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Abstract
Dynamics of large- and small-scale plasma structures were investigated in the precursor 

of 1-MA wire array Z-pinches by laser probing diagnostics. It was found that plasma 
streams from the wires induce density perturbations in the precursor. Small-scale 

perturbations and large-scale cells arose in the nonlinear stage before the implosion. 
Spatial and temporal scales of observed structures are in agreement with theoretical 

investigation for current driven excitation of electromagnetic flute modes.

Work was supported by the DOE/NNSA under UNR grant DE-FC52-01NV14050 Sandia 
is a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin 

Company, for the US DOE under Contract DE-AC04-94AL85000 

SAND2007-0706C



2,
2d 

2-frame shadowgraphy 
or  schlieren diagnostics

1,
1d 3 

2-frame shadowgraphy or
schlieren diagnostics or
Mach-Zehnder interferometer

Faraday channel, shadowgraphy, 
shearing interferometer, 
and schlieren diagnostic

22.5º

8 CCD cameras: 
12-14 bit
0.5x0.5K - 1x1K

Streak 
camera

CCD 3f
CCD 3s

CCD 3i
CCD 3sch

CCD 1s

CCD 1ds

Screen Box

Laser Diagnostics on the Vacuum Chamber of Zebra

34 ns

1      2     3     1d(4) 2d(5)
150ps

9 ns

1 2 3 4 5



1-MA Zebra Generator at the NTF
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Motivation to Study Plasma Turbulence in Z-pinches

• The observed x-ray yield of wire array Z-pinches cannot always be 
explained by kinetic energy and Spitzer resistive heating;

• Plasma turbulence can enhance energy deposition to the Z-pinch; 

• Dynamics of plasma turbulence has not been investigated experimentally 
in wire array Z-pinches.
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times smaller than in the 
“dense pinch” regime16 mm
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Different regimes of Al wire array implosion were observed at Zebra
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Plasma column of the precursor collapses before the x-ray pulse

MHD instabilities arise in the pinch after the maximum of the x-ray pulse

V.V. Ivanov et al., Phys. Plasmas 13, 012704 (2006).



Faraday channel          Shadowgram

The Faraday effect shows current in the precursor of Al arrays
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*-V. Ivanov et al., “Investigation of Magnetic Fields in 1-MA Wire Arrays and X-pinches”, IEEE TPS 34, 2247 (2006)
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Al 8 x 20µm wire arrays
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*-V.V. Ivanov et al., “Experimental study of the dynamics of large- and small-scale structures in the 
plasma column of wire array Z-pinches ”, submitted to Phys. Plasmas



Formation of Strips of Cells on the Precursor Surface
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Plasma perturbations cascade to smaller scales
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Evolution of Cells and Perturbations in the Plasma Column

1. Plasma is homogeneous in the beginning of the precursor phase.

2. Streams from the wires imprint the surface of the precursor
and seed instabilities. Imprints produce strips of cells with the same 
size scale as the period of the streams.

3. Small-scale perturbations and large-scale cells arise in the 
nonlinear stage.

These turbulent processes may impact energy deposition in the
z-pinch
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An electromagnetic flute mode theory was developed to investigate 
observed plasma structures in high beta precursor plasma*

Growth rate and scale size of flute modes in high beta plasma are consistent 
with experimental data 

*  - V.I. Sotnikov et al., “Investigation of electromagnetic flute-mode instability in 
high-beta z-pinch plasma”, IEEE TPS 34, 2239 (2006) 

Two-fluid hydrodynamic equations, with inclusion of gyroviscosity, provide positive 
solution for the growth rate of instability
Typical plasma parameters in the precursor:
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The growth rate of instability 
developing from equilibrium is:      γ ~ 3·107 s-1



Nonlinear wave cascades

Wave energy cascades to larger wavelengths (similar to MHD inverse 
cascades) and excitation  of large scale structures due to polarization drift 
nonlinearity (provides enhanced transport across the magnetic field)

Wave energy cascades to small wavelengths due 
to E × B nonlinearity and associated ion heating
(requires two fluid approximation).

kSource region

EM flute theory predicts nonlinear cascades to larger and smaller 
wave numbers k



Plasma Instabilities in the Precursor
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Conclusions

• Dynamics of plasma turbulence was investigated in the precursor of wire arrays
in the first time. Magnetic fields indicate current in the precursor. Observed 
structures and cells can be produced by the current-driven flute mode instability.  

• Streams from wires imprint the precursor in the early stage. Later cells occupy 
the total area of the plasma column.

• Small-scale and large-scale cells arise in the nonlinear stage. Magnetic bubbles 
were observed in this phase.

• Spatial and temporal scales of observed structures are in agreement with 
theoretical predictions for current driven excitation of electromagnetic flute modes,
based on a two-fluid model.


