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The ZaP Flow Z-pinch utilizes sheared axial flows to maintain the gross stability of a Z-pinch.
ZaP produces long-lived, stable plasmas with long axial extent. The stable (quiescent) period is
coincident with a sheared axial flow profile. Two-point Thomson scattering and 20-chord Doppler
spectroscopy indicate a flat temperature profile with similar ion and electron temperatures. Four-
chord interferometry and radial heat conduction calculations indicate a peaked density profile with
a flat temperature profile on-axis that compresses and heats as the magnetic field increases.

I. INTRODUCTION

The ZaP Flow Z-pinch at the University of Washington is
a basic plasma physics experiments that investigates the
use of sheared axial flows to maintain the gross stability
of a Z-pinch. A pure Z-pinch is described by radial force
balance, Equation 1.
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Z-pinches are classically unstable to m = 0 “sausage”
and m = 1 “kink” modes. Conventional stabilization
techniques such as close-fitting conducting walls can be
used to provide stability, but they have drawbacks. In
the case of close-fitting conducting walls, the walls must
be very close, rw/a = 1.2, where rw is the wall radius
and a is the pinch radius. This is not feasible for high-
temperature plasmas.

Linear stability analysis indicates that applying a
radially-varying axial flow, dvz/dr, can stabilize the
modes in a pure Z-pinch without the effects of a conduct-
ing wall if the flow shear exceeds a threshold dvz/dr =
0.1kVA, where k is the axial wavenumber of the insta-
bility and VA is the Alfvén velocity [1]. ZaP produces
Z-pinches with radii of approximately 1 cm and lengths
greater than 100 cm with sheared axial flow that persists
for many Alfven transit times and several flow-through
times.

ZaP has shown evidence that the loss of a plasma
source in the accelerator is related to the end of the qui-
escent period. Figure 1 shows data from magnetic probe
arrays at z = 0 cm and in the acceleration region and in-
terferometry at the exit of the accelerator. The top plot
indicates that as a function of time, there is a period
during which magnetic fluctuations drop to low values,
indicated as the quiescent period. During this time, as
shown in the middle plot, radial currents exist. These
radial currents are indicated by the gradient in the mag-
netic field as a function of axial probe location. Prior
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FIG. 1: Quiescent period is coincident with density and radial
current in the accelerator.

to the end of the quiescent period, the radial currents
dissipate. Similarly, the bottom plot shows that, during
the quiescent period, significant density flows out of the
accelerator. Prior to the end of the quiescent period, the
density drops to a low level. The delay between these
changes and the end of the quiescent period is due to the
difference in the location of the diagnostics.

These changes indicate that the source of plasma in the
accelerator is being depleted. This suggests that if that
source can be maintained, the length of the quiescent
period can be extended. This quiescent period is also
correlated with measured axial flow shear [2].

II. ELECTRON AND ION TEMPERATURE
PROFILES

ZaP can measure both electron and ion temperatures
individually with a two-point Thomson scattering system
and a 20-chord imaging spectrometer, respectively. The
two-point Thomson scattering system measures electron
temperature at two locations at a single time for each
plasma pulse. It can measure temperature profiles as a
function of time and radius when measured across mul-
tiple similar pulses. Figure 2 is a contour plot of Te, the
green points indicate locations where Thomson scatter-
ing measurements exist. It indicates that the tempera-
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FIG. 2: Te contours indicate a flat temperature profile as a
function of radius. The plasma cools later in time due to a
decay in the magnetic field. Green points indicate locations
where Thomson scattering measurements exist.

FIG. 3: Ti and Te measurements indicate flat profiles as a
function of radius. The magnitudes of the temperature are
similar. Since Te ≈ Ti, Doppler spectroscopy can be used in
place of Thomson scattering for ZaP temperature measure-
ments.

ture profile is flat as a function of radius. Further, the
plasma cools later in time due to a decay in magnetic
field.

Doppler spectroscopy measurements are made at the
same time and axial location as Thomson scattering. Fig-
ure 3 shows a comparison of Ti and Te for a single shot.
The red points with error bars indicate Thomson scat-
tering measurements, the black points indicate Doppler
spectroscopy measurements. The plot shows that both
Ti and Te demonstrate flat profiles with similar magni-
tudes. For ZaP this is important because the Thomson
scattering system is complicated and requires extensive
maintenance. It cannot be used on every plasma pulse.
Doppler spectroscopy can be used on every pulse and
it has more spatial points, as seen in Figure 3. Since
Te ≈ Ti, Doppler spectroscopy can be used in place of
Thomson scattering in the future for ZaP temperature
measurements.

FIG. 4: Four chords of interferometry are used at the same
axial location with different impact parameters.

FIG. 5: Chord-integrated density as a function of time in-
dicates that chords closer to the axis have higher chord-
integrated densities. Colors correlate with the colors from
Figure 4.

III. FOUR-CHORD INTERFEROMETRY AND
RADIAL HEAT CONDUCTION

ZaP uses a four-chord HeNe heterodyne quadrature in-
terferometer for chord-integrated measurements of elec-
tron density. If the chords are properly arranged, as
shown in Figure 4, a density profile can be determined.
Consider four chords of interferometry at the same axial
location at different impact parameters with respect to
the axis of the pinch. The resulting chord-integrated den-
sities as a function of time for a specific pulse are shown
in Figure 5, where the colors from Figure 4 correlate with
the colors in Figure 5. The plot indicates that the chords
located closer to the axis have higher chord-integrated
densities.

By considering the chord-integrated densities at a spe-
cific time, a chord-integrated profile can be developed
by fitting the data points with a piece-wise cubic spline,
as shown in Figure 6. The black points are the data
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FIG. 6: Chord-integrated density profiles can be developed at
each time by fitting a piece-wise cubic spline (blue) through
the four data points (black).

FIG. 7: Assuming axisymmetry the chord-integrated profiles
can be Abel-inverted to determine an electron density profile
as a function of radius. A constant density is assumed near
the axis as a conservative estimate due to a lack of data.

points, the blue line is the piece-wise cubic spline. As-
suming axisymmetry, the chord-integrated profile can be
Abel-inverted to determine an electron density profile as
a function of radius, as shown in Figure 7. Due to a lack
of data near the axis, a constant density is assumed as a
conservative estimate near the axis.

Density profile data from all times can be displayed
as a contour plot as a function of time and radius in
Figure 8, where the contours indicate the electron density
and the white symbols indicate experimental data points.
This data indicates that electron density is peaked at the
pinch axis and rapidly drops as radius increases. As a
function of time, the pinch compresses to smaller radii
with higher densities coincident with an increase in the
magnetic field.

The calculated density profiles can be used with con-
servation of energy and radial force balance to determine
profiles of temperature and magnetic field. Equation 2
is the radial force balance equation. Equation 3 is con-
servation of energy reduced to steady-state radial heat

FIG. 8: Electron density profiles from all times during the
plasma pulse can be combined into a contour plot of elec-
tron density (m−3) as a function of time and radius. The
contours indicate a peaked density profile near the axis that
compresses later in time as the magnetic field increases. The
white symbols indicate experimental data points.

conduction and a source term. The source term that is
used is a uniform input Ohmic power. The radial heat
conduction term, Q, is defined as product of the ther-
mal conductivity, k, and the temperature gradient. The
thermal conductivities from Braginskii [3] are shown in
Equation 5.
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This set of equations consists of three variables: n, T
and B. Using the previously determined density profiles,
Equations 2 and 3 can be used to determine the profiles
of total temperature, T = Te + Ti, and B. It is assumed
that Te ≈ Ti. These profiles are shown in Figures 9 and
10, respectively. The temperature profile indicates a uni-
form temperature near the axis, consistent with Thom-
son scattering and Doppler spectroscopy, that drops off
rapidly. This profile is consistent with thermal conduc-
tivity. Near the axis, the thermal conductivity is high
and a flat profile is expected. Moving away from the axis
the density drops and the magnetic field increases (Fig-
ure 10), causing the thermal conductivity to drop rapidly
as the plasma becomes magnetized.
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FIG. 9: Profiles of the total temperature T = Te + Ti indi-
cate a flat temperature profile near the axis, consistent with
Thomson scattering and Doppler spectroscopy measurements.
Profiles are also consistent with thermal conductivity. Near
the axis, conductivity is high. As radius increases, density de-
creases and magnetic field increases. The magnetized plasma
has much lower cross-field thermal conduction.

FIG. 10: Magnetic field rises quickly as a function of radius.
Initial zero value is due to a flat temperature and density
profile near the axis.

Combining these profiles for all times throughout a
plasma pulse results in the contour plots of temperature
and magnetic field shown in Figures 11 and 12. These
contours indicate that the magnetic compression of the
plasma results in higher temperatures later in time.

IV. CONCLUSIONS

Thomson scattering, Doppler spectroscopy and inter-
ferometry analysis consistently indicate a high tempera-
ture plasma with a uniform profile. Doppler spectroscopy
can be used in place of Thomson scattering for tempera-
ture measurements. Interferometry, radial force balance
and radial heat conduction calculations indicate that the
plasma compresses magnetically during the quiescent pe-
riod to higher temperatures and densities.

FIG. 11: Temperature contours (eV) as a function of time and
radius indicate that the plasma is heating as it compresses.

FIG. 12: Magnetic field contours (T) as a function of time
and radius indicate that the field increases as a function of
time. This suggests that the plasma compression and heating
is due to magnetic compression.
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