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Motivation for Studying Sheared Flows 

� All magnetically confined plasmas are limited by stability 
constraints.

� Sheared flows have been shown to be beneficial in many 
magnetic confinement devices.

� Linear stability calculations have shown that the global stability 
constraints can be relaxed when sheared flows are present.

� The ZaP experiment is studying the effect of sheared flows on 
the stability of an otherwise unstable configuration.

Can sheared flows stabilize plasma instabilities?
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A Z-Pinch is a Simple, Unstable Geometry

� Current along the column creates an azimuthal magnetic field.

� Lorentz force is directed radially inward, confining the plasma.

� Two unstable modes can disrupt the Z-pinch.

Sausage mode (m=0)

Kink mode (m=1)
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Applications of the ZaP Flow Z-Pinch

� Study of Sheared Flow Stabilization
– Sheared flows may be used to relax the stability constraints on 

magnetic confinement devices.

� Fusion Reactor
– Simple design with a high b
– No magnetic field coils
– Natural refueling and ash removal

� Astrophysical Jets
– Nondimensional parameters are similar to those of astrophysical jets

� Other Applications
– High power thruster for spacecraft
– An Extreme UltraViolet light source for lithography
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Talk Outline

� A Z-pinch is a simple magnetic confinement 
configuration, which can be stabilized with a sheared 
flow.

� A unique formation process is used, which generates a 
Z-pinch with a sheared flow.

� A stable Z-pinch is measured in the ZaP experiment.

� The velocity is sheared while the Z-pinch is stable.

� The measured velocity shear agrees with the stability 
theory.
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Sheared Flow Stabilization is Superior 
to Traditional Methods

� Traditional stabilization methods have drawbacks.
– Close-fitting walls

» The maximum temperature of the plasma is limited by the wall.
– Axial magnetic fields

» The axial magnetic field opens up field lines,   .
» The plasma current limited by the Kruskal-Shafranov limit.

– Pressure profile control
» A gradually decaying pressure profile stabilizes sausages, but does 

not stabilize kinks.
� Linear stability calculations have shown that a Z-pinch can be 

stabilized with a sheared flow.
– In the no wall limit, kink modes can be stabilized when
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Flows are Generated in a Coaxial Accelerator

� Neutral gas is puffed between 
two coaxial electrodes.

� A voltage is applied between 
the electrodes.

� The gas breaks down, 
forming an annular current 
sheet.

� The JXB force accelerates 
the current sheet along the 
electrodes.

� Neutral gas ahead of the 
current sheet is ionized and 
entrained in the sheet.
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A Sheared Flow Z-Pinch Forms 
in the Assembly Region

� The inner region of the current 
sheet collapses onto the axis at the 
end of the inner electrode.

� The outer region continues 
traveling axially along the outer 
electrode.

� The motion continues until the 
current has assembled on axis.

� The plasma inertia maintains the 
flow.

� Neutral gas in the accelerator 
supplies plasma to the Z-pinch.

� Similar devices have seen pinch-
like structures last throughout the 
current pulse.
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A Coaxial Accelerator is Coupled to an Assembly Region

� Gas is puffed into the midplane of acceleration region (z=-75 cm).

� Most of the measurements shown are made at z=0 cm
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ZaP Operating Parameters

Entity Parameters

Capacitor Bank Energy 72 kJ (max) 

Charge Voltage 10 kV (max)

Peak Current 300 kA (max)

Plasma Pinch Radius 1 cm

Plasma Length 100 cm

Density 1016 – 1017 cm-3

Plasma Temperature 100 – 200 eV
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A Quiescent Period is Seen in the Mode Activity

� After the Z-pinch forms, a quiescent period is seen in the mode data.
� The horizontal line at 0.2 corresponds to a 1 cm displacement of the    

Z-pinch. 
� Other diagnostics measure a stable Z-pinches when the mode activity is 

below this line.
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Photos Show a Stable Z-Pinch

� A fast-framing camera takes photos of the emission from the 
plasma at 200 ns increments through a 5 cm hole in the outer 
electrode. The plasma is flowing from right to left.

� The photos of plasma emission show a stable Z-pinch during the 
quiescent period.

� A kink can be seen as the mode activity increases.

47.6 ms        47.8 ms      48.1 ms     48.3 ms      48.5 ms      48.7 ms      48.9 ms      49.1 ms 

75.2 ms        75.4 ms      75.7 ms     75.9 ms      76.1 ms      76.3 ms      76.5 ms      76.7 ms 
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The Z-Pinch Density is Peaked
During the Quiescent Period

� Initially, a uniform line integrated density is measured.

� During the quiescent period, the average Z-pinch density is 
2x1016 cm-3.

� Holography shows a peaked density profile.
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Spectroscopy Measures Plasma Parameters

• The IDS spectrometer measures light from one chord throughout the 
lifetime of the plasma.

• The ICCD spectrometer measures light from 20 parallel chords through 
the plasma during a 100 ns interval.

• The chord-integrated spectra are deconvolved to determine the radial 
profiles.

Plasma
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The Ion Temperature is Higher 
During the Quiescent Period

� The IDS instrument measures the time evolution of the ion 
temperature from one chord through the plasma.
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The Zeeman Effect Splits the Line Radiation

580 nm RP
580 nm LP
581 nm RP
581 nm LP

Impact Parameter = -11.3 mm 

Impact Parameter = 0.0 mm 
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Pulse 51012026

� The spectral intensity of the left 
and right hand polarization is 
measured with the ICCD.

� Line radiation emitted from the 
plasma is split due to the 
Zeeman effect

� The Zeeman effect can be seen 
by viewing the plasma parallel 
to the B field.

� No splitting is observed for 
impact parameters whose view 
is perpendicular to the 
magnetic field.
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The Current Flows Within the Characteristic Radius
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� The local magnetic fields are found by deconvolving the spectral 
intensities with a shell model.

� The dashed line shows an extrapolation of the wall magnetic 
field.

� All of the current is flowing within the characteristic radius of the 
Z-pinch.
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The Velocity is Sheared During the Quiescent Period 

� The plasma velocity is uniform 
and high as the Z-pinch forms. 

� The velocity of the center slows 
forming a positive velocity shear 
as the quiescent period begins.

� In the second half of the 
quiescent period the edge 
velocity slows forming a 
negative velocity shear.

� The average velocity shear is 
28.0x106 s-1 during the 
quiescent period.

� The velocity is uniform and low 
at the end of the quiescent 
period.
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Observed Velocity Shear Consistent with Theory

� The average plasma parameters during the quiescent period are

� The characteristic velocities of the plasma are

� The kink growth rate for a static Z-pinch (l =2a) is

� The Z-pinch is stable for over 2000 growth times.

� The measured velocity shear, 28.0x106 s-1, is greater than the 
required shear, 4.7x106 s-1, during the quiescent period.

a 1.0 cm

ne 2x1016 cm-3

Ba 1.0 T

Ttotal 124 eV

Va 150 km/s

Cs 130 km/s

t m=1 21 ns
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Plasma in the Annulus is Accelerated 
Throughout the Quiescent Period

� During the quiescent period, plasma is present in the accelerator.

� The plasma is being accelerated by a JXB force during this time.

� As the plasma density and the current decrease in the acceleration 
region the quiescent period ends.

� Plasma exiting the accelerator sustains the sheared  flow Z-pinch.
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Conclusions and Future Work

� Sheared flow stabilization is a superior method of instability 
suppression.

� A stable Z-pinch is measured in the ZaP experiment.

� The velocity is sheared during the stable period of the Z-pinch.

� The measured velocity shear agrees with the stability theory.

� A steady-state Z-pinch can be formed by constantly supplying 
current to maintain the confinement and plasma to maintain the 
sheared flow stabilization.

� Future work
– Measure the electron temperature of  the Z-Pinch with Thomson 

scattering
– Install a larger inner electrode to increase the temperature of the 

Z-pinch and allow for better control of the neutral gas injection
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Plasma in the Annulus is Accelerated 
Throughout the Quiescent Period

� During the quiescent 
period, plasma is 
present in the 
accelerator.

� The plasma is being 
accelerated by a JXB 
force during this time.

� As the plasma density 
and the current exit the 
acceleration region the 
quiescent period ends.

� Plasma exiting the 
accelerator maintains 
the quiescent period of 
the Z-pinch.
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Sheared Flows Stabilize the Kink Mode

� Linear stability 
calculations show  
the kink mode can 
be stabilized when 
the flow shear, 
dvz/dr, is greater 
than 0.1kVA

[3].

� The wall does not 
affect the stability 
when rw/a>4.

� The analysis used a 
pressure profile 
which was 
marginally stable to 
the m=0 mode.
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The Plasma Characteristics are measured with 
an Array of Diagnostics

� Plasma density
– A two chord heterodyne quadrature interferometer
– A holographic interferometer 

� Plasma velocity
– A 0.5 m spectrometer which views 20 parallel chords through the plasma (ICCD)
– A 1.0 m spectrometer with a 16 channel PMT at the exit slit (IDS)

� Shape and position of the emission from the plasma
– An Imacon fast-framing camera
– A 16 chord photodiode array and two 32 chord photodiode arrays

� Magnetic fields and current location
– An axial array of surface magnetic probes
– Four azimuthal arrays of surface magnetic probes
– Zeeman splitting measurements

� Other diagnostics are used to verify these measurements
– A 0.5 m spectrometer with a CCD and PMT
– A bolometer and filter scopes
– Gridded energy analyzer
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The Magnetic Fields can be Measured with 
Zeeman Splitting

� Line radiation emitted from the 
plasma is split, due to the 
Zeeman effect, into p and s
components.

� Doppler broadening is wider 
than the Zeeman splitting.

� The p components are 
polarized parallel to B and the 
s components are elliptically 
polarized.

� The Zeeman effect can be 
seen by viewing the plasma 
parallel to the B field and 
measuring either the left or 
right  handed circularly 
polarized light.


