
	  

Figure 1. A drawing of the ZaP Flow Z-Pinch experiment identifying its key features. The acceleration 
and assembly regions are identified along with the electrode placement. A majority of the measurements 
taken are of the plasma as it passes through the z=0 plane. A 1 m reference scale is included. 
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Abstract 

The ZaP Flow Z-Pinch at the University of Washington is a basic plasma physics experiment that utilizes 
sheared axial flows to maintain gross plasma stability. The experiment uses an annular acceleration region 
followed by a cylindrical assembly region in which the plasma column is formed and maintained. Once 
the Z-pinch is formed, flowing plasma from the accelerator maintains the shear required for stability. Past 
run campaigns have either used changes in the injector parameters or the annular area to alter the 
characteristics of the bulk plasma. The gas pressure and injection timing have been optimized for different 
inner electrode sizes. Previous results show that the lifetime of the plasma is limited by the current from 
the power supply and by the plasma source from the accelerator. The available power from the supply has 
previously been improved. The length of the insulated annulus will be increased to determine a method to 
prolong the stabilizing flow of plasma and thus the stability of the Z-pinch. The gas injection will be re-
optimized to compare the new parameters to the former campaigns. 

Introduction 

A Z-pinch is a simple magnetic confinement configuration utilizing a cylindrical plasma column with an 
axial current. A pure Z-pinch operates with and is confined only by the magnetic field created by the 
current through the plasma, giving it a unity average beta. A classical Z-pinch in ideal MHD is unstable to 
the ! = 0 sausage and ! = 1 kink modes. A number of techniques exist to stabilize the modes, though 
they have detrimental limitations on scaling to reactor parameters. Limiting the radial pressure gradient 
can stabilize the sausage mode[1]. The kink mode remains unstable with the controlled pressure profile. A 
close conducting wall can be used to stabilize the kink mode, though it would rapidly deteriorate with a 
hot, fusion-grade plasma. An axial magnetic field can be applied to provide stability in both modes. The 
plasma pressure and current are then limited in relation to the applied field obeying the Kruskal-
Shafranov limit[2,3]. The axial field also allows a more rapid dissipation of the heat in the Z-pinch, by 
opening the field lines and connecting the electrodes to the plasma. 



	  

Figure 2. Characteristic data for a 10 cm inner electrode Z-
pinch. The top plot displays the first Fourier mode of the 
magnetic field at the diagnostic plane. The middle plot 
displays the change in the magnetic field along the length of 
the acceleration region, symbolizing the plasma current as it 
builds up and dissipates. The bottom plot displays the 
average electron density in the accelerator as measured at 
! = −25 cm. Note the drop of accelerator density occurs 
before the magnetic fluctuations increase due to the flow 
speed. 

	  

The ZaP experiment utilizes sheared flows 
to stabilize a Z-pinch. Linear stability 
analysis on a Z-Pinch with a sheared axial 
flow has shown a method for stabilizing the 
! = 1 kink mode when a threshold shear, 
!!! !" > 0.1!!! where ! is Boltzmann’s 
constant and !! is the Alfvén velocity, is 
attained[4]. Plasmas have been created that 
demonstrate stability for over 2000 times 
longer than those expected from static      
Z-pinch theory. 

Zap Flow Z-Pinch 

The ZaP Flow Z-Pinch experiment studies 
the basic physics of the utilization of 
sheared flows to stabilize a Z-pinch. The 
experiment is comprised of acceleration 
and assembly regions. The acceleration 
region is composed of a coaxial 
arrangement of electrodes and is where the 
plasma forms. The outer electrode of the 
experiment is 20 cm in diameter, while both 
10 and 16 cm inner electrodes have been 
used. Gas is puffed into the annular gap between electrodes and is ionized by an applied voltage. The 
current sheet that is formed is then accelerated by a Lorentz force toward the tip of the inner electrode. 
Once the plasma reaches the assembly region, the inner connection of the current sheet remains on the tip 
of the electrode. The outer connection ring moves along the outer electrode to the end-wall, assembling 
the plasma on the axis of the machine. Residual gas leftover in the acceleration region is continually 
ionized and accelerated into the pinch, feeding the plasma high-velocity particles. The Z-pinch formed is 
1cm in radius and over 1 m long. 

Diagnostics 

The diagnostics on the experiment are designed to measure the key parameters of a Z-pinch and allow for 
measurements of the flow shear. The stability and current through the pinch are measured with an axial 
array of magnetic probes along the length of the outer electrode along with azimuthal arrays of 8 
magnetic probes in multiple locations through the machine, including the main z = 0 diagnostic location. 
The azimuthal arrays are Fourier analyzed to find low order modes (referred to as !!, !!, etc.). A four-
chord, heterodyne-quadrature HeNe interferometer is used to find chord-integrated densities of the 
plasma. The primary use of the interferometer here is at ! = −25cm, just before the tip of the inner 
electrode. Spectroscopy is performed with a 20-chord imaging spectrometer with an Intensified Charge 
Coupled Device (ICCD). The ICCD can be mounted to view the diagnostic plane at an oblique angle to 
measure the Doppler shift of impurity line radiation in the axial direction. The 20 chords are aligned 
across the diameter of the pinch to measure the velocity profile. 



	  

Figure 3. Shear profile of the axial flow normalized in time to the 
length of the quiescent period. Each data point on the lower plot 
signifies the level of the magnetic fluctuations at the time of the 
ICCD image.  

	  

	  

Magnetic Fluctuations and 
Velocity Shear 

Characteristic plasmas made in the ZaP 
machine undergo three distinct phases. 
Early in time, the plasma is formed and 
accelerated into the assembly region of 
the machine. Magnetic fluctuations 
during this time are generally large until 
formation of the pinch. Once the pinch 
forms, the fluctuations diminish for the 
duration of what is called the quiescent 
period. The end of this period is 
characterized by an increase in the 
magnetic fluctuations. The end of the 
period also generally corresponds to a 
decrease in the current in the accelerator 
along with density.  

Over a series of shots, the velocity 
profile of the pinch can be found at 
different times throughout its life. In 
order to do this, the time of the profile 
must be normalized to the quiescent 
period of the shot, as the duration and 

relative timing of the period varies slightly from shot to shot. The normalized time is referenced as !, 
where ! = 0 signifies the start of the period and ! = 1 the end. When the series of shots is collected into a 
single contour plot, as shown in Figure 3, the evolution of the shear throughout the pulse can be followed. 
Early in time, the flow profile is uniform. At ! = 0 the flow in the center of the pinch is slower than along 
the edges. Approximately halfway through the quiescent period, the shear profile reverses, with higher 
velocity flow in the center of the pinch. When the pinch loses quiescence, ! > 1, the flow profile again 
becomes uniform. 

When the shear profiles are viewed in conjunction with the density measurements, a more detailed picture 
can be investigated. The density exiting the acceleration region, shown by the characteristic pulse in 
Figure 2, undergoes three primary phases that match well temporally to shear evolution. In the first phase, 
! < 0, as the ionized gas is expelled from the accelerator as the current sheet is assembling on the axis of 
the machine, the density has high peaks. These peaks correspond to the initial bulk regions of neutral gas, 
resulting from the gas-puff injection, in the accelerator as it is being ionized and fed into the pinch. Once 
these regions have passed, a more diffuse neutral gas is left in the region, giving a lower and steadier feed 
of plasma to the pinch as it too ionizes and accelerates. The steady plasma injection to the pinch region is 
supportive of formation and quiescence. The magnetic fluctuations decrease and shear increases. As the 
steady feed of plasma continues, other mechanisms in the pinch, such as viscosity and applied current, 
alter the velocity profile but do not end the shear. Once the steady flow of plasma from the accelerator 
ends, the shear profile rapidly decays leading to a loss of quiescence.  



	  

Figure 4. A schematic of the experimental modification to alter the supply to the plasma during the 
pulse. The alumina insulator near the end of the experiment is consistent with previous setups. The 
PTFE insulator is protected from the breakdown region by a second alumina insulator. Further      
'T'-shaped rings will be added between the insulators, but are not included in the above image. 

	  Gas Supply Modification and Future Work 

The two primary, life-limiting factors for the ZaP Z-pinch are believed to be the power input to the pinch 
and the gas supply in the accelerator that feeds the pinch. The characteristic pulse in Figure 2 exhibits 
both factors. The end of the quiescent period corresponds with a general decrease in the current through 
the machine, as characterized by the magnitude of the black trace in the center plot and the loss of the 
plasma supplied to the pinch. The power supply has recently been upgraded to change the input power 
characteristics. With the larger, 16 cm inner electrode, a regime was found where the plasma supplied to 
the pinch did not suddenly stop, leading to plasmas that are quiescent for much longer.  

The smaller, 10 cm inner electrode will be fit with two additional insulators in the accelerator region to 
create a larger plenum of gas to be filled before the pulse. In order to rapidly implement a low-cost 
alteration, a backup alumina insulator along with a longer Teflon (PTFE) piece will be added in series to 
the currently used alumina section. The alumina sections will be used on the upstream and downstream 
ends of the series for use in the vacuum seal and plasma face. Between each section, a ring with a ‘T’ 
shaped cross section will be installed to eliminate the gap between each insulator and reduce the chance 
of arcing across the insulators. 

The experiment will be optimized with the new run parameters, and the progression of the flow profiles 
will be mapped to find the corresponding changes in shear.	  Changes in the evolution of the ionization 
front along with the stability of the pinch in other axial locations will also be closely monitored to follow 
the macroscopic behavior of the pinch. 
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