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Turbulence in SSX: Motivation 

Is the statistical character of  
plasma turbulence universal? 

How can laboratory plasmas be  
used to study turbulence? 



Laboratory: SSX Space: Solar Wind* 

*Cluster FGM and STAFF-SC Data: Sahraoui, PRL 2009 

fλp = 2MHz 

Example: Can laboratory turbulence be 
compared to solar wind? 



Questions to Address in this Talk 

1) What do I mean by turbulence? 

2) Is there turbulence in SSX? 

3) How do I measure turbulence in SSX? 

4) How can we interpret the results? 



QUESTION 1:  
WHAT DO I MEAN BY TURBULENCE? 

Image: Turbulent Channel Structures, Melissa Green 
Department of Mechanical and Aerospace Engineering, Princeton 





Minimum Ingredients for Turbulence 

1) Energy Injection Scale 

2) Energy Dissipation Scale 

3) Transfer of Energy Between 
Many Intermediate Scales 
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Kolmogov’s View: 
Scale separation between injection 

and dissipation 
 

If transfer rate is constant, local, 
and energy depends only on 

transfer rate and scale, then energy: 
 

E(scale) = (scale)-5/3 



Kolmogorov’s Picture of Turbulence 
Lo

g 
(E

n
er

gy
 p

er
 s

ca
le

) 

Log (Scale) 

Energy Injection Scale 

Energy Dissipation Scale 

Energy Transfer Between Scales 
(Inertial Range) 

Kolmogov’s View: 
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If transfer rate is constant, local, 
and energy depends only on 

transfer rate and scale, then energy: 
 

E(scale) = (scale)-5/3 

True for most fluids! 



Is Turbulence Universal? 

For neutral fluids: yes (mostly). 

Dissipation occurs at nanoscales 
(molecular/atomic)—injection (such as 
stirring) occurs at macroscopic scales 

Transfer of energy occurs through 
viscosity, is local and constant 



Is Turbulence Universal? 

What about plasmas? 
Have both flows AND 

magnetic fields 
Can have non-local 

interaction through wave 
modes 

Many different types of 
energy injection/dissipation 

MST 

SSX 

LAPD Solar 
Wind 

Magneto 
sphere 



QUESTION 2:  
IS THERE TURBULENCE IN SSX? 



SSX as a Turbulence Laboratory 
10kV/100kA Pulsed power 1mF banks 

Cylindrical vacuum chamber  
(D = 0.5 m, L = 1 m) 

High voltage plasma 
guns on each end 

Extension Chamber 



SSX as a Turbulence Laboratory 

Compact Wind Tunnel 

Two Configurations Explored: 

Wind Tunnel with Expansion Chamber 



Plasma gun produces spheromak; narrow 
cylinder boundary cause tilt and twist 

Taylor State (Tilt and Twist) 
Double Helix Shape 

Taylor relaxation or selective decay of a plasma is a 
process where magnetic energy, 
 
 
 
is minimized under the constraint that magnetic 
helicity, 
 
 
is conserved. 

Instability of field structure 
provides energy for cascade 

Initial State Final State 

Turbulence 



Hall MHD simulation clearly illustrates 
plasma evolution 

Initial State - Spheromak 



Hall MHD simulation clearly illustrates 
plasma evolution 

Field structure tilts 



Hall MHD simulation clearly illustrates 
plasma evolution 

Field structure twists 



Hall MHD simulation clearly illustrates 
plasma evolution 

Fields turbulent (Time frame for analysis) 



Hall MHD simulation clearly illustrates 
plasma evolution 

Fluctuations begin to decay 



Hall MHD simulation clearly illustrates 
plasma evolution 

Final State: Taylor State (double helix) 



Typical Plasma Parameters 

Temp:  
<Ti> = 25eV, <Te> = 10eV  β = 0.1-0.3 
Field: 
<B> = up to 5kG      ρi = 0.1cm (tunnel diam = 15cm) 

Density: 
<n> = 1x1015cm-3    λi = δi = c/ωpi = 0.54cm  
Velocity: 
VA > Cs > Axial Flow 
256km/s > 31km/s > 20km/s 
Collisional Plasma – MFP ~ 0.2-3cm 



QUESTION 3: 
HOW DO I MEASURE  
TURBULENCE ON SSX? 
 



Techniques used to study turbulence on SSX 

SIMPLE 

COMPLICATED 

Frequency/Spatial Spectra 
Temporal/Spatial Correlation 
Conditional Averaging/Anisotropy 
PDFs of Increments/Structure Functions 
Entropy/Complexity Analysis 

EXPERIMENT 

SIMULATION 

Slava Lukin’s talk after lunch 



B-field spectra extracted from dB/dt signal 

Power spectrum 
 
 

B-field spectra extracted 
from measured dB/dt 

time series using 
wavelet transform 



B-field spectra extracted from dB/dt signal 

Power spectrum 
 
 

B-field spectra extracted from 
measured dB/dt time series 

using wavelet transform 

 Ensemble Average: 

x40+ shots 

fr
eq

u
e

n
cy

 

time 



Spectra indicate power-law behavior 

fλp = 2-3MHz 

Power-law scaling in B-
field, density and flow 
as function of frequency 



PDF constructed from increments in dB/dt 

Probability Distribution 
Functions of Increments 

constructed by taking 
difference of dB/dt values at 

different time separations 



PDF of increments have fat tails (intermittency): 
shows B-dot fluctuations are highly structured 



Flatness increases with decreasing time scale 

Power-law 
like scaling 

Flatness = normalized 4th moment of a PDF 

Flatness = quantification of fat 
tails, departure from Gaussian 
 the larger the flatness, the 

more intermittency is observed 



Entropy-Complexity Analysis –  
Information Theory for Turbulence 

Permutation Entropy CH Plane 

Preliminary Results: 
 
SSX has fairly low entropy, middling 
complexity 
Solar Wind has high entropy, low 
complexity 



QUESTION 4: 
HOW CAN WE INTERPRET THESE 
RESULTS? 
 



What do these analysis tell us about the SSX 
turbulence? 

Recall the minimum ingredients I mentioned: 
 
  Energy Injection 
  Energy Dissipation 
  Energy Transfer between scales 
 

Do the analyzes performed provide any 
information on the mechanisms associated 

with these processes on SSX? 



Energy Injection: Spectral analysis supports 
magnetic energy injection 

fλp = 2-3MHz 

Magnetic fluctuations 
steepen before flow 

fluctuations—suggest energy 
initially in fields, not flow 



Energy Dissipation: Break in spectra 
suggests onset of dissipation at ion scales 

fλp = 2-3MHz 

If average flow is used to 
invoke Taylor Hypothesis: 

Break in B-field spectra 
near Doppler-shifted ion 

inertial length 
 



Energy Transfer: Spectra steepness differs 
between wind-tunnel/expansion scenarios 

Expansion 
fluctuations have a 
broader steep spectra 
 
Tunnel fluctuations 
has a rollover 
 
Both are steeper than 
5/3 power law found 
in fluids 



Energy Dissipation: Intermittency suggests 
magnetic reconnection a dissipation mechanism 

Soft X-ray signal decreases with helicity 

Ti intermittency increases with 
helicity—mean value hold steady 

Intermittency increases with helicity 

Possibly, trends suggest intermittency caused 
by current sheets—seen in solar wind 

turbulence simulation (Greco ApJ 09) 

That is, helicity increases number of sites, 
but decreases their size 



CH plane analysis may have implications for 
injection and transfer 

Analysis shows correlation 
between complexity and 
exponential-like spectra as well as 
entropy and power distribution 

Could indicate how much 
coherent mode content is in a 
plasma, which can affect 
energy injection, transfer 
between scales 



SSX as a turbulence test-bed 

• A magnetically turbulent plasma can be produced 
from the relaxation process of a spheromak 

• A wide variety of analysis techniques can be used 
to unveil the characteristics of the turbulence 

• The goal is to understand why plasma turbulence 
does not seem universal, and how can SSX be 
used to explore what are the mechanisms that 
cause these differences 

 



Thank you for your attention. 
 
 


