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Earth to Scale

400 km/s plasma with entrained dynamical magnetic fields
(SDO, 8/12)



Outline

* Turbulence primer
»+ SSX plasma wind tunnel configuration

- Four statistical measures for
MHD turbulence



Turbulence Primer

» Cascade from large to small scales
- Homogeneous, Isotropic, Stationary

* Universality in conventional fluids






Energy cascade

encyclopedia2.thefreedictionary.com



Grid turbulence

Fluid Dynamics Research Center

Note: Taylor hypothesis
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Kolmogorov turbulence spectrum (1941)
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Saddoughi and Veeravalli, JFM 1994




Kolmogorov spectrum (K41)

E(k’) — CEa ]{ _B Depends only on transfer rate and k

E(k) X U2 /k Energy per mass per wavenumber

€ X ]CUS Energy per mass per time
U2k_1 X kavgak_ﬁ Dimensional analysis
2 = 3«
—1l=a—-p
a=2/3

B=5/3



Turbulence Summary

» Turbulence in conventional fluids usually
begins at large scales and "cascades” to small

» The structure is usually formless,
homogeneous, isotropic, stationary

» The spectrum of turbulence has a universal

character (k-5/3) in conventional fluids,
also observed in magnetofluids

Brown, PSST review, 2014
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SSX parameters

Ton Density (protons) 10'*-10" cm™
Temperature (T,,T)) 20 -60 eV
Magnetic Field > 0.1 Tesla
Ion gyroradius <0.5cm
Alfvén speed 100 km/s

S (Lundquist number) > 1000
Plasma f3 0.1-1




Equipartition of flow, thermal,
and magnetic energy
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Toroidal Field

Spheromak formation
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Spheromak

Stuffing flux acts like a nozzle



MHD wind tunnel

» 50 km/s flows, fully ionized and magnetized

* Kinetic, magnetic, thermal energies comparable
» Single plume (>5 kJ)

* Characterization of MHD turbulence

» Compare to solar wind



Mach/Magnetic Probes —p
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SSX MHD wind tunnel

Diagnose with arrays of magnetic and velocity probes



Diaghostics at midplane (B and n,)

Line-averaged density with He-Ne, temperature from IDS
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Four statistical metrics
(5SX and solar wind)

- Frequency power spectrum Ey(f)
* PDF of temporal increments Ab
» Spatial correlation function R(r)

* Permutation entropy C-H

* many other metrics are possible



Diaghostics at midplane (B and n,)




Magnetic Probe (16 wire loops)
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Frequency power spectrum E;(f)

2

E(w) = % /B(t)e_mdt_

- Use either FFT or Wavelets

» Convert spectrum of dB/dt to B



Norm. Power (arb)

Freq [Hz]

PPCF, Schaffner, et al (2014)
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PDF of temporal increments

Ab(t, At) = b(t + At) — b(t)

S?(At) = ((b(t + At) — b(t))?)

S*(Ar) = ((b(r + Ar) —b(r))*)



Magnetic Probe (16 wire loops)
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PDF

PDF

At=0.15us

At =0.75us (b)_

PRL, Schaffner et al (2014)



PDF of increments

. 'SIM 2D
ACE data - onnnns

Greco, 2009
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Spatial coherence function R(r)

Rij (I’) — bz (X)bj (X + I‘)

Work of Adrian Wan ‘15



Magnetic Probe (16 wire loops)
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08/14/13, 75 shot average
40.0-60.0us

yibuauls uone|aliod

yabuauls uone|aliod

T T T T ©o T T T ©o T T T
'
!
I
I
I
1
@ ! — o
1
1
1
1
1
1
@ ;. o o« - o
I
'
! E TS E T 4
I
1
@o | o - ™ «Q — o
1
1
1
1
|
1
Qa.__ o i ew < o - o
I
|
1
1
1
1
- o | i<t - o G ) A<t + w0 o e - o <
1
1
l
1
I
I
l o - o o w @ N s )/
1 / —
/
| / g
1 , S
| , ~
1 ’ / c
| ’ / o
o o - & ow o0/ ~ @ @ 7= )
7
o | ’ /
L 4 o 4 i Q.
gt ™3 S me , m 2
! 4 ’ 0
1 /7 7 o
o o N o nako o~ M Oy - o =
! / i =
] / i
| \ ’ M
| , ) )
! ; ’ =
! , / a
7
‘_ oren e s @ W ON, O
1 , i
I / 1
I / !
| ’ /
I 7 !
1 / !
/
= 1N oo JeBan- AN F@aoto oo ) 1N
|
! 1
| ' '
1 / !
/ !
| , 1
1 , !
=3 o s @ I
!
| / I
! i 1
! ! 1
I 1 1
| 1 1
| | !
m - @ My O o
( I I
i ! '
I I I
I 1= b 1=+ 4
" 1 1
! !
B I_‘g l_lu210
= o o
S __ S _, §
~ ) I | o)
— | e i Q
o 1 o 1 o
U |
3 i [ i oo b
[eo] | O I —
oM 1 o m o ©
2l a2l a2l
Q Q Q
g e s
o < O < O <
. | | . o . " . . o . . | . o
@ @ ©v £ A4 o o © ©w I N O o @« ©v % N O
— o o o o o — o o o o o — o o o o o
yibuaJls uolle|aaiod



Cluster 2004 \Cluster 2003 ACE-Wind
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Permutation Entropy

S|P = — ijln(pj)

A n=>5N=n!l=120



Permutation Entropy
N

- ijln(pj)

Case 1: all N=120 permutations equally likely...
S =In(N)... maximum

N
1
S = —Z Nln(l/N) Nﬁln

g=1

Case 2: linear ramp so only one permutation appears... S = 0... minimum

_—




Jensen-Shannon Complexity
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(5SX, solar wind, deterministic chaos)

PRE, Weck, et al (submitted 2014)
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Extension and accelerator, 2015
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Norm. Power (arb)

plot_wavelet_BMDspec_forPPFCpaper.py
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Thank youl

Questions?



SSX MHD wind tunnel
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Ion Doppler spectrometer on SSX

IDS system

Interferometer

Magnetics probes
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Interferometer chord and two magnetic probes also shown



Temperature (eV)

Temperature and density measurements
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Wind tunnel plasma is well-characterized at the midplane (line-averaged)



Mach probe measures local flow

X. Zhang



