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Theoretical studies have predicted that the Z-pinch can be stabilized with a sufficiently sheared axial
flow [U. Shumlak and C.W. Hartman, Phys. Rev. Lett. 75, 3285 (1995)]. A Z-pinch experiment is
designed to generate a plasma which contains a large axial flow. Magnetic fluctuations and velocity
profiles in the plasma pinch are measured. Experimental results show a stable period which is over 700
times the expected instability growth time in a static Z-pinch. The experimentally measured axial velocity
shear is greater than the theoretical threshold during the stable period and approximately zero afterwards

when the magnetic mode fluctuations are high.
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The Z-pinch plasma configuration has been studied
since the beginning of the pursuit of magnetic plasma
confinement fusion [1-3]. The Z-pinch was largely aban-
doned as a magnetic confinement configuration due to
violent magnetohydrodynamic (MHD) instabilities (gross
m = 0 “sausage” and m = 1 “kink” modes) demonstrated
both theoretically and experimentally [4]. However, ex-
periments have generated Z-pinch plasmas with inherent
axial plasma flows exhibiting stable confinement for times
much longer than the predicted growth times [5,6]. A
stable, high-density Z-pinch configuration would have
profound implications for magnetic confinement thermo-
nuclear fusion [7-9].

Theoretical studies have demonstrated that the Z-pinch
can be stabilized with a sufficiently sheared axial flow [10].
Experimental results presented here show a stable period
which is over 700 times the expected instability growth
time in a static Z-pinch. The experimentally measured ax-
ial velocity shear is greater than the theoretical threshold
during the stable period and approximately zero afterwards
when the magnetic mode fluctuations are high. The cor-
relation of the experimental stability data with the plasma
flow measurements is consistent with the shear flow sta-
bilization theory presented in Ref. [10]. However, at this
point causality cannot be determined.

The role of plasma flow on the MHD instabilities in a
Z-pinch has been examined theoretically using linear sta-
bility analysis [10,11]. The fundamental result from both
of these studies is the Z-pinch can be stabilized by applying
a sheared axial flow though the required magnitude of the
plasma flow differs for these two studies. Reference [10]
concludes that an axial plasma flow with a linear shear
of v,/a > 0.1kVy is required for stability of the m = 1
mode where k is the axial wave number. Reference [11]
concludes that an axial plasma flow of v, > 2 — 4V, is
required for stability of all modes with ka = 10. Both of
these results are for a conducting wall placed far enough
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from the plasma boundary that it has no effect. Nonlinear
results for the m = 0 mode are presented in Fig. 1. The re-
sults are generated using Mach2 [12,13], a time-dependent,
resistive MHD code. An equilibrium is initialized with
a sheared axial plasma flow and an axially periodic den-
sity perturbation. The figure shows the pressure contours
for the case of (a) no flow and (b) v,/a = 0.2kV, at the
same simulation time. Figure 1(a) shows a well-developed
m = 0 instability in a static Z-pinch plasma. Figure 1(b)
shows a substantially less developed m = 0 instability in
a Z-pinch plasma with a sheared axial flow.

The ZaP (Z-pinch) experiment at the University of
Washington has been used to investigate the effect of
plasma flow on the stability of a Z-pinch. The experiment
is designed to generate a Z-pinch plasma which contains
a large axial flow. The experimental device is depicted in
Fig. 2. The flow Z-pinch configuration is generated by
using a coaxial accelerator to initiate the hydrogen plasma

(b)

FIG. 1. Nonlinear simulation results showing the pressure con-
tours in a Z-pinch at the same simulation time (a) for the de-
veloped m = 0 mode with no equilibrium axial flow and (b) for
the stabilized m = 0 mode with v,/a = 0.2kV,.
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FIG. 2. Side view drawing of the ZaP experiment showing the relevant features. The solid lines indicate the electrodes and the
dotted lines indicate the vacuum vessel. The top and bottom ports in the assembly region are used for spectroscopy, and the side
ports are used for obtaining images from the fast framing camera and measuring density.

from puff injected neutral gas and to accelerate the plasma
axially in the “acceleration region.” When the plasma
reaches the end of the inner electrode of the accelerator, the
plasma assembles along the axis in the “assembly region.”
The plasma in contact with the outer electrode continues to
move axially until it reaches the electrode end wall where
the plasma moves radially inward to complete the pinch
formation. The axial plasma flow is maintained in the
pinch by inertia. Plasma is accelerated and incorporated
into the pinch continually by current in the acceleration re-
gion. The plasma accelerator operates in a “quasi-steady-
state” mode that has been described previously [14].

The Z-pinch plasma has a 50 cm length and an approxi-
mately 1 cm radius when assembled. The peak plasma
current supplied from a 46 kJ capacitor bank is 275 kA
and has a quarter cycle time of 30 wsec. The experimental
measurements presented in this paper are obtained at the
pinch midplane as identified in Fig. 2.

The electron number density in the plasma pinch is de-
termined from a two chord He-Ne heterodyne quadrature
interferometer. One chord traverses the plasma midplane
along the geometric diameter, and a second chord is paral-
lel to and 2 cm above the first chord. The plasma density
is assumed to have spatially uniform values outside and
inside the pinch radius determined from optical emission
and spectroscopic data. The plasma electron number den-
sity is determined to be 10'°~10'7 cm™? inside the pinch.

The magnetic field measured at the outer electrode at
the pinch midplane with surface mounted magnetic probes
is 0.15-0.25 T. The magnetic field at the pinch radius
is then 1.5-2.5 T assuming no plasma current outside of
the pinch radius. The total plasma temperature (T, + T;)
is estimated from force balance to be 150-200 eV. The
ion temperature is calculated from Doppler broadening of
impurity lines to be 50—-80 eV.

Eight surface magnetic probes are equally spaced around
the azimuth at the pinch midplane. The probes measure
the azimuthal magnetic field at the surface of the outer
electrode. Data from these probes are Fourier analyzed to
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determine the time-dependent evolution of the low order
azimuthal modes (m = 1,2,3). Figure 3 shows the time
evolution of the m = 1 and m = 2 Fourier modes of the
magnetic field. The average magnetic field Bo(¢) of all
eight probes is used to normalize the Fourier mode data at
the pinch midplane. The m = 3 mode (not shown in the
figure) is also analyzed and is lower than the m = 2 level
at all times. The figure also shows the evolution of the
total plasma current for reference.

The plasma arrives at the pinch midplane at approxi-
mately 18 usec. Magnetic mode fluctuation data before
this time can be ignored and are caused by small signal
noise which is amplified in the normalization procedure.
After the pinch has formed the initially large fluctuation
levels for both m = 1 and m = 2 change character for ap-
proximately 17 wsec. The change in character is identified
by lower levels and decreased frequency. The fluctuation
levels then again change character, increase in magnitude
and frequency, and remain until the end of the plasma
pulse.

Optical emission images of the pinch midplane are ob-
tained with a fast framing camera every 1 usec. The im-
ages show a stable pinch that becomes unstable to a kink
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FIG. 3. Time evolution of Fourier components of the magnetic

field fluctuation at the pinch midplane for m = 1 and m = 2
showing the quiescent period from 21 to 38 wsec. The values
are normalized to the average magnetic field value at the pinch
midplane. The evolution of the total plasma current (dashed
curve) is included for reference.
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mode. The timing of the stable period corresponds to the
stable time shown in the magnetic data.

Plasma flow velocity profiles are determined by mea-
suring the Doppler shift of plasma impurity lines using
a 0.5 m imaging spectrometer with an intensified charge-
coupled device (ICCD) detector. The ICCD camera is set
to a gating time of 1 usec and the trigger time is var-
ied between plasma pulses. The spectrometer images 20
spatial chords through the plasma onto the ICCD camera
using telecentric viewing telescopes [15]. The telescopes
are connected to the spectrometer with a fiber bundle com-
posed of twenty fused silica fibers. The chords image 20
points spaced 1.24 mm apart along a diameter through the
pinch. Optical access to the midplane is provided through
radial viewports and oblique viewports positioned at a 35°
angle to the plasma column, as shown in Fig. 2.

Doppler shifts are calculated by viewing the plasma
through the radial viewport to locate the unshifted impu-
rity line and then viewing the plasma through the oblique
viewport. The oblique view has a directional component
along the axis and, therefore, is sensitive to Doppler shifts
from axial flows. Figure 4 shows the output from the ICCD
spectrometer tuned to the C-III line at 229.7 nm and view-
ing the plasma through the oblique viewport. The trigger
time for the ICCD is 30 usec which is during the quies-
cent period. (This pulse is the same presented in Fig. 3.)
The data show a shift of the C-III line being emitted from
the chords of the inner core of the pinch and a lesser shift
of the line being emitted from the edge of the pinch.

The data are deconvolved to resolve the spatial depen-
dence of the Doppler shift of the impurity line. The raw
data are corrected to remove instrument distortions and
binned into 20 nonoverlapping spatial chords. The binned
data are deconvolved by assuming the plasma is uniform
within 10 concentric shells. The spectral line shapes at
each chord location are fit with Gaussians modified by the
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FIG. 4. Chord-integrated C-III line (229.7 nm) emission at
30 usec with a 1 usec gate obtained with the ICCD spectrome-
ter showing the Doppler shift of the impurity line in the core of
the pinch and a smaller shift towards the edge of the plasma.
The solid line is positioned at 229.7 nm for reference. (The peak
signal to noise ratio of the lowest intensity chord is 15.5.)
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instrument function and account for the chord-integrated
view through outer shells. The procedure is repeated be-
ginning from each edge of the plasma. Fit parameters are
the location of the plasma edge, the plasma axis location,
and the emissivity, Doppler shift, and Doppler width of the
emitted light at each chord location. The deconvolved ve-
locity profile for the data shown in Fig. 4 is presented in
Fig. 5. The lack of symmetry in the fitted profiles indicates
a lack of symmetry in this plasma pulse. The symmetry
of the deconvolved fit is sensitive to the plasma axis lo-
cation. The emissivity profile (not shown) indicates the
plasma has a characteristic pinch radius of approximately
1 cm and is centered in the horizontal plane with respect to
the experimental geometry. The velocity profile in Fig. 5
shows a large axial velocity in the inner core of the pinch
of 10° m/s and a lower value of 4 X 10* m/s towards the
edge of the pinch.

After the quiescent time the plasma flow velocity is sig-
nificantly reduced. Figure 6 shows the ICCD output for
the same setup as previous with a trigger time of 38 usec
which is after the quiescent period and when the magnetic
mode activity is high. The spectra for all of the spatial lo-
cations are centered on the 229.7 nm reference line in the
figure. A maximum limit to the velocity is determined by
fitting the chord integrated data with two Gaussian func-
tions having equal widths which overestimates the veloc-
ity. (An accurate deconvolution is not possible without
simultaneous data to identify the edge and center of the
plasma.) The peaks are broader indicating random plasma
motion and plasma heating due to flow stagnation on the
electrode end wall, identified in Fig. 2. At a velocity of
103 m/s the plasma flows through the 50 cm assembly re-
gion in 5 usec.

The experimental data from the plasma optical emission
and surface magnetic probes indicate the plasma, which is
initially unstable during assembly, forms a stable plasma
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FIG. 5. Plasma axial velocity profile based on the C-III line

at 229.7 nm as a function of geometric radius showing a large
axial velocity in the inner core of the pinch and a shear towards
the edge of the pinch.
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FIG. 6. Chord-integrated C-III line (229.7 nm) emission at
38 usec with a 1 usec gate obtained with the ICCD spectrome-
ter showing a negligible Doppler shift of the impurity line. The
solid line is positioned at 229.7 nm for reference.

pinch. The plasma remains stable during a 15-20 usec
quiescent period. During the quiescent period the plasma
flow is organized into a profile that has a large shear of the
axial velocity and is maximum close to the plasma edge.
After the quiescent period the plasma becomes unstable
as evidenced by an increase in magnetic fluctuation levels
and a disappearance of the pinch from the field of view
of the optical camera. After the quiescent period the flow
velocity is mostly uniform with a maximum considerably
less than during the quiescent period.

The measured axial flow shear can be compared to the
required threshold predicted by linear theory. The mag-
netic field at the outer electrode is measured to be 0.18 T
for a magnetic field value at the characteristic pinch ra-
dius B, = 1.8 T assuming zero plasma current density
for r > a. The electron number density in the pinch is
measured to be n = 9 X 10'® cm™3. The Alfvén veloc-
ity is V4 = B,//woMin = 1.3 X 10° m/s, where M; is
the mass of a hydrogen ion. The theoretical growth rates
for a static plasma are approximately kV4 for the m =1
mode and V4 /a for the m = 0 mode. For a typical value
of ka = m the shortest growth time would be 24 nsec for
a static Z-pinch plasma with the magnetic field strength,
density, and radius measured on the ZaP experiment. The
required axial velocity shear for stability according to the
shear flow stabilization theory presented in Ref. [10] is
42 % 105571,

The experimental results show a stable period of
17 usec which is over 700 growth times. The experi-
mentally measured axial velocity shear is 1.9 X 107 s7!
during the stable period and approximately zero after-
wards when the magnetic mode fluctuations are high.
The correlation of the experimental stability data with the
plasma flow measurements is consistent with the shear
flow stabilization theory presented in Ref. [10].
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The presence of a sheared axial plasma velocity is co-
incident with low magnetic fluctuations; however, it has
not been determined that the decrease in the plasma veloc-
ity shear leads to the increase in the magnetic fluctuations.
Therefore, at this point causality cannot be determined.

Axial plasma velocity profiles with a radial shear have
been measured in a Z-pinch plasma. Significant reductions
in the magnetic fluctuations are coincident with the pres-
ence of the sheared sub-Alfvénic plasma flows. The ex-
perimental evidence is consistent with the theory that gross
MHD modes can be stabilized with sufficiently sheared
axial plasma flow. Nonlinear simulations also support
this theory. The sheared flow stabilization of the disrup-
tion modes in Z-pinches has important implications for
the flow-through Z-pinch and other magnetic confinement
configurations.
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