) = () Q,(X,)e "~ , N R R LW
A MAGNETOPAUSE &':omrum
 Guiding center distribution ) * Obtain density sowsHock
‘ a Lobe 1 Plasmasheet
R, X, <X, \| ! o — -
0.(X)=1 R+, —R@[%] X <X <X, \ Jfoualv-@CNdv=no @) L
s, @0 X s X, I\ b [
¥ X, ng 104} |
» Use quasi-neutrality to determine the electrostatic potential Al M
Density @ 24F ES Potential ) EmS- : s Wi J
@0'8 I 20, ;@1-6 I [Romero et al., GRL, 1990] ot & d
Y ng, (@(x)=0 = |/ £ 1 el )
2 o | -/ e B e
O | K ol | NASA/ISEE-1 data: Courtesy, George Parks

> 4 6 o 2 4
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E.S.NAVAL Effects of Transverse Electric Field Gradients
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 Affects zeroth-order plasma dynamics BOAT z Kelvin-Helmholtz (o —k,V,) << Q.. k,p, <1

- Particle orbits in a magnetized plasma are affected
- Particles can move across magnetic field lines

(d——kz s e ]qﬁl(x) =0

dx* 7 wo-kV,

1 dV,(x) : :
Q— (9L, 77(X)—1+Q o S P S P PV, (0 () | =0
v 0 y
Renormalized ) Wave \énergy ’ Energy Extracted\%ron EyXx B, Drift

Gyro— frequency
_ S V20—V, (x+x,)) ==|x, PV, (07 (x)+0(1/ L)
- Unique plasma distributions are created O A

- Temperature anisotropy in x and y directions possible

IEDDI (0 — k,V,)~n€,, k,p, >1

3/2 ) Txny . )
F(EH) = n, (B S BTN~ (B2 2] E .
0h= Jn(é\ 2m =T 0@ k)
n \IF)opple;r—Shiﬁedj
requency
- where YU,LA, . == VU,A,
= X + Vv — V , — 2 }2/ L/2 lgneiégyi ;rfation E’;fs:ngy SO?O\:Etion
5 ( Y E(é)) 'B l/vfh [Ganguli et al., Phys Fluids. 1988] y Restond from Regton
VE@) =—ck (5)/ By, [Ganguli, PoP, 1997] yoe=(Uy/U)
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21/2 D PIC simulation of EIH mode for p, <L <p,
lobe
Relaxation of the initial flow Contours of electrostatic potential
plasma sheet . . ' . . .
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Laboratory simulation of the stressed boundary layer with localized radial electric field L
and axial magnetic field by inter penetrating plasma indicates emission of BEN 0.1 1 10
[Amatucci et al., PoP, 2003] [DuBois et al, PRL, 2013; JGR, 2014] w/wpe z/Le

[Romero and Ganguli, Phys. Fluids, 1993; GRL, 1994 |
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U5 NAVAL Laboratory Study of Dipolarization Fronts
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. Laboratory Data from
Dipolarization NRL Experiment on Compressed Plasma Layer NRL Experiments
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Good agreement with resonance condition
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Physics of Multi-Ion Species Plasma
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ES-NAVAL Origin of Rotation in a Dusty (Multi-Ion) Plasma
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Since Ey = 0, J; = 0, Quasi-neutral plasma with k, = k, = 0;
: Z 1 e Electron
J,. = —eny, ‘o cky, + Zen CE“’ ‘Bo e iON

Q, B, “ B, e Dust

J, <k,
V-J =0=ikJ, =0 E
x* 1x 1x J o< E
_> 1 1

Z Vi :
Elx — 7 ZnOd (sz — 7 nOe (Qr) z_l(er Q — nd Q V X
1y My, 2 Mo, 2 2 ' n, l 7

< Zn, =(n,—n,) = E

&

= —iE 4

ly

Near resonance (w=Q ): E

1x

* Important differences:
- only a mean fluid rotation
-w=Q, implies a wave resonance, kK — «, wave predominantly ES
-w = Q) implies a wave cut-off, kK — 0, wave predominantly EM
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Effect of Rotation Wave Resonance \* [©)
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Energy Density of the Rotation Waves

e Near (w = @, ) most of the wave energy is
kinetic energy of light ion rotation

(B?) (vi) (B o | | .
g, = +m.n, = 1+ ——= e Unlike classical 2-component MHD, the ions
Sz, 2 8z " =L, can possess a lot of energy
Sield —energy kinetic—energy

e A possible source of ion energization

Ponderomotive force (for k, = k, =0)

(‘El‘z on

167 (0* -2

\

J

2 e Ponderomotive force can be magnified by the

. ‘Bl‘ 02 ; rotation resonance

e Ideal for 1-dimensional force balance

Since Q, represents a cut-off the wave is not damped as w - Q
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E-S-NAVAtJ Electromagnetic Waves in Multi-Ion Species Plasma
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» Consider a 3-species (ion, Electron, and dust) plasma

 For short wavelength (k/; >> 1) recover Alfven and magnetosonic waves with minor
frequency corrections

1 ] 4 n
0=kV,| 1+ —5 w=kV,|1-— l, == Q ~—0,
2k 2k Q n,
Magnetosonic branch Alfven branch Dust Hall Length New “Rotation” Frequency

* For long wavelength (ki/;, << 1) two new branches appear

2 A2 2 2v172 Alfven-Magnetosonic Hybrid Wave _ 2 A2 27,2
w = Qf” T (k T kz )VA Similar to Langmuir waves kz ~0—-a0" = Qr T kLVA

W' =w> +kV’
2 12,12 . 12\174 1 (2 ' pe th
0’ = kz ( kz + kx )VA /Qr Ion Whistler Wave Langmuir wave

[Ganguli and Rudakov, PRL, 2004; Ganguli and Rudakov, PoP, 2005]
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Turbulence in Multi-Ion Species Plasma:
RESEARCH Strong? Weak? Both? Composite?
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Strong turbulence? Similar to Langmuir turbulence

oV, V: 0°v,, - Fast time-scale is O, ( = wp, )
! “EVE T o0 a2 - Slow time-scale is dust kV, ( = kc,)
ZeBn, on, oB - Long time average: t >> 1/ Q,,1/ Q4
A= o( e ) =4, . =0, B - Nonlinear frequency shift, 6w , due to
i e d0 0 .
ponderomotive force
OV Vs : . V: 0°v,, - The nonlinear Schrodinger Equation
ot 7 s 20 ox’ - Solutions: Solitons

Unlike Langmuir Waves no Dissipation as Wavelength Approaches /;
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Turbulence in Multi-Ion Species Plasma:
©

RESEARCH Strong? Weak? Both? Composite?
NRL PPD
Weak turbulence? Similar to Kolmogorov Cascade of Alfven waves Weak turbulence

(@ =Q2+kV)— 0=kV,(1-1/2k2) and w=kV,(1+1/2k2)

Both? Composite? :
4 Short wavelength ki/; >1

e Strong turbulence dominates
for k << k4 but breaks down
for k = kg4

e Collapse towards k,; pumps
weak turbulence for k >> kj

| . * Peak in energy density at kg

Long wavelength k4 Short wavelength k . . o
kI, <1 I, >1 Typical structure scale size ~ |/,
Strong turbulence Weak turbulence L= '=Q /v Q A
d — “d — =%r A ) :
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\_ggéréﬁgéd Astrophysical Relevance

LABORATORY

NRL PPD

Molecular Clouds

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. BarbB (La Plata Obs.), NASA.

e kV, ~ Q. defines structure (filament) scale size
o Iy~ Val O~ (c/ wy)(ne/ Zng)(n;/ ne)?

e n.~ 103cc, ny; ~ 108cc, ¢/ w,~ 10°cms
e d pi

e[, ~ 10" cms ~ 10 AU

Artist Rendition Based on Observations [Ganguli and Rudakov, PRL, 2004; Ganguli and Rudakov, PoP, 2005]

Astrophysical Turbulence and Transport: Kolmogorov Type Cascade and/or Strong Turbulence?
Ganguli UCLA Workshop



US.NAVAL Condensation
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In 1D case there is no collapse

wlalgl o, —Aw,k, © .-
e Repeated scatterings of rotation waves leads to "y, @
Ionger Wave|ength5 Induced Scattering Decaywk2

- Dispersion progressively vanishes

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

(W =Q+kV,) = (0> =Q7)

« Condensates are long-lived structures

- Condensate scale size L >> [,
Ganguli UCLA Workshop



US.NAVAL Conclusions

ESEARC
LABORATORY

NRL PPD

» 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.q.,
dipolarization fronts
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