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1 Introduction and Summary

This is the Final Report covering the period of January 1, 1998 through December 31, 2004
for the ZaP experiment at the University of Washington, Seattle, DOE Grant #DE-FG03-
98ER54460.

1.1 ZaP Results

The ZaP experiment has achieved excellent results, maintaining a Z-pinch equilibrium for
approximately 2000 MHD growth times. This equilibrium has a flow shear in the range
predicted by theory [1] to provide stabilization. These results are published in Physical
Review Letters [2], Fusion Science and Technology [3] and Physics of Plasmas [4, 5], (included
in an Appendix) and presented at the meetings including the APS Division of Plasma Physics,
AIAA, IEEE ICOPS, and the IAEA Fusion Energy Conferences (see Section 1.3).

1.2 Personnel

The ZaP group consists of faculty, staff, graduate students, and undergraduates, and benefits
from consulting and collaboration arrangements with several individuals and institutions.

1.2.1 Faculty and Scientific Staff

The ZaP experimental group is led by Prof. Uri Shumlak (Aeronautics and Astronautics—A
& A) and Prof. Brian A. Nelson (Electrical Engineering) is Co-PI. Dr. Edward Crawford
(Scientist A & A) assists in general project tasks, the holography system, and design of the
Thomson scattering system. Dr. Raymond P. Golingo (A & A) finished his PhD on ZaP in
December 2003, and continues to work on the project as a Post Doctoral Research Associate.
Dr. Golingo has published a journal article on his PhD studies.

Dr. Daniel J. Den Hartog of the University of Wisconsin–Madison consults with the
ZaP group. Dr. Den Hartog designed and built the intensified CCD (ICCD) multi-chord
spectrometer, and is a major contributer to the Thomson scattering system design.

Charles Hartman of LLNL, consults with the ZaP group. Dr. Hartman helped design
end loss analyzers and probes, and also performed simulations of ZaP and data analysis.

Masayoshi Nagata of the University of Hyogo, Himeji, Japan, has again loaned the ZaP
group his ion Doppler spectrometer (IDS) to measure time-dependent ion velocity and tem-
perature along a single chord. These results are reported at the 2004 IAEA Conference.

The University of Washington and the University of Hyogo have renewed and expanded
a collaborative agreement between the UW College of Engineering and College of Arts and
Sciences, and the UH Faculty of Engineering and Faculty of Science. This agreement, signed
by the Deans of the UW Colleges and the President of UH encourages more collaboration
between these two institutions. Profs. Uyama, Nagata, Shumlak, and Nelson were instru-
mental in achieving this collaborative agreement. The state of Washington and the Hyogo
Prefecture are ‘sister states’.
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1.2.2 Present Graduate Students

Stuart L. Jackson (A & A) is the senior ZaP graduate student, beginning his fifth year
of graduate school on the project. Mr. Jackson completed his Masters Degree thesis in
December 2003. In addition to leading experimental operations, Mr. Jackson operates the
holography diagnostic and analysis.

1.2.3 Previous Graduate Students

Adam M. Madson (A & A) wrote his masters thesis on the ZaP project. Mr. Madson
deployed two 32-channel photodiode arrays to provide visible light tomography.

Mike Beerman (Mat. Sci.) worked with the ZaP project for two quarters. He made high-
frequency measurements of the ZaP voltage waveforms and performed a careful calibration
and error propagation of ZaP surface magnetic field probes.

Justin Bright (A & A) wrote his masters thesis on a neural network program to calculate
the position of the ZaP current channel.

1.2.4 Undergraduate Students

Undergraduate students make large contributions to the ZaP experiment by designing and
building equipment and participating in the data acquisition and analysis. They are: Peter
Norgaard (now a graduate student in plasma physics at Princeton), Daniel Jackson (now a
graduate student studying plasma opening switches at the University of New Mexico), Kris
Yirak (now a graduate student working on the Omega laser at the University of Rochester),
Theodore Shreve, Jason Buller, Derek Schmuland, Colin Adams, David Banks, Jonathan
Morrow, Mary Attia, Sonca Nguyen, Bryan Munro, Brian Lee, and Emmett Lalish.

Other undergraduate students who worked on ZaP include: Melissa Senger, Joseph Ven-
zon, Ray Marcilla, Apostolos Vlachos, Tuan Le, Daniel Lee, Daniel Choi, Eric Forbes,
Richard Golob, Tammy Gordin, Steven Hentel, Autumn Lewis, William Litsch, Khahn
Nguyen, Matthew O’Brien, Graham Schelle, In Taek Song, and David Okada.

1.3 Conferences and Publications

ZaP results have been presented at program reviews, the IAEA meeting on Fusion Energy
Research, the IEEE ICOPS meeting, the APS DPP meeting, AIAA meetings, and workshops
on innovative confinement concepts. During this reporting period, the following presentations
were made:

• IAEA Meeting:

– “Evidence of Flow Stabilization in the ZaP Z Pinch Experiment,” U. Shumlak, E.
Crawford, R. P. Golingo, B. A. Nelson, A. Zyrmpas, D. J. Den Hartog, and D. J.
Holly, International Atomic Energy Agency Fusion Energy Conference, Sorrento,
Italy, October 2000, presenter U. Shumlak.
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– “Evolution of Plasm Flow Shear in the ZaP Flow Z-Pinch”, U. Shumlak, C. S.
Adams, R. P. Golingo, S. L. Jackson, B. A. Nelson, and T. L. Shreve, International
Atomic Energy Agency Fusion Energy Conference, Lyon, France, October 2002.

• Seminars:

– “The Flow Stabilized Z-Pinch Experiment: ZaP,” University of Wisconsin, Madi-
son, Wisconsin, May 1998.

– “The Flow Stabilized Z-Pinch Thruster,” Weizmann Institute of Science, Rehovot,
Israel, November 1998.

– “The ZaP Flow-Through Z-Pinch Experiment: Design and Initial Results,” U.
Shumlak, B. A. Nelson, R. P. Golingo, D. Tang, E. Crawford, D. J. Den Hartog,
and D. J. Holly, Fortieth Annual American Physical Society Meeting of the Di-
vision of Plasma Physics, New Orleans, Louisiana, November 1998, presenter U.
Shumlak.

• Invited Talks:

– Uri Shumlak, “Sheared Flow Stabilization Experiments in the ZaP Flow Z-Pinch”,
Forty-Fourth Annual American Physical Society Meeting of the Division of Plasma
Physics, Orlando, Florida, November 2002

• Contributed Posters:

– “End Loss Particle Flux as an Indicator of Quiescence in a Flowing Z-Pinch,” P.C.
Norgaard, U. Shumlak, B.A. Nelson, R.P. Golingo, and S.L. Jackson, Forty-sixth
Annual American Physical Society Meeting of the Division of Plasma Physics,
Savannah, GA, November 2004.

– “Two-Dimensional Z-Pinch Plasma Structure Measured using Photo Diode Ar-
rays and Tomography,” A.M. Madson, U. Shumlak, B.A. Nelson, R.P. Golingo,
K.T. Yirak, J.C. Morrow, and M.R. Attia, Forty-sixth Annual American Physi-
cal Society Meeting of the Division of Plasma Physics, Savannah, GA, November
2004.

– “Overview and Recent Results from the ZaP experiment,” R. P. Golingo, U.
Shumlak, B. A. Nelson, S. L. Jackson, A. M. Madson, T. L. Shreve, D. J. Den
Hartog, and the ZaP Research Team, Forty-sixth Annual American Physical So-
ciety Meeting of the Division of Plasma Physics, Savannah, GA, November 2004.

– “Overview and Recent Results from the ZaP Flow Z-Pinch”, U. Shumlak, B. A.
Nelson, R. P. Golingo, S. L. Jackson, J. Buller, D. Jackson, J. Kim, P. Norgaard,
T. Shreve, K. Yirak, and D. J. Den Hartog, Forty-Fifth Annual American Physical
Society Meeting of the Division of Plasma Physics, Albuquerque, NM, October
2003.
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– “Sustainment of a Sheared Flow in a Z-pinch”, R. P. Golingo, U. Shumlak, B. A.
Nelson, S. L. Jackson, K. T. Yirak, and D. J. Den Hartog, Forty-Fifth Annual
American Physical Society Meeting of the Division of Plasma Physics, Albu-
querque, NM, October 2003.

– “Electron Density Characteristics of the ZaP Flow Z-Pinch”, S. L. Jackson, U.
Shumlak, B. A. Nelson, E. A. Crawford, R. P. Golingo, and T. L. Shreve, Forty-
Fifth Annual American Physical Society Meeting of the Division of Plasma Physics,
Albuquerque, NM, October 2003.

– “Holographic Interferometry on the ZaP Flow Z-Pinch Experiment,” S. L. Jack-
son, E. A. Crawford, R. P. Golingo, B. A. Nelson, U. Shumlak, Forty-Fourth
Annual American Physical Society Meeting of the Division of Plasma Physics,
Orlando, Florida, November 2002.

– “Formation and Sustainment of a Sheared Flow in a Z-pinch,” R. P. Golingo, S. L.
Jackson, B. A. Nelson, U. Shumlak, and D. J. Den Hartog, Forty-Fourth Annual
American Physical Society Meeting of the Division of Plasma Physics, Orlando,
Florida, November 2002.

– “The ZaP Flow Z-Pinch Project: Investigations of Flow Shear on MHD Stability,”
B. A. Nelson, U. Shumlak, R. P. Golingo, S. L. Jackson, J. Bright, and D. J. Den
Hartog, Forty-Fourth Annual American Physical Society Meeting of the Division
of Plasma Physics, Orlando, Florida, November 2002.

– “A New Velocity Inversion Method for the ZaP Flow Z-Pinch Project”, R. P.
Golingo, U. Shumlak, B. A. Nelson, E. A. Crawford, S. L. Jackson, and D. J. Den
Hartog, Forty-Third Annual American Physical Society Meeting of the Division
of Plasma Physics, Long Beach, California, November 2001.

– “Holographic Interferometry on the ZaP Flow Z-Pinch”, S. L. Jackson, U. Shum-
lak, E. A. Crawford, B. A. Nelson, and R. P. Golingo, Forty-Third Annual Amer-
ican Physical Society Meeting of the Division of Plasma Physics, Long Beach,
California, November 2001.

– “Magnetic Mode Data and Plasma Location in the Zap Experiment”, J. E. Bright,
U. Shumlak, and B. A. Nelson, Forty-Third Annual American Physical Society
Meeting of the Division of Plasma Physics, Long Beach, California, November
2001.

– “A New Velocity Inversion Method for the ZaP Flow Z-Pinch Project”, R. P.
Golingo, U. Shumlak, B. A. Nelson, E. A. Crawford, S. L. Jackson, and D. J. Den
Hartog, Forty-Third Annual American Physical Society Meeting of the Division
of Plasma Physics, Long Beach, California, November 2001.

– “Holographic Interferometry on the ZaP Flow Z-Pinch”, S. L. Jackson, U. Shum-
lak, E. A. Crawford, B. A. Nelson, and R. P. Golingo, Forty-Third Annual Amer-
ican Physical Society Meeting of the Division of Plasma Physics, Long Beach,
California, November 2001.
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– “Magnetic Mode Data and Plasma Location in the Zap Experiment”, J. E. Bright,
U. Shumlak, and B. A. Nelson, Forty-Third Annual American Physical Society
Meeting of the Division of Plasma Physics, Long Beach, California, November
2001.

– “Formation of a Sheared Flow Z-Pinch Plasma,” R. P. Golingo, U. Shumlak, and
B. A. Nelson, Thirty-Ninth AIAA Aerospace Sciences Meeting, Reno, Nevada,
January 2001, presenter R. P. Golingo.

– “A Near-Term, Z-Pinch Fusion Space Thruster,” U. Shumlak, Thirty-Sixth AIAA-
/ASME/SAE/ASEE Joint Propulsion Conference, Huntsville, Alabama, July 2000,
presenter U. Shumlak.

– “The ZaP Flow Z-Pinch Project,” U. Shumlak, R. P. Golingo, B. A. Nelson, E.
Crawford, E. T. Forbes, D. J. Den Hartog, D. J. Holly, and M. Nagata, Forty-
Second Annual American Physical Society Meeting of the Division of Plasma
Physics, Quebec City, Canada, October 2000, presenter U. Shumlak.

– “Spectroscopic Studies of the ZaP Experiment,” R. P. Golingo, B. A. Nelson, U.
Shumlak, E. Crawford, D. J. Den Hartog, D. J. Holly, and M. Nagata, Forty-
Second Annual American Physical Society Meeting of the Division of Plasma
Physics, Quebec City, Canada, October 2000, presenter R. P. Golingo.

– “Magnetic Studies of Symmetry and Stability in the ZaP Flow Z-Pinch,” B. A.
Nelson, R. P. Golingo, U. Shumlak, E. Crawford, D. J. Den Hartog, and D. J.
Holly, Forty-Second Annual American Physical Society Meeting of the Division
of Plasma Physics, Quebec City, Canada, October 2000, presenter B. A. Nelson.

– “Symmetry and Stability of the ZaP Flow-Through Z-Pinch,” B. A. Nelson, R. P.
Golingo, U. Shumlak, D. Tang, E. Crawford, D. J. Den Hartog, and D. J. Holly,
Forty-First Annual American Physical Society Meeting of the Division of Plasma
Physics, Seattle, Washington, November 1999, presenter B. A. Nelson. Discrete
Wavelet Transform Based Magnetic Probe Calibration

– “The Flow-Stabilized Z-Pinch Experiment: ZaP,” U. Shumlak, B. A. Nelson, R.
P. Golingo, D. Tang, E. Crawford, D. J. Den Hartog, and D. J. Holly, Forty-First
Annual American Physical Society Meeting of the Division of Plasma Physics,
Seattle, Washington, November 1999, presenter U. Shumlak.

– “The ZaP Flow-Through Z-Pinch Experiment: Design and Initial Results” U.
Shumlak, B.A. Nelson, R.P. Golingo, D. Tang, E. Crawford, D.J. Den Hartog, and
D.J. Holly, Fortieth Annual American Physical Society Meeting of theDivision of
Plasma Physics, November 1998, New Orleans, LA

• Workshops:

– Contributed talk: “Formation and Sustainment of a Sheared Flow Z-Pinch”, In-
novative Confinement Concepts Workshop, Madison, WI, May 2004. Presented
by Dr. R. P. Golingo.
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– “The Flow Stabilized Z-Pinch Experiment: ZaP,” U. Shumlak, R. P. Golingo, S.
L. Jackson, B. A. Nelson, E. A. Crawford, and D. J. Den Hartog, Innovative Con-
finement Concepts Workshop, College Park, Maryland, February 2002, presenter
U. Shumlak.

– “Flow Stabilization in a Z Pinch,” U. Shumlak, B. A. Nelson, R. P. Golingo,
E. Crawford, D. J. Den Hartog, and D. J. Holly, Workshop on Stability and
Confinement of Alternative Concepts, Varenna, Italy, October 2000, presenter U.
Shumlak.

– Innovative Confinement Concepts, LBNL and LLNL, Berkeley CA (US Feb. 2000)

– The 3rd Workshop on Active MHD Mode Control in Innovative Confinement Con-
cepts, Seattle WA, U. Shumlak presenter, B. A. Nelson, local organizer, Nov. 2000.

1.3.1 Publications

• Published:

D. J. Den Hartog and R. P. Golingo “Telecentric Viewing System for Light
Collection from a Z-Pinch Plasma” Review of Scientific Instruments 72, 2224
(2001).

U. Shumlak, R. P. Golingo, B. A. Nelson, and D. J. Den Hartog “Evidence of
Stabilization in the Z-Pinch” Physical Review Letters 87, (2001).

U. Shumlak, B. A. Nelson, R. P. Golingo, S. L. Jackson, E. A. Crawford and D.
J. Den Hartog, “Sheared flow stabilization experiments in the ZaP flow Z pinch”
Physics of Plasmas, 10(5):1683–1693, May 2003.

R. P. Golingo and U. Shumlak, “Spatial deconvolution technique to obtain ve-
locity profiles from chord integrated spectra” Review of Scientific Instruments,
74(4):2332–2337, April 2003.

D. J. Den Hartog, R. P. Golingo, S. L. Jackson, B. A. Nelson, and U. Shumlak.
“The zap flow Z-pinch: plasma flow shear and stability” Fusion Science and
Technology, 47(1T):134 – 7, 2005.

R. P. Golingo, U. Shumlak, and B. A. Nelson. “Formation of a sheared flow Z
pinch” Physics of Plasmas, 12(6):62505 – 1, June 2005.

9



2 Experimental Results

ZaP has continued to increase the stable quiescent period and has collected more data
consistent with the concept of sheared-flow stabilization.

2.1 Velocity Profiles and Stability

Extensive studies using the ICCD Doppler spectrometer have provided a mapping of the
ZaP velocity profile onto a radius - normalized quiescent time plane, Fig. 1. Plasma flow
velocity profiles are determined by measuring the Doppler shift of plasma impurity lines
using an imaging spectrometer with an intensified CCD camera (ICCD) operated with a
100 ns gate. The spectrometer images 20 spatial chords spaced 1.78 mm apart through the
plasma pinch at a 35◦ angle to the plasma axis providing a measurement of the axial velocity
profile. The collected data are chord-integrated and are deconvolved to determine the axial
velocity profile.[6] The velocity profile is measured at one time during a pulse. Varying the
ICCD trigger time between pulses provides a measure of the plasma flow time-dependent
evolution throughout the plasma pulse. The upper plot of Fig. 1 shows the evolution of
the axial velocity profile of the plasma pinch as a function of time τ normalized by the
plasma quiescent period. Profiles are shown during the pinch assembly (τ < 0), through the
quiescent period (defined as τ = [0, 1]), and through transition from quiescence to instability
(τ > 1). The velocity profile evolves from a large uniform flow for τ < 0 to one that is
sheared with a higher velocity at the edge. Late in the quiescent period, τ ∼ 0.8, the edge
velocity decreases towards zero. At the end of the quiescent period, τ=1, the center velocity
quickly decays, resulting in a plasma flow profile that is low and uniform.

Plasma stability is diagnosed with the azimuthal array of magnetic probes described in
earlier Progress Reports. The measurements from the probe array determine the plasma’s
magnetic structure. Data from these probes are Fourier analyzed to determine the time-
dependent evolution of the low order azimuthal modes (m=1, 2, 3). The lower plot of Fig. 1
shows the evolution of the m=1, 2, 3 Fourier modes of the magnetic field Bm (t) normalized by
the average magnetic field B0 (t). Large magnetic fluctuations occur during pinch assembly,
after which the amplitude and frequency of the magnetic fluctuations diminish. This stable
behavior continues for 35 – 45 µs and defines the quiescent period. At the end of the
quiescent period, the fluctuation levels then again change character, increase in magnitude
and frequency, and remain until the end of the plasma pulse. The time scale in Fig. 1 is
normalized by the duration of the quiescent period to allow data comparison among pulses.
The quiescent period defines τ = [0, 1]. Data from other diagnostics are consistent with
this description of the plasma behavior. Visible emission from the pinch is recorded with a
fast framing camera and a photodiode array. The data show a stable pinch that becomes
unstable. The timing of the stable period corresponds to the stable time shown in the
magnetic mode data.
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Figure 1: Upper: Contours showing the evolution of the velocity profiles in time normalized
to the quiescent period. (The plot is constructed from data of many pulses.) Lower: Magnetic
fluctuation levels for m=1, 2, & 3 for one plasma pulse. The quiescent period is 36.5 µs.
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2.2 Velocity Dependence on Neutral Gas Injection

Time-dependent plasma flow velocities are measured during a single pulse with an Ion
Doppler Spectrometer (IDS) instrument. The instrument consists of a sixteen-anode PMT
detector connected to a 1 m spectrometer that views the plasma pinch along a single 35◦

chord. The spectrometer is tuned to plasma impurity lines. The sixteen signals from the
PMT are fit with a Doppler shifted and broadened Gaussian distribution to provide a mea-
sure of the chord-averaged plasma velocity and temperature as a function of time.

Further insight into the Z-pinch stabilization is obtained by varying the plenum pressure
of the gas puff valves and, thereby, controlling the amount of injected neutral gas in a pulse.
(The ZaP gas puff valves are described in Ref. [7].) The plenum pressure is varied between
2150 and 4650 Torr and a series of pulses are performed. On each pulse the plasma velocity
and temperature are determined from the IDS instrument data. The instrument only records
velocity and not velocity shear. However, if we assume the shear length is approximately
the pinch radius, a ∼ 1 cm, and the mode of interest has ka = π, the theoretical stability
threshold (dVz/dr > 0.1kVA) can be expressed as Vz/ (0.1πVA) > 1. The time-dependent
Alfvén speed in the Z-pinch is computed using the instantaneous density measured from
the two-chord interferometer and the instantaneous B0 measured from the magnetic probes.
Figure 2 shows the velocity shear normalized by the theoretical threshold as a function
of time for three different plenum pressures. The m=1 component of the magnetic field
measured at the outer electrode is also shown. For the plenum pressures of 3650 and 4650
Torr, a period of time exists when the normalized velocity shear is above unity. During
this quiescent period the asymmetric magnetic fluctuations are lower and have a different
character compared to before and after the quiescent period. The fluctuations during the
quiescent period are characterized by low amplitude and low frequency. This character
changes at approximately the same time that the normalized velocity shear drops below
unity. For the case with a plenum pressure of 2650 Torr, the normalized velocity shear never
exceeds unity and only briefly approaches unity. The magnetic fluctuations have a high
amplitude and high frequency except when the velocity shear approaches the threshold.

2.3 Comparison to Theoretical Threshold for Stability

The measured axial flow shear is compared to the required threshold predicted by linear
theory. Using the experimental data, VA = 1.5 × 105 m/s. The theoretical growth time
for a static Z-pinch is approximately (kVA)−1 which for the experimental values obtained in
the ZaP experiment gives τgrowth = 21 ns for ka = π. The axial velocity shear required for
stability according to the theory is 4.7 × 106 s−1. The experimental results show a stable
period of more than 40 µs, almost 2000 growth times. The experimentally measured axial
velocity shear is between 6.5 – 12×106 s−1 during the stable period τ = [0, 0.9], the value
drops to 3 – 6×106 s−1 at the end of the quiescent period τ ∼ 0.95 and below 3×106 s−1 after
the quiescent period τ > 1 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.[2, 4]
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Figure 2: Velocity shear data (from IDS) normalized by the theoretical threshold as function
of time. The plenum pressure in the gas puff valves is varied. The (unnormalized) m=1
component of the magnetic field at the outer electrode is also plotted.
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2.4 Discussion

If it is assumed that velocity shear is playing the critical role of providing stability for
the otherwise unstable Z-pinch, then two possible mechanisms that limit the lifetime of
the plasma confinement are: 1) decay of plasma current, and 2) loss of plasma flow or flow
shear. These two mechanisms may not be completely independent. However, the experiments
conducted with different plenum pressures in the puff valves appear to discount the decay of
plasma current as the lifetime limiting mechanism. The bank configuration is identical for the
experiments. Different neutral gas injection alters the plasma dynamics and, thereby, alters
the plasma current. However, the plasma current pulse is generally similar. The current
pulse length is approximately 100 µs and the peak current varies between 160 – 200 kA.

Loss of plasma flow is a more likely mechanism that limits the plasma lifetime. Previous
experimental measurements indicate a decrease of plasma acceleration in the acceleration
region of the experiment that is approximately coincident with the end of the quiescent
period in the Z-pinch plasma.[4] Specifically, the azimuthal magnetic field values measured
at several axial locations converge to the same value indicating a decrease of radial current
in the acceleration region. Plasma density in the acceleration region is also observed to
decrease during these same experiments.[4] While not conclusive, the experimental results
suggest the loss of plasma flow may be caused by a depletion of the injected neutral gas. The
experimental results presented here further support this conjecture. The results presented in
Fig. 2 show shorter quiescent periods for less injected neutral gas. A distinct quiescent period
is not observed when the gas puff valve plenum pressure is lowered to 2650 Torr. Experiments
are on-going to further investigate the dependence of the plasma lifetime on injected neutral
gas. Future experimental modifications include additional gas puffing capacity to approach
a quasi steady-state operation of the ZaP Flow Z-Pinch experiment. True steady state is not
likely to be possible with gas puff valves; however, using plasma injectors may be feasible.
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Figure 3: Schematic of the ZaP Thomson scattering design.

3 The ZaP Experiment

Several hardware updates and modifications started during this reporting period are ongoing.

3.1 Thomson Scattering System Design

With help from Drs. Daniel Den Hartog and Ed Crawford, we are designing a (multi-point
capable) Thomson scattering system for ZaP, Fig. 3. (Initial operation will be to mea-
sure single point Te.) This system uses a Korad 10 J ruby laser (from the HIT project),
a Hibshman spectrometer (from ZT-40), and an MCP detector (from ZT-40). Appropriate
data recording equipment is being sought. This system will be capable of measuring several
points across the plasma diameter at a single time. Calculations of signal to noise (and back-
ground) lead us to expect excellent statistics, as seen in Fig. 4. The Korad laser beam and
the spectrometer have been characterized, and dark current measurements have successfully
performed on the MCP. Design work is continuing on the input/output optics, beam path,
beam dump, detector mount, and electronics.

3.2 Larger Inner Electrode Design

A new 15 cm diameter inner electrode, Fig. 5, is being built to replace the present 10 cm
diameter inner electrode. This will provide more adiabatic heating to increase the ion tem-
perature by a factor of approximately 1.7. The present single gas puff valve on the smaller
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Figure 4: Estimate of ZaP Thomson scattering system signal to noise ratio using measured
bremsstrahlung data and the ZaP TS system design.
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Figure 5: Schematic of the 15 cm inner electrode design.

inner electrode will be replaced by eight azimuthally spaced gas puff valves in the larger elec-
trode. This will help avoid depleting plasma in the acceleration region, which is correlated
with the end of the quiescent period (see Section 2.4). Contoured termination “nose cones”
can be interchanged to further control the flow profile.

The design has been completed and final machine drawings are being prepared. The
copper electrode material has been purchased and is being prepared for machining.

17



References

[1] U. Shumlak and C. W. Hartman. Sheared flow stabilization of the m=1 kink mode in Z
pinches. Physical Review Letters, 75(18):3285–3288, October 1995.

[2] U. Shumlak, R. P. Golingo, B. A. Nelson, and D. J. Den Hartog. Evidence of stabilization
in the Z-pinch. Physical Review Letters, 87(20):205005/1–4, November 2001.

[3] D. J. Den Hartog, R. P. Golingo, S. L. Jackson, B. A. Nelson, and U. Shumlak. The zap
flow z-pinch: plasma flow shear and stability. Fusion Science and Technology, 47(1T):134
– 7, 2005.

[4] U. Shumlak, B. A. Nelson, R. P. Golingo, S. L. Jackson, E. A. Crawford, and D. J. Den
Hartog. Sheared Flow Stabilization Experiments in the ZaP Flow Z-Pinch. Physics of
Plasmas, 10(5):1683–1690, May 2003.

[5] R. P. Golingo, U. Shumlak, and B. A. Nelson. Formation of a sheared flow z pinch.
Physics of Plasmas, 12(6):62505 – 1, June 2005.

[6] R. P. Golingo and U. Shumlak. A spatial devonvolution technique to obtain velocity
profiles from chord integrated spectra. Review of Scientific Instruments, 74(4):2332–
2337, April 2003.

[7] T. Shreve. University of Washington Aerospace & Energetics Research Program Report
UWAERP/20030527:62-7316, University of Washington, Seattle, WA 98195, 2003.

18



REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 72, NUMBER 4 APRIL 2001
Telecentric viewing system for light collection from a z-pinch plasma
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As part of a Doppler spectroscopy system to measure the radial variation of ion flow and
temperature, a pair of telecentric viewing telescopes has been installed on the ZaPz-pinch plasma
device. Each telescope simultaneously collects 20 chords of light~200–1200 nm! emitted by
impurities in the plasma, and images the chords on a fiber optic bundle for transport to a
spectrometer. The center-to-center spacing of adjacent chords in the plasma is 1.24 mm, thus radial
variation across ther 510– 15 mm ZaP plasma is completely recorded. In this telecentric imaging
system, all object chords and image points, including those laterally displaced from the optical axis,
are formed by ray bundles whose chief ray is parallel to the optical axis. Thus all 20 light collection
chords passing through the ZaP plasma are parallel, and all 20 image points fill the optical fibers
with an identical cone. This maximizes system efficiency and measurement precision, and simplifies
calibration and data analysis. ©2001 American Institute of Physics.@DOI: 10.1063/1.1353188#
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The ZaPz-pinch plasma device1 at the University of
Washington produces a small diameter~20–30 mm! dense
z-pinch plasma with typical electron density 1022– 1023m23

and ion plus electron temperature 100–200 eV. The pla
is stable, with relatively low magnetic mode activity, for te
of microseconds.2 This is orders of magnitude longer tha
predicted by a simple ideal magnetohydrodynamic calcu
tion. Radial shear in the axial plasma flow has been propo
as a potential stabilizing mechanism,3–5 thus accurate mea
surement of the magnitude and radial variation of the a
flow will provide critical input to theory.

Plasma flow is being passively measured in ZaP by
cording the Doppler shift of UV and visible lines emitted b
intrinsic carbon and oxygen impurities in the majority hydr
gen plasma.6 Useful lines are CIII at 229.687 nm and OV at
278.101 nm, similar to what has been observed in a gas-
z pinch.7,8 To obtain radially resolved profiles of the axi
flow velocity in ZaP, the plasma is viewed through two te
scopes~Fig. 1!. The radial telescope views perpendicular
the axis of the ZaP plasma, and thus provides the n
Doppler-shifted reference spectra~radial and poloidal flows
are small relative to axial flow!. The oblique telescope view
35° off the ZaP axis, and is sensitive to Doppler shifts
duced by axial flows. These viewing telescopes
telecentric9 ~Fig. 2!, meaning that the object and imag
lenses are separated by the sum of their focal lengths, wit
aperture stop at the conjugate focal plane to place the pu
of the two lenses at infinity. This insures that all obje
chords in the plasma and image points on the fiber bun
including those laterally displaced from the optical axis, a
formed by ray bundles whose chief ray is parallel to t
optical axis. Two advantages result from this: First, all
light collection chords passing through the ZaP plasma

a!Present address: Department of Physics, University of Wisconsin-Mad
Madison, WI 53706; electronic mail: djdenhar@facstaff.wisc.edu
2220034-6748/2001/72(4)/2224/2/$18.00
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parallel and equally spaced, simplifying calibration and d
reduction, particularly inversion of the chord-average pro
to local flow velocities.10,11 Second, all 20 image points o
the fiber bundle are formed by identical cones whose ch
ray is perpendicular to the fiber face; thus each individ
optical fiber is efficiently filled at an identicalf /7.

The 20 image points from the telescope collecti
chords are formed on 20 individual fused silica core/c
multimode fibers. These 400mm core diameter fibers ar
mounted in a line, 0.62 mm center-to-center spacing, in c
tom fixtures that preserve one-to-one mapping. Light fro
each collection chord is mapped to a specific vertical lo
tion on the entrance slit by simply butting the fiber bund
fixture ~and thus the fiber faces! directly to the slit face, with
a typical slit width of 25mm. If not bent in an excessively
tight radius, the 4 m long large core optical fibers effective
preserve thef /7 cone with which they were filled, so n
matching optics are necessary to fill thef /7 acceptance of the

n,FIG. 1. Side view of the ZaP device and two viewing telescopes in sc
matic form.
4 © 2001 American Institute of Physics
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FIG. 2. Top view of radial viewing telescope, illustrating the telecentricity of the object chords and image points. Only central and extreme edge rabundles
are shown.
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0.5 m spectrometer~Acton Research SpectraPro 500i!. This
spectrometer is corrected for astigmatism, thus the imag
each of the fibers butted up to the entrance slit is prese
and light from each fiber is dispersed across a distinct h
zontal strip of the spectrometer exit plane. Each horizon
strip then contains the Doppler broadened and shifted spe
from a specific collection chord in the plasma. All 20
these spectra are simultaneously recorded by a gated~>100
ns! intensified CCD camera~Roper Scientific PI-MAX! and
are stripped out of the two-dimensional camera image by
analysis program. Thus the entire radial profile of the plas
flow velocity is captured at a specific timepoint during t
ZaP discharge; temporal development of the profile is
corded by firing reproducible discharges and moving the g
time.

In order to simplify telescope design, the lenses w
fixed in place, but the fiber bundle fixture is mounted on t
translation stages to provide fine adjustability both para
and perpendicular to the optical axis. The radial telesc
has two lenses of 175 and 350 mm focal length, while
oblique telescope has lenses of 250 and 500 mm focal len
Both telescopes magnify the plasma light collection cho
by a factor of20.5 onto the fiber bundle faces. The cent
to-center spacing of adjacent chords in the plasma is 1
mm. Therefore, the 23.6 mm wide line of chords in t
plasma appears as an 11.8 mm line of image points on
bundle face, and the line image is inverted. The line
chords in the plasma does not need to be centered on
plasmar 50, as the perpendicular translation stage allo
the edge chord to move out tor 520 mm for the radial tele-
scope and tor 517 mm for the oblique telescope~these lim-
its are determined by the diameter of the viewing hole in
ZaP outer electrode!. Thus it is possible to position the edg
chords outside the edge of the ZaP plasma (r 510– 15 mm)

FIG. 3. Sample Doppler-broadened spectra~C III line at 229.687 nm! from
the 20 chords through the radial viewing telescope.
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and clearly record the behavior of the edge plasma, an
portant requirement for successful inversion of the cho
integrated profiles.

During design, the telecentricity of the viewing tele
scopes was optimized for the 200–250 nm wavelength ran
Refractive power of the lenses falls at longer wavelengt
but this is partially compensated by installing a sligh
larger aperture stop and moving it toward the longer fo
length lens, and translating the face of the fiber bundle
ture away from the shorter focal length lens~see Fig. 2!.
With these adjustments, degradation of image quality is
nor, and magnification changes by only a few percent. Si
the windows, telescope lenses, and optical fibers are U
grade fused silica, the system is useful from 200 to 1200

Although the ability to record spectra from the two tel
scopes simultaneously would be ideal, doing so would
quire two separate spectrometers. As a cost effective alte
tive, each of the viewing telescopes is connected to
separate entrance slit on the spectrometer, designated
‘‘side’’ and ‘‘front’’ slits. The front slit looks directly at the
collimating mirror, while the side slit is remotely engaged
precisely flipping a mirror driven by a stepper motor into t
optical path. When this mirror is engaged, light is block
from the front slit, therefore data can be recorded from o
one slit~and one telescope! during a ZaP shot. Therefore, th
usual operating procedure requires a shot to obtain spe
from the radial view to provide the baseline calibration of t
non-Doppler-shifted emission line~typical data shown in
Fig. 3! then spectra are recorded from the oblique telesc
to measure the radial variation of the plasma flow profile
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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.

DOI: 10.1103/PhysRevLett.87.205005 PACS numbers: 52.58.Lq, 52.30.–q, 52.35.Py
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 yz�a . 0.1kVA 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 yz . 2 2 4VA is
required for stability of all modes with ka � 10. Both of
these results are for a conducting wall placed far enough
0031-9007�01�87(20)�205005(4)$15.00
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) yz�a � 0.2kVA 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)(a)

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 yz�a � 0.2kVA.
© 2001 The American Physical Society 205005-1
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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 msec. 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 1016 1017 cm23 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 �Te 1 Ti�
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
205005-2
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 B0�t� 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 msec. 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 msec. 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 msec. The im-
ages show a stable pinch that becomes unstable to a kink

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 msec. 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.
205005-2
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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 msec 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 msec 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

FIG. 4. Chord-integrated C-III line (229.7 nm) emission at
30 msec with a 1 msec 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.)
205005-3
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 105 m�s and a lower value of 4 3 104 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 msec
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
105 m�s the plasma flows through the 50 cm assembly re-
gion in 5 msec.

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 msec with a 1 msec 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 msec
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 Ba � 1.8 T assuming zero plasma current density
for r . a. The electron number density in the pinch is
measured to be n � 9 3 1016 cm23. The Alfvén veloc-
ity is VA � Ba�

p
moMin � 1.3 3 105 m�s, where Mi is

the mass of a hydrogen ion. The theoretical growth rates
for a static plasma are approximately kVA for the m � 1
mode and VA�a for the m � 0 mode. For a typical value
of ka � p 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
4.2 3 106 s21.

The experimental results show a stable period of
17 msec which is over 700 growth times. The experi-
mentally measured axial velocity shear is 1.9 3 107 s21

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].
205005-4
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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Spatial deconvolution technique to obtain velocity profiles from chord
integrated spectra
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Passive spectroscopy is used to measure the plasma parameters on the ZaP experiment at the
University of Washington. Twenty spectral intensities, which are functions of the plasma’s density,
velocity, and temperature along the viewing chord, are recorded on a charged coupled device. The
instrument function is different for each viewing chord. A deconvolution technique based on a shell
model, which includes the effects of the instrument function, is developed to deduce the local
plasma parameters. The error analysis for this technique is also developed. The technique is able to
model complicated plasma parameter profiles and is able to deduce the local plasma parameters and
position of the plasma. ©2003 American Institute of Physics.@DOI: 10.1063/1.1556956#
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I. INTRODUCTION

Passive spectroscopy of impurity ion line radiation
often used to study the density, velocity, and temperatur
plasmas. Profile information can be determined by view
the plasma along multiple chords through the plasma
deconvolving the spectral intensities.1–5An Abel inversion of
each wavelength is inappropriate when the spectral inten
is a function of the radius and viewing chord. This happe
when the instrument function changes across the chord
the velocity direction at a given radius changes between
lines of sight, such as the poloidal velocity when view
from one side of the machine. A method based on a s
model is described to deconvolve the plasma parameter
files measured by passive spectroscopy on the ZaP~Z Pinch!
experiment at the University of Washington.6 The method
takes into account the instrument function and can be u
when the local spectral intensity changes as a function of
line of sight. The method is capable of deconvolving radia
varying spectra even when multiple overlapping lines
present.

The effect of a sheared axial velocity on plasma ins
bilities in a Z pinch is studied on the ZaP experiment.
coaxial accelerator coupled to a pinch assemble region
duces Z pinches that are approximately 50 cm long with
cm radius. Typically the Z pinch has an electron numb
density of 1016– 1017cm23, an edge magnetic field of 1.5
2.5 T, total temperatures of 150–200 eV, and axial veloci
of 0 – 1.23105 m/s. These parameters are measured with
agnostics that include a two chord interferometer, ho
graphic interferometer, surface magnetic probes, a fast fr
ing camera, and passive spectroscopy.

Passive spectroscopy is used to measure the plasm
locity profile. Light emitted by impurity ions entrained in th
plasma is collected with two telecentric telescopes.7 Each
telescope collects light from 20 parallel chords, spaced 1
mm apart, that view through the plasma. One telesc

a!Author to whom correspondence should be addressed; electronic
golingo@aa.washington.edu
2330034-6748/2003/74(4)/2332/6/$20.00
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views the plasma 90° to thez axis, while the other views the
plasma 35° to thez axis as shown in Fig. 1. All optics an
fibers in this system are UV compatible. A swing out mirr
in the 0.5 m spectrometer, Action Research Spectra Pro 5
is used to select the 90° or 35° view. The spectra are
corded with an intensified charge coupled device~ICCD!,
Roper Scientific PI-MAX, with a typical gating time o
0.5–1ms. Calibration data are used to remove the curvat
before multiple rows are binned which reduces the width
the instrument function, the spectral intensity measured
the spectrometer of an infinitesimally thin line of unit emi
sivity. The full width at half maximum~FWHM! of the in-
strument function varies from 5 pixels for the edge chords
3.5 pixels for the center chords. The instrument functions
three chords are shown in Fig. 2.

Since the instrument function is neither a Gaussian no
Lorentzian and varies across the chords, a different met
for obtaining the local ion velocity in the plasma is deve
oped. Section II introduces the deconvolution technique
discusses the variables that affect the spectra measured
each chord. A shell model is assumed to find the plas
parameters. A detailed error analysis is also described
fully account for the uncertainties in the measurements
assumed plasma geometry necessary for the deconvolu
technique. Section III presents the deconvolution of synth
test spectra to demonstrate robustness of the technique
the deconvolution of real spectra measured on the ZaP
periment.

II. DECONVOLUTION TECHNIQUE

A different deconvolution technique, which includes th
instrument function, is developed to calculate the plasma
rameters when the position of the plasma is unknown. Of
deconvolution techniques begin by removing the instrum
function8 or assume the Doppler broadening is given
Dl25Dlobs

2 2Dl ins
2 whereDl is the FWHM due to Doppler

broadening,Dlobs is the observed FWHM, andDl ins is the
FWHM in the instrument function.9 These methods do no
work when the spectral intensity has multiple peaks or
il:
2 © 2003 American Institute of Physics
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2333Rev. Sci. Instrum., Vol. 74, No. 4, April 2003 Spatial deconvolution technique
instrument function is not Gaussian or Lorentzian. Individu
parameter profiles using moments of the spectral intens
are then found3,4 or assumptions about the profile shape
made.5 These methods rely on other diagnostics to define
geometry of the plasma. The technique which is develo
here finds the plasma parameters and geometry in a
consistent technique using the measured spectral intens
without intermediate steps.

A. Shell model

A shell model is assumed to represent the plasma.
plasma is partitioned into discrete shells where the local
plitude of the emissivityAj , ion temperatureTj , and veloc-
ity vj are constant in each shell.3 The spectral intensity from
shell j along the line of sight of chordi is then described by

ei j ~l!5
Aj

A2pwj

expF2
~l2l02usi "vj ul0 /c!2

2wj
2 G1Bj ,

~1!

where l0 is the unshifted wavelength of the emitted lin
radiation,si is a unit vector in the direction of the line o
sight,wj is proportional to the FWHM of the spectral inten

FIG. 1. Diagram of the ZaP vacuum chamber showing the major com
nents of the tank. The 90° telescope views the plasma through the bo
midplane port. The 35° telescope views the plasma through the bottom a
port. Both telescopes are focused in the center of the machine at the
midplane.

FIG. 2. The instrument function varies across the chords. Shown are
measured instrument functions of chord 1~solid line!, chord 5~dotted line!,
and chord 10~dashed line! using the Cd I line at 228.8 nm. The width of th
instrument function decreases for the central chords.
Downloaded 10 Nov 2004 to 128.95.35.163. Redistribution subject to AI
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sity, and Bj is an offset of the spectra due to broadba
radiation. The temperature is related towj by

wj
25

kTjl0
2

mic
2 , ~2!

wherek is Boltzmann’s constant andmi is the ion mass. The
shells are assumed to be concentric circles, where the ax
the plasma coincides with the center of the shells. The s
geometry for the 35° telescope is shown in Fig. 3. The ou
radius of shell j is given by r j5xchord( j )1dDr where
xchord( j ) is the impact parameter of chordj, Dr is the spacing
between chords and shells, andd is the relative position of
the viewing chord in each shell. The outer radius of shell 1
set by the extrapolated zero crossing of the measured e
sivity, usuallyr 15r 212Dr . The radiation measured by eac
chord is the sum of the contributions from each shell that
chord intersects, Fig. 3. The collected spectral intensity
chord i is given by

Ei~l!5(
j

ei j ~l!Li j , ~3!

whereLi j is the length of chordi through shellj. The col-
lected spectral intensity is broadened by the instrument fu
tion

Mi~l!5E
2Dl

Dl

Ei~l2l8!Fi~l8!dl8, ~4!

whereMi is the instrument broadened spectral intensity,Fi is
the instrument function of chordi measured during the cali
bration of the ICCD spectrometer, and 2Dl is the span of the
measured instrument function. Coma in the spectrom
causes the instrument function to be asymmetric as show
Fig. 2. The FWHM of the instrument function, measur
with the Cd I line at 228.8 nm, varies from 0.030 nm for th
center chords to 0.047 nm for the edge chord. The inclus
of the instrument function in the analysis causes the spec
intensities to be a function of the impact parameter and

o-
m

gle
ch

he

FIG. 3. The 35° view of a quarter of the plasma showing the chord and s
locations when the plasma is centered in the machine. The dashed line
the sightlines of the 35° viewing telescope. The ovals are the outer edg
each shell when viewed from the 35° viewing telescope.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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viewing chord even when the angle between the velo
vector and the lines of sight of the chords does not chan

B. Deconvolution procedure

The plasma parameter profiles cannot accurately
found by simply reversing the steps of the previous sec
because of difficulties with the removal of the instrume
function. This difficulty precludes the use of Abel or matr
methods because the instrument function must be remo
before using these methods. Instead, an instrument br
ened Gaussian10 is defined for each shell

mi j ~l!5E
2Dl

Dl

ei j ~l2l8!Fi~l8!dl8. ~5!

An equation similar to Eq.~4! can be written as

Mi~l!5(
j

mi j ~l!Li j . ~6!

Since the length matrixLi j is triangular, back substitution
can be used to find the plasma parameters.

By viewing the plasma with telecentric telescopes o
the horizontal location of the plasma affects the impact
rameter of each viewing chord. The location is found
iteratively deconvolving the data. Guesses for the center
the edge of the pinch are made, which sets the geometry.
length matrixLi j is calculated. The plasma parameter p
files for this geometry are then found.

The edge chord measures only the emission from
outermost shell. Leti 51 be the outermost chord andj 51
the outermost shell. All of the termsL1 j are zero except for
j 51. The measured spectral intensity of the outer chord
given by

M1~l!5L11E
2Dl

Dl

e11~l2l8!F1~l8!dl85L11m11~l!.

~7!

The plasma parameters for the outer shell are found wi
least squares fit of an instrument broadened Gaussia
M1(l)/L11 using a Marquardt method with equal weigh
given to each point.

The plasma parameters of the inner shells are determ
by removing the contribution from the outer shells and fitti
an instrument broadened Gaussian to the remaining data
chord i be a chord in the plasma and shellj be the corre-
sponding shell in the plasma. An instrument broaden
Gaussian for the outer shells, 1 toj 21, contribution to the
measured spectral intensityMi

outer is found with

Mi
outer~l!5 (

j 8, j

mi j 8~l!Li j 8 , ~8!

wheremi j 8 is calculated using the plasma parameters fr
the previous shells and Eq.~5!. The emission from the she
is given by removing the outer shells’ contribution

mi j ~l!5maxS Mi~l!2Mi
outer~l!

Li j
,0D . ~9!
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The plasma parameters for shellj are found with a Marquard
method. This procedure is repeated for each successive c
until the shell axis is crossed. Once the axis is crossed
plasma parameters for the inner two shells are also fo
using the spectral intensities measured by the next
chords. The deconvolution procedure is also repeated sta
from the other side, by beginning at chord 20 and decreas
the chord index.

The two deconvolution procedures yield two profiles
the emissivity, ion temperature, and ion velocity for the a
sumed geometry. The center of the plasma is found by
justing the guess of the pinch center until the emissivity a
the velocity of the inner two shells from the left and rig
deconvolutions converge.

C. Error analysis

The deconvolution of the plasma profiles relies on t
accuracy of the experimental measurements and of the
sumed plasma model which includes the center and e
locations of the plasma. To properly account for the co
bined effect of the inaccuracies a detailed error analysi
performed. The data are fit with a Marquardt method w
equal weights given to each point. The actual uncertainty
each spectral intensity is proportional to the intensity. Wh
the actual uncertainties are used as weights the fitted sp
had a lower amplitude at the maximum measured spec
intensity and fit the wings of the spectra. The agreem
between the measured and fitted spectral intensities is sh
in Fig. 4. Once the plasma parameters are found the erro
the parameters are calculated.

The errors in the plasma parameters are found for e
source of uncertainty. The uncertainty of the measured sp
tra sMi(l) is given by

sMi
2 ~l!5@b iAMi~l!#21@AMBi#

2, ~10!

FIG. 4. The deconvolution technique is able to recreate the spectral in
sities. Shown are the measured spectral intensities~squares! and the spectral
intensities from the deconvolution technique~solid line!.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2335Rev. Sci. Instrum., Vol. 74, No. 4, April 2003 Spatial deconvolution technique
whereb i is a multiplier for each chord found by measurin
the standard deviation of the spectra where there is no
radiation11 and MBi is the level of the background of eac
chord. The error in the spectral intensities of the inner sh
sNmi j(l) due to noise in the measured spectral intensitie
given by

sNmi j
2 ~l!5FsMi~l!

Li j
G2

1FsNouter~l!

Li j
G2

, ~11!

wheresNouter(l) is the uncertainty fromMi
outer(l) which is

given by

sNouter
2 ~l!5 (

j 8, j
H(

,
F]mi j 8~l!

]aj 8,
sN j8,

a Li j 8G2J , ~12!

whereaj 8, is parameter, of shell j 8 andsN j8,
a is the error of

aj 8, due to the uncertainty in the measured spectral inte
ties. Once the uncertainties at each wavelength are found
error of each parametersN j,

a can be found by taking the
inverse of the curvature matrix as described in Ref. 12.

The uncertainties in the length matrixsGi j are calculated
using the uncertainty in the center location, maximum sh
radius, and the location of the chord through each shell.
error sGmi j(l) due to the uncertainties in the geometry
the pinch is given by

sGmi j
2 ~l!5FsGouter~l!

Li j
G2

1H @Mi~l!2Mi
outer~l!#2sGi j

Li j
2 J 2

, ~13!

where the uncertainty in the spectral intensity from the ou
shellssGouter(l) is given by

sGouter
2 ~l!5 (

j 8, j
H @mi j 8~l!sGi j 8#

2

1(
,

F]mi j 8~l!2

]aj 8,
sG j8,

a Li j 8G2J , ~14!

wheresG j8,
a is the error of each parameter due to the unc

tainty in the geometry. The error of each parameter due to
uncertainties in the geometry are found with the sa
method as withsN j,

a . The total error in each parameters j ,
a

is

s j ,
a 5A~sN j,

a !21~sG j,
a !2. ~15!

This method of finding the errors shows the influence of e
uncertainty on the fitted profiles.

III. RESULTS OF DECONVOLUTION TECHNIQUE

The deconvolution process is tested using various s
thetic profiles of emissivity, velocity, and temperature. T
synthetic spectral intensities are generated without using
shell assumption. The local spectral intensity along each
of sight,e(r ,l), is found using Eq.~1!. The chord integrated
spectral intensity for each wavelength,E(x,l), is given by
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e~r ,l!
rdr

Ar 22x2
. ~16!

E(x,l) is then broadened with the instrument function usi
Eq. ~4!. This process of generating synthetic spectral int
sities tests the assumption that the plasma parameters
constant in each shell. Random noise, with a mean of z
and standard deviation of 1, is multiplied bysMi

(l), calcu-
lated using Eq.~10!, and added to the synthetic spectral i
tensities. The spectra are then deconvolved using the pr
dure described.

A variety of synthetic profiles of emissivity, velocity, an
temperature are used to verify the robustness of the de
volution technique. Two profile sets are presented here.
has a peaked emissivity profile and a hollow velocity profi
and the other has a hollow emissivity profile and peak
velocity profile more typical of real data. Figure 5 shows t
peaked emissivity synthetic profile and the results from
deconvolution technique applied to the spectral intensi
with noise, consistent with that of measured spectra, add
Large gradients of parameters within each shell are use
test the ability of the constant parameter assumption to a
rately resolve the profiles. The errors due to the geometry
tested by positioning the profiles off axis. Figure 6 shows
hollow synthetic profile with large gradients. The deconv
lution technique is able to calculate the gradients. Errors
the center location have the largest effect on the plasma
rameters in the central shells and justifies using the in
shell parameters to set the pinch geometry. The value of
parameters for the edge shells changes by a small amo
The appropriated is a function of the gradients in the pro
files. When there is a large gradient in the velocity the m
sured temperature increases because a velocity gra
within a shell will broaden the spectral intensity. The err
calculation is verified by applying different sets of rando

FIG. 5. Results of the deconvolution technique~diamonds! applied to syn-
thetic profiles~dashed lines!. The profiles are centered between chord 10 a
chord 11 which is the center of the machine. Random noise has been a
to the integrated, instrument broadened data at levels consistent with
experimental noise.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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noise to the spectral intensities calculated with this profi
applying the deconvolution technique with geometries wit
the uncertainties of the pinch geometry, and finding the
erage and standard deviation of the plasma parameters.
calculated error bars of the plasma parameters are slig
larger than the standard deviation found with the multi
deconvolutions.

The deconvolution technique is used to determine ve
ity profiles in the ZaP experiment which generates axia
flowing plasmas. The C III line at 229.7 nm represents
bulk of the hot plasma and is well separated from other lin
The spectral intensities from three of the chords of this l
are shown in Fig. 7. The plasma profiles of the C III line

FIG. 6. Results of the deconvolution technique~diamonds! applied to syn-
thetic profiles~dashed lines!. The profiles are centered between chord 11 a
chord 12 to simulate a pinch which is not centered in the machine. Ran
noise has been added to the integrated, instrument broadened data at
consistent with the experimental noise.

FIG. 7. The measured C III spectral intensities for ZaP pulse 726 025.
vertical line is at the unshifted wavelength of 229.7 nm. The solid curv
the spectral intensities of chord 1, the dotted line is from chord 5, and
dashed line is from chord 10. The centroid of the intensities for each ch
decreases for the center chords, showing the velocity is increasing fo
inner chords.
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229.7 nm are shown in Fig. 8. The wavelength span show
the figure corresponds to 44 pixels. The minimum measu
Doppler shift is 3 pixels which is well within the resolutio
of the instrument. The chord spacing is 1.24 mm in t
plasma and provides a limit to the spatial resolution of
deconvolved profiles. The technique was able to determ
the geometry of the pinch as can be seen in the peaked
files of the emissivity and the offset. The center location
the Z pinch measured with the magnetic probes is consis
with position measured with the deconvolution techniqu
The magnetic probes are located in the outer electrode
can locate the position of the pinch to within a centimet
The size of the Z pinch from the deconvolution techniq
agrees with the size measured with the holographic inter
ometer and the fast framing camera. The velocity pro
shows a large axial velocity in the center with a gradient
the outer shells. The temperature in the edge shells is la
than the temperature from pressure balance. A velocity sh
beyond the view of the telescopes will cause the tempera
of the edge chords to appear high. The slight asymmetr
the left and right deconvolutions shown in Fig. 8 imply
slight asymmetry in the plasma. The quality of the decon
lution is determined by chord integrating the deconvolv
profiles and comparing the results to the measured spe
intensities. The results are shown as lines in Fig. 4.

The deconvolution technique described is able to cal
late the profiles of the plasma parameters. The techni
works for many different profiles and accounts for the effe
of the instrument function. The technique is able to det
mine the geometry of the pinch independent of other di
nostics. The technique is being used to measure the pla
profiles for C III triplet at 465 nm and the C IV line at 465.
nm.

m
vels

e
s
e

rd
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FIG. 8. The deconvolved emissivity~a!, velocity ~b!, temperature~c!, and
offset ~d! of the C III line for ZaP pulse 726 025 showing a pinch with
sheared velocity profile. The parameters with negative impact param
were calculated using chords 1–10 and the parameters with positive im
parameters were calculated using chords 11–20. The profiles are si
when calculated from both sides of the pinch.
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The stabilizing effect of a sheared axial flow on them51 kink instability in Z pinches has been
studied numerically with a linearized ideal magnetohydrodynamic model to reveal that a sheared
axial flow stabilizes the kink mode when the shear exceeds a threshold. The sheared flow stabilizing
effect is investigated with the ZaP~Z-Pinch! Flow Z-pinch experiment at the University of
Washington. An axially flowing Z pinch is generated with a 1 mcoaxial accelerator coupled to a
pinch assembly chamber. The plasma assembles into a pinch 50 cm long with a radius of
approximately 1 cm. An azimuthal array of surface mounted magnetic probes located at the
midplane of the pinch measures the fluctuation levels of the azimuthal modesm51, 2, and 3. After
the pinch assembles a quiescent period is found where the mode activity is significantly reduced.
Optical images from a fast framing camera and a ruby holographic interferometer indicate a stable,
discrete pinch plasma during this time. Multichord Doppler shift measurements of impurity lines
show a large, sheared flow during the quiescent period and low, uniform flow profiles during periods
of high mode activity. Z-pinch plasmas have been produced that are globally stable for over 700
times the theoretically predicted growth time for the kink mode of a static Z pinch. The plasma has
a sheared axial flow that exceeds the theoretical threshold for stability during the quiescent period
and is lower than the threshold during periods of high mode activity. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1558294#
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I. INTRODUCTION

Some of the first attempts to achieve controlled therm
nuclear fusion were based on the Z pinch. A large axial c
rent was driven through a column of ionized gases to co
press and heat the plasma to high density and temperatur1–3

The Z pinch has appealing properties as a magnetic con
ment configuration for a fusion reactor: the geometry
simple and linear, the maximum magnetic field is at t
plasma surface and low external to the plasma, and the
rent producing the magnetic field dissipates energy in
plasma.4,5 The equilibrium is described by a simple radi
force balance between the azimuthal magnetic field ge
ated by the axial plasma current and the plasma pressur

~ j3B!r5~¹p!r . ~1!

For the case of no applied magnetic fields, the equilibrium
given by

Bu

mor

d~rBu!

dr
1

dp

dr
50. ~2!

The pinch plasma was observed to be violently unstable w
growth times corresponding to Alfve´n transit times. The in-
stabilities were understood theoretically and experiment
as gross magnetohydrodynamic~MHD! modes with azi-
muthal mode numbersm50 and m51, sausage and kink
modes, respectively.6

a!Paper UI2 6, Bull. Am. Phys. Soc.47, 325 ~2002!.
b!Invited speaker.
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The MHD instabilities of a Z pinch can be stabilized. A
close-fitting, conducting wall can be placed around the pin
plasma.7 Image currents in the conducting wall develop
limit the growth of any plasma perturbations. However, t
conducting wall must be placed too close to allow plas
temperatures of fusion interest.

By applying linear MHD stability analysis Kadomtse
derived an equilibrium that would be stable to them50
mode.8 The mode can be stabilized if the pressure does
fall off too rapidly. Namely,

4G

21Gb
>2

d ln p

d ln r
, ~3!

whereG is the ratio of specific heats andb52mop/B2 is a
local measure of the ratio of plasma pressure to magn
pressure. This condition must be satisfied everywhere in
plasma for stability against them50 mode. However, tailor-
ing the pressure profile cannot stabilize the kink instabilit

Both the sausage and kink instabilities can be stabili
by imbedding an axial magnetic field into the plasma. T
condition for stability is found by applying an energy prin
ciple and is given by the Kruskal–Shafranov condition,9,10

Bu

Bz
,

2pa

L
. ~4!

The equilibrium given in Eq.~2! is now modified. The radial
force of the azimuthal magnetic field balances the plas
pressure and the magnetic pressure of the axial field.
Kruskal–Shafranov condition forces the design of shor
3 © 2003 American Institute of Physics
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1684 Phys. Plasmas, Vol. 10, No. 5, May 2003 Shumlak et al.
pinches and limits the plasma current and the plasma p
sure that can be stably achieved in a Z pinch. Furthermore
the addition of an axial magnetic field opens all of the ma
netic field lines and connects all portions of the plasma to
electrodes. Parallel heat conduction is much faster than
pendicular heat conduction which is the case for closed fi
lines without the axial field. The combined constraints
short pinches and parallel heat losses led many early
searchers to abandon the Z pinch as a magnetic confine
configuration.

Experiments have generated Z-pinch plasmas with inh
ent axial plasma flows exhibiting stable confinement
times much longer than the predicted growth times.11,12 The
possibility of using sheared flows to stabilize the Z pin
instead of axial magnetic fields has prompted recent theo
ical and experimental efforts. A stable, high-density Z-pin
configuration would have profound implications for ma
netic confinement thermonuclear fusion.5,13,14

II. SHEARED FLOW STABILIZATION THEORY

The effect of plasma flow on the MHD instabilities in
Z pinch has been investigated theoretically by applying
ear stability analysis to the Z-pinch equilibrium.15 The main
conclusion is an axial plasma flow with a linear shear
vz /a.0.1kVA is required for stability of the marginally
stable equilibrium given by Eq.~3! when the conducting wal
is far away.

Nonlinear simulations have been performed to study
effect of a sheared flow on the stability of them50 mode in
a Z pinch. The simulations were performed using the Mac
code,16 a time-dependent, resistive MHD code. An equili
rium is initialized with a uniform current density through th
plasma and no current beyond the pinch radiusa and with an
axially periodic density perturbation of 1%. The equilibriu
is also initialized with a plasma flow of constant shear ins
the pinchr ,a and no shear beyond the pinch radius. T
flow is maintained through the simulation only by inerti
The value of the flow shear is adjusted between simulati
to investigate its effect on stability. Results showing the pr
sure contours are presented in Fig. 1 for a simulation
contains no flow~plots on the left! and a simulation tha
contains a flow such thatvz(r 50)50 and vz(r 5a)
50.2kaVA ~plots on the right!. The figure shows the evolu
tion of the pressure contours~a! at an intermediate time an
~b! immediately before the static Z pinch disrupts. The init
states are not shown. The simulation of a static Z pin
shows a well developedm50 instability. The Z-pinch
plasma with a sheared axial flow shows a substantially
developedm50 instability. The turbulence at the edge of th
plasma is conjectured to result from a decrease in the fl
shear at the edge due to numerical viscosity.

III. THE ZAP FLOW Z-PINCH EXPERIMENT

The ZaP ~Z-Pinch! experiment at the University o
Washington is used to investigate the effect of plasma fl
on the stability of a Z pinch and to determine the possibili
of confining hot plasmas in a simple Z-pinch configuration17

The experiment is designed to generate a Z-pinch pla
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP
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with a large axial flow. The experiment is composed of
coaxial acceleration region connected to an assembly reg
The experiment is initiated by the injection of neutral ga
usually hydrogen, with fast puff valves located in the midd
of the 100 cm coaxial acceleration region. A capacitor ba
power supply is discharged across the coaxial electro
ionizing the neutral gas, and accelerating the plasma. W
the plasma reaches the end of the coaxial acceleration reg
the plasma along the inner electrode moves radially inw
and assembles along the axis in the 50 cm long assem
region. The plasma along the outer electrode continue
move axially and radially inward during the assembly of t
Z pinch. The plasma finally connects between the end of
inner electrode and the outer electrode end wall formin
complete Z pinch. Inertia maintains the plasma flow sta
and plasma is continually exiting from the coaxial accele
tor and assembles into the pinch. The Z-pinch plasma for
tion in the ZaP experiment is shown schematically in Fig.

Nonlinear simulations of the plasma formation in th
ZaP experiment have been performed using the Mach2 c
While the code lacks a time-dependent ionization model,
simulations show qualitative agreement of the plasma form
tion described above. The code also shows quantita
agreement with the acceleration time and plasma dens
measured in the experiment.

The coaxial accelerator has an inner electrode with
cm radius and an outer electrode with a 10 cm radius wh
extends into the assembly region. A machine drawing of
ZaP experiment is shown in Fig. 3 identifying the releva
features. Recent modifications include a shaped end on

FIG. 1. Nonlinear simulation results showing the pressure contours in
pinch that contains no flow~plots on the left! and a Z pinch that contains a
flow such thatvz(r 50)50 and vz(r 5a)50.2kaVA ~plots on the right!.
The figure shows the evolution of the pressure contours~a! at an interme-
diate time and~b! immediately before the static Z pinch disrupts. The initi
states are not shown.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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1685Phys. Plasmas, Vol. 10, No. 5, May 2003 Sheared flow stabilization experiments in the ZaP . . .
inner electrode and an exit hole on the outer electrode
wall to reduce stagnation the plasma flow. For reference
pinch midplane is defined asz50. The end of the inner
electrode is atz5225 cm, and the neutral gas is injected
z5275 cm. The capacitor bank power supply is configur
either for 28 kJ of stored energy at 9 kV or 46 kJ of stor
energy at 8 kV. The plasma current peaks at 230 kA wit
quarter cycle time of 28ms and at 275 kA and has a quart
cycle time of 30ms, respectively.

FIG. 2. Schematic representation of the Z-pinch plasma formation in
ZaP experiment:~a! neutral gas is injected into the annulus of the coax
accelerator,~b! breakdown of the gas and current flows to accelerate
plasma axially,~c! plasma moves radially toward the axis at the end of
accelerator,~d! plasma assembles along the axis,~e! plasma is attached
between the inner electrode and outer electrode end wall and inertia m
tains the axial plasma flow.
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP
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IV. EXPERIMENTAL RESULTS

The diagnostics on the ZaP experiment are designe
measure plasma evolution, equilibrium including flow, a
stability.

A. Formation of a Z pinch with sheared flow

An axial array of 23 surface-mounted magnetic prob
are installed in the outer electrode extending fromz
52120 cm to 20 cm. The probes indicate the current dis
bution and the acceleration of plasma in the acceleration
gion. Time traces of the azimuthal magnetic field in the a
celeration region is shown in Fig. 4. The initial current she
propagates down the acceleration region and into the ass
bly region. A propagation speed of approximately
3104 m/s can be measured. Later in time the field valu
along the axial array converge indicating a decrease in ra
current density and plasma acceleration.

The evolution of the electron number density in t
plasma is determined from a two chord, visible He–Ne h
erodyne quadrature interferometer. The chords can be pla
at the pinch midplane in the assembly region or at locati
in the acceleration region both downstream and upstream
the neutral gas injection plane. Figure 5 shows the aver
density along chords through the middle of the annulus

e
l
e

in-

FIG. 4. Azimuthal magnetic field at several axial locations as measured
the surface mounted magnetic probes. The initial current sheet propa
down the acceleration region. Later in time the field values converge i
cating a decrease in the plasma acceleration.
t
n
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h
or
-
f

e
e
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FIG. 3. Side view drawing of the ZaP
experiment identifying the relevan
features. The top and bottom ports i
the assembly region are used for spe
troscopic measurements of the Z-pinc
plasma, and the side ports are used f
obtaining images from the fast fram
ing camera and measuring density o
the Z-pinch plasma. The smaller sid
ports in the acceleration region ar
used to measure density during plasm
acceleration.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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tween the electrodes of the coaxial accelerator atz5265
and 225 cm. The data show the initial plasma sheet a
moves downstream pastz5265 and225 cm. After the ini-
tial plasma density atz5225 and265 cm, the density re-
mains at an elevated value before dropping toward zero

After the plasma reaches the end inner electrode,
plasma begins to assemble along the axis into the Z-p
plasma. Optical emission images obtained from a fast fra
ing camera through the pinch midplane port are presente
Fig. 6. The images in the figure are taken every 1ms and
view the plasma through a notch pass filter which pas
light with wavelengths between 500 and 600 nm. The plas
is viewed through a 4.7 cm diam hole through the ou
electrode which provides a scale for spatial extent of
images. The images show the development of a stable s
ture centered in the experimental device.

When the He–Ne interferometer is located at the pin
midplane, the Z-pinch plasma density can be determin
One chord traverses the plasma along the geometric d
eter, and a second chord is parallel to and 2 cm above
first chord. The plasma density is assumed to have spat
uniform values outside and inside the pinch. The radius
the pinch is determined from optical emission and spec
scopic data. The line-integrated densities measured from
two chords of interferometer data are combined with
pinch radius to compute the plasma density inside the pin
The plasma electron number density is determined to
1016–1017 cm23 inside the pinch.

B. Evolution of the Z-pinch plasma

An azimuthal array of eight equally-spaced, surfac
mounted magnetic probes are installed in the outer elect
at the pinch midplane. The probes measure the azimu
magnetic field at surface of the outer electrode. The magn
field values from the probe array are Fourier analyzed
determine the evolution of the low order azimuthal mod
(m51,2,3) of the Z-pinch plasma. Typical data are plotted
Fig. 7 showing the time evolution of them51 and m52
Fourier modes of the magnetic field. The average azimu
magnetic fieldB0(t) is defined as the simple average of
eight surface magnetic probes at each time. The ave

FIG. 5. Chord-averaged density in the acceleration region atz5225 and
265 cm. After the initial plasma density rise the density remains at
elevated value before dropping to zero.
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azimuthal magnetic field is used to normalize the Four
mode data at the pinch midplane, according
min(1,Bm(t)/max(B0(t),e)), whereBm(t) is the value of the
m mode component of the azimuthal magnetic field ande
50.01 T. The min and max functions are necessary to p
vent divide by zero errors during periods of low signal le
els. Them53 mode~not shown in the figure! is also ana-
lyzed and is lower than them52 level at all times. The
figure also shows the evolution of the plasma current
reference.

The plasma arrives at the pinch midplane at appro
mately 20ms. Magnetic mode fluctuation data before th
time are caused by signal noise and are not shown. The
tuation levels of the asymmetric modes are high when
Z-pinch plasma is assembling. After the pinch has form
the fluctuation levels for bothm51 andm52 change char-
acter for approximately 15ms, from 31 to 46ms. The
change in character is identified by lower levels and

n

FIG. 6. Optical emission images of the plasma through the side port a
pinch midplane obtained with a fast framing camera equipped with a no
pass filter which passes light with wavelengths between 500 and 600
The images show a stable structure centered in the experimental device
plasma is viewed through a 4.7 cm diam hole through the outer elect
which provides a scale for spatial extent of the images.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 7. Time evolution of Fourier components of th
magnetic field fluctuation at the pinch midplane form
51 and m52 showing the quiescent period from
31 ms to 46ms. The values are normalized to the a
erage magnetic field value at the pinch midplane. T
evolution of the plasma current~dashed curve! is in-
cluded for reference.
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creased frequency for the fluctuations. After this quiesc
period the fluctuation levels then again change character
crease in magnitude and frequency, and stay high until
end of the plasma pulse.

The optical emission images in Fig. 6 show a struct
that becomes brighter and remains stable for the duratio
the data collection. The timing of the stable period cor
sponds to the stable time shown in the magnetic data.
images indicate the pinch is stable during this time aga
all m50 modes visible through the optical access hole. T
pinch radius is estimated to be 1 cm. The images prov
visual confirmation of the gross stability of the Z-pinc
plasma. Furthermore, the images indicate the plasma is
tered in the vertical plane with respect to the experimen
geometry.

As stated previously, the plasma electron number den
at the pinch midplane is determined to be 1016–1017 cm23

inside the pinch assuming a 1 cmpinch radius and a uniform
density within the pinch radius. If it is assumed that
plasma current flows outside of the pinch radius, then
total plasma temperature can be determined from the m
netic field at the outer electrode and the density informati
The magnetic field measured at the 10 cm outer electrod
the pinch midplane is 0.15–0.25 T. The magnetic field at
pinch radius is then 1.5–2.5 T. The total plasma tempera
(Te1Ti) is estimated from force balance to be 150–200

Density profiles at a single time are obtained with
double-pass holographic interferometer that uses a pu
ruby laser. The laser pulse length is less than 50 ns.
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP
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integrated density profiles are deconvolved using an A
method. Deconvolved density profiles are shown in Fig
obtained~a! early in the plasma quiescent period at 22ms
and ~b! late in the plasma quiescent period at 27ms. The
profiles show a discrete plasma pinch with a radius of 0.5
during assembly. The plasma density is peaked. Late the
escent period the plasma pinch expands to 1 cm in radius
develops a hollow core structure. The values of the pin
radius and density are consistent with the data from
He–Ne interferometer. The hollow density structure sugge
a hot plasma core has developed. The total plasma temp
ture profile can be calculated using force balance with
magnetic force and assuming a cold plasma outside of
pinch radius and no plasma current flows outside of
pinch radius. The total plasma temperature peaks at 60
early in the quiescent period and approximately 200 eV l
in the quiescent period. However, the temperature values
sensitive to the assumed current distribution. More diagn
tic information is needed before an accurate temperature
file can be determined.

Numerical simulations indicate the Z-pinch plasma
heated through compression from the larger radius of
coaxial accelerator to the pinch radius and by resistive h
ing once in the pinch. The evolution of the plasma tempe
ture can be qualitatively determined by measuring the l
radiation emission from different ionization states of imp
rity ions. A photomultiplier tube~PMT! is connected to the
output of a 0.5 m spectrometer which views the plas
through fused-silica optics. The combination of the sp
r

-

FIG. 8. Deconvolved density profiles
from the holographic interferomete
obtained~a! early in the plasma quies-
cent period at 22ms and~b! late in the
plasma quiescent period at 27ms. A
hollow structure is seen to develop in
dicating a hot plasma core.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 9. Time-dependent emission of the C-III line a
229.7 nm and theC–V line at 227.1 nm atz510 cm.
The appearance ofC–V emission late in the quiescen
period is evident.
ra

he

th
t

si
o-

i

m
d
ng
m
u
in
om
rs
g
e
rt
n

er
ur

-
nt

o

p
-
ci
y

ion
te
he
m
pl
ng
m
m

or
e
e
line
ince
s a

he

g-
he
nd
ig-
t
he
the
der

e to
3.

the
m-

ge

hift
the
ce.
trometer grating and the output slit width limits the spect
view recorded by the PMT to full width at half maximum
~FWHM! of 0.18 nm. The time-dependent emission of t
C-III line at 229.7 nm and one of theC–V triplet lines at
227.1 nm are recorded at two axial locations along
Z-pinch plasma. Data from the PMT measurement az
510 cm are shown in Fig. 9. The appearance of theC–V
emission late in the quiescent period indicates a progres
heating of the plasma.~For these pulses, the neutral hydr
gen gas was doped with methane to increase the carbon
purity emission intensity.!

Impurity line radiation is also measured with a 0.5
imaging spectrometer with an intensified charge-coupled
vice ~ICCD! detector. The ICCD detector is set to a gati
time of 100 ns and the trigger time is varied between plas
pulses. The spectrometer images 20 spatial chords thro
the plasma onto the ICCD camera using telecentric view
telescopes.18 The telescopes are connected to the spectr
eter with a fiber bundle composed of 20 fused silica fibe
The chords image 20 points spaced 1.24 mm apart alon
diameter through the pinch. Optical access to the midplan
provided through the radial viewports and oblique viewpo
positioned at a 35° angle to the plasma column, as show
Fig. 3. The presence of theC–V emission is confirmed with
this diagnostic. The chord with the largest amplitude is int
preted as the location of the plasma center. The meas
C–V triplet at 227.1, 227.7, and 227.8 nm is fit with a tem
perature broadened Gaussian with the predicted ce
wavelengths and relative intensities. An ion temperature
170 eV provides the best fit.

Velocity profiles are determined by measuring the Do
pler shift of impurity line radiation. The velocity of the im
purity ions are assumed to be representative of the velo
of the main plasma ions.19,20The assumption is supported b
the relatively high plasma density which has an ion collis
time of approximately 200 ns. Doppler shifts are calcula
by viewing the plasma through the oblique viewport with t
ICCD spectrometer. The oblique view has a directional co
ponent along the axis and, therefore, is sensitive to Dop
shifts from axial flows. The ICCD detector is set to a gati
time of 1 ms and the trigger time is varied between plas
pulses. Figure 10 shows the output from the ICCD spectro
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP
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eter tuned to the C-III line at 229.7 nm. The trigger time f
the ICCD is 30ms which is during the quiescent period. Th
data show a shift of the C-III line being emitted from th
central plasma, chords 5–18, and a lesser shift of the
being emitted from the edge plasma, chords 1 and 20. S
the bottom oblique viewport is being used, the plasma ha
component of the axial velocity that is moving towards t
viewport and produces the expected blueshift.

After the quiescent time the plasma flow velocity is si
nificantly reduced. Figure 11 shows the output from t
ICCD spectrometer tuned to the C-III line at 229.7 nm a
viewing the plasma through the oblique viewport. The tr
ger time for the ICCD is 38ms which is after the quiescen
period and when the magnetic mode activity is high. T
spectra for all of the spatial locations are centered on
229.7 nm reference line in the figure. The peaks are broa
indicating random plasma motion and plasma heating du
flow stagnation on the electrode end wall, identified in Fig.

When the edges of the emissivity profile are seen,
data can be deconvolved to provide profiles with an i
proved spatial dependence.21 An accurate deconvolution is
not possible without simultaneous data to identify the ed

FIG. 10. Chord-integrated C-III line~229.7 nm! emission at 30ms with a
1 ms gate obtained with the ICCD spectrometer showing the Doppler s
of the impurity line in the core of the pinch and a smaller shift towards
edge of the plasma. The solid line is positioned at 229.7 nm for referen
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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and center of the plasma. However, an approximate velo
profile can be determined by fitting the chord integrated d
with shifted and broadened Gaussian functions. Typica
deconvolutions are not possible for data obtained outsid
the quiescent period. To allow for a meaningful comparis
approximate axial velocity profiles are shown in Fig. 12. T
data were obtained during the pinch assembly, during
quiescent period, and during the high fluctuation period
compilation of the magnetic field fluctuation at the pin
midplane for them51 mode is shown in Fig. 13 for thre
pulses corresponding to the pulses used for the velocity
files. A quiescent period from 22ms to 38ms is evident. The
shaded regions in the figure indicate the times during wh
Doppler shift spectra were recorded.

During the pinch assembly the magnetic fluctuation le
is high and the plasma axial velocity profile is uniform wi
a value of approximately 43104 m/s. During the quiescen

FIG. 11. Chord-integrated C-III line~229.7 nm! emission at 38ms with a
1 ms gate obtained with the ICCD spectrometer showing a negligible D
pler shift of the impurity line. The solid line is positioned at 229.7 nm f
reference.

FIG. 12. Plasma axial velocity profiles based on the C-III line at 229.7
as a function of geometric radius obtained during the pinch assembly, du
the quiescent period, and during the high fluctuation period.~The times are
indicated in Fig. 13.! The plasma flow is peaked with a large shear at
edge during the quiescent period. The plasma flow is low and unif
during pinch assembly and after the quiescent period. The data have
fit with shifted Gaussians but not deconvolved to allow for a unifo
comparison.
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period the magnetic fluctuation level is low and the plas
axial velocity profile is peaked with a large shear at the ed
The velocity profile shows a large axial velocity in the inn
core of the pinch to be 105 m/s. The velocity remains rela
tively uniform in the inner core and then drops off to a low
value of 43104 m/s towards the edge of the pinch. After th
quiescent period the magnetic fluctuation level is high a
the plasma axial velocity profile is low with a maximum
velocity of approximately 104 m/s.

V. DISCUSSION AND COMPARISON TO THEORY

During the quiescent period the plasma flow is organiz
into a profile that has a large radial shear of the axial vel
ity. The shear is maximum close to the plasma edge. A
the quiescent period the plasma becomes turbulent and
flow velocity is mostly uniform with a maximum conside
ably less than during the quiescent period.

The measured axial flow shear can be compared to
required threshold predicted by linear theory. Experimen
plasma values at the peak plasma current are used for
comparison. The magnetic field at the outer electrode is m
sured to be 0.18 T for a magnetic field value at the char
teristic pinch radiusBa51.8 T assuming zero plasma curre
density forr .a. The electron number density in the pinch
measured to ben5931016 cm23. The Alfvén velocity is
VA5Ba /AmoMin51.33105 m/s whereMi is the mass of a
hydrogen ion. The growth rates of them50 and m51
modes are approximatelykVA assuming a static plasma. Fo
the case ofka5p the growth time would be 24 ns for
static Z-pinch plasma with the magnetic field strength a
density measured on the ZaP experiment. The required a
velocity shear for stability according to the shear flow sta
lization theory presented in Ref. 15 is 4.23106 s21.

The experimental results show a stable period of 17ms
which is over 700 growth times. The experimentally me
sured axial velocity shear is 1.93107 s21 during the stable
period and approximately zero afterwards when the magn
mode fluctuations are high. The correlation of the expe

-

ng

en

FIG. 13. Compilation of three pulses of the magnetic field fluctuation at
pinch midplane for them51 mode showing the quiescent period fro
22 ms to 38ms. The shaded regions indicate the times during which D
pler shift spectra were recorded.
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mental stability data with the plasma flow measurement
consistent with the shear flow stabilization theory presen
in Ref. 15.

A coincidental relation has been experimentally me
sured. Magnetic fluctuations are low when a sheared a
flow is present, and the magnetic fluctuations are high w
the shear is reduced. However, at this point a causal rela
cannot be determined. It has not been determined that
decrease in the plasma velocity shear leads to the increa
the magnetic fluctuations.

The plasma density in the accelerator region, shown
Fig. 5, remains at an elevated level until 42–45ms. The
magnetic field distribution in the accelerator region, sho
in Fig. 4, indicates a Lorentz force that remains appro
mately constant once established from 25 to 45ms. At that
time the magnetic field values converge indicating the ac
erating force has decreased significantly. Shortly after
time, the quiescent period ends. It is conjectured the pla
source has been exhausted and the plasma flow in
Z-pinch stagnates.

VI. CONCLUSIONS

The ZaP experiment has generated Z-pinch plasmas
an axial plasma flow that is sheared in the radial directi
Magnetic fluctuations are low when a sheared plasma flo
present. The magnetic fluctuations are large when the pla
flow shear is lower, during the initial pinch assembly a
after the quiescent period. The experimental measurem
indicate a Z-pinch plasma that becomes progressively ho
during the quiescent period. The experimental evidenc
consistent with the theory that gross MHD modes of the
pinch can be stabilized with a sufficiently sheared ax
plasma flow. The sheared flow stabilization of the Z pin
has important implications for the flow Z pinch. A flow
pinch designed with a sheared flow could make a sim
steady-state fusion device, such as described in Ref. 14.
ditionally the flow stabilization effect may be applied
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP
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other magnetic confinement configurations to reduce
amount of magnetic shear required for gross plasma stab
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Formation of a sheared flow Z pinch
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The ZaP Flow Z-Pinch project is experimentally studying the effect of sheared flows on Z-pinch
stability. It has been shown theoretically that whendVz/dr exceeds 0.1kVA the kink sm=1d mode is
stabilized.fU. Shumlak and C. W. Hartman, Phys. Rev. Lett.75, 3285s1995d.g Z pinches with an
embedded axial flow are formed in ZaP with a coaxial accelerator coupled with a 1 m assembly
region. Long-lived, quiescent Z pinches are generated throughout the first half cycle of the current.
During the initial plasma acceleration phase, the axial motion of the current sheet is consistent with
snowplow models. Magnetic probes in the assembly region measure the azimuthal modes of the
magnetic field. The amplitude of them=1 mode is proportional to the radial displacement of the
Z-pinch plasma current. The magnetic mode levels show a quiescent period which is over 2000
times the growth time of a static Z pinch. The axial velocity is measured along 20 chords through
the plasma and deconvolved to provide a radial profile. Using data from multiple pulses, the time
evolution of the velocity profile is measured during formation, throughout the quiescent period, and
into the transition to instability. The evolution shows that a sheared plasma flow develops as the Z
pinch forms. Throughout the quiescent period, the flow shear is greater than the theoretically
required threshold for stability. As the flow shear decreases, the magnetic mode fluctuations
increase. The coaxial accelerator provides plasma throughout the quiescent period and may explain
the evolution of the velocity profile and the sustainment of the flow Z pinch. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1928249g
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I. INTRODUCTION

One of the earliest studied magnetic plasma confine
geometries was the Z pinch.1,2 Static Z pinches are unstab
to the m=0 ssausaged and m=1 skinkd modes. Numerica
analysis has shown that Z pinches can be stabilized w
radially sheared, axial flow.3–7 The ZaP Flow Z-Pinch exper
ment at the University of Washington is presently study
the effect of sheared flow on the stability of the Z pinch.8,9 Z
pinches with an embedded flow are generated by coupl
coaxial acceleration region with a pinch assembly regio
stationary Z pinch persists in the assembly region for m
instability growth times during a quiescent period in
magnetic mode fluctuations. During this period an axial fl
shear is measured in the Z pinch. At the end of the quie
period, the flow shear is below the threshold given by Re

A Z pinch is one of the simplest magnetic confinem
configurations. It consists of column of plasma with an a
current, where the self-azimuthal magnetic field prov
confinement. The Z-pinch equilibrium can be described
the magnetohydrodynamic force balance equation

=P + rsV · = dV = j 3 B, s1d

where P is the pressure,r is the mass density,V is the
velocity, j is the current density, andB is the magnetic field
When the gradients are only in ther direction, no axial mag
netic fields are applied, and the flow is only in thez direc-
tion, Eq. s1d reduces to

ad
Electronic mail: golingo@aa.washington.edu
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m0r

dsrBud
dr

+
dP

dr
= 0, s2d

the equilibrium of a static Z pinch. This equilibrium has b
well studied.

Typically Z pinches are unstable tom=0 ssausaged and
m=1 skinkd modes. Traditional methods have been use
stabilize Z pinches. Both modes can be stabilized by ap
ing an axial magnetic field.10,11This method places a limit o
the maximum plasma pressure. The kink mode can be
lized with close-fitting walls.12 The maximum temperature
the plasma is limited by the heat load to the wall. Kadom
showed the sausage mode can be stabilized by adjustin
pressure profile, but the Z pinch is still unstable to the
mode.13 Linear stability calculations have shown tha
sheared axial flow can stabilize the kink mode in a Z pinch
where the pressure profile is marginally stable to the sau
mode. The required amount of flow shear is given by

dVz

dr
ù 0.1kVA, s3d

wherek is the axial wave number andVA;B/Îm0r is the
Alfvén velocity. The ZaP experiment is presently study
this result.

A description of the Z-pinch formation process, exp
mental device, and diagnostics is given in Sec. II. A se
operational parameters is identified where a quiescent p
is measured in the magnetic mode amplitudes. The ex
mental results from this set of operational parameters

presented in Sec. III. Section IV compares the results to co-

© 2005 American Institute of Physics5-1
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axial accelerator models and to the flow shear stabiliza
threshold. Conclusions and future work are discussed in
V.

II. EXPERIMENTAL APPARATUS AND METHODS

The ZaP experiment uses a unique technique to fo
pinches with an embedded flow. Previous experiments u
coaxial accelerators have seen pinchlike structures at th
of the inner electrode that persist throughout the cu
pulse.14,15 By introducing an assembly region at the end
coaxial accelerator, ZaP forms Z pinches with an embe
flow.

A. Method of operation for ZaP

Z pinches are formed by collapsing an axially movi
annular current sheet onto thez axis. A machine drawing o
the experiment is shown in Fig. 1 for reference. The in
steps in the formation process are similar to those of
puffed coaxial accelerators. Hydrogen neutral gas, s
times mixed with methane, is puffed between two coa
electrodes at the gas injection plane. While the gas dens
still concentrated at the gas inlet, a voltage is applied
tween the electrodes. The neutral gas breaks down at th
inlet location, forming an annular current sheet. Thej 3B
force accelerates the current sheet along the electrode
initial steps of the formation have been studied in o
devices.14,16–18

The addition of a Z-pinch assembly region differentia
ZaP from these other machines. When the current s
reaches the end of the acceleration region, the Z pinch b
to form. As the current sheet travels past the end of the
electrode, the inner region of the current sheet collapses
the axis. The outer region of the current sheet continu
travel along the outer electrode, stretching the current s
as it continues to assemble along the axis. This proce
compressing and stretching continues until the outer re
of the current sheet reaches the electrode end wall. Th
maining current sheet then collapses onto the axis com
ing the Z-pinch formation process. The formation proc

FIG. 1. Diagram of the ZaP experiment showing the 1 m assembly re
The gas puff valve inlets are at the neutral gas injection plane. The c
sheet forms at the gas injection plane and is accelerated for 0.5 m be
begins to collapse on axis. The Z pinch forms in the assembly region.
of the measurements shown are made at thez=0 plane of the experimen
Stagnation of the flow at the electrode end wall is alleviated by providin
exhaust through the electrode end wall.
generates a Z pinch with an embedded axial flow.

Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP 
.

g
d

t

d

-
-

s
-
as

he

t
s
r
o
o
t
f

-
t-

B. Experimental device

The geometry of the acceleration region is simila
accelerators used at the Los Alamos Scientific Labs in
1960s.19 The electrodes for the experiment are contained
vacuum vessel, see Fig. 1. The inner electrode is a 1 m
10 cm outer diameter copper tube. A shaped copper
cone is attached at the exit of the acceleration region.
assembly region is formed by extending the outer elec
1 m beyond the end of the inner electrode. The outer
trode is a 20 cm inner diameter copper tube. Gas is p
into the midpoint of the acceleration regionsz=−75 cmd
with nine fast puff valves. One valve is located on the in
electrode and injects neutral gas into the annulus thr
eight symmetrically placed ports. Eight valves are locate
the outer electrode. Each of these valves injects neutra
through a port opposite an inner electrode port. The timin
each valve can be varied to control the initial neutral ga
profile. Most of the measurements shown in this pape
made atz=0 cm s20 cm from the tip of the inner electro
nose coned. An electrode end wall is attached to the end
the outer electrode. A hole is placed in the center of the
wall to allow plasma to exit. All plasma facing surfaces h
been sprayed with 0.25 mm of tungsten.

A capacitor bank, configured as a pulse forming
work, provides the energy for plasma breakdown and a
eration. Two banks, each with four 170mF capacitors, ar
switched into the plasma load withD-size ignitrons. Induc
tors are used between the capacitors to create a flattop
current wave form. Both capacitor banks are triggered a
same time for the data shown here.

C. Diagnostics

The array of diagnostics on the ZaP experiment m
sures the general characteristics of the driving circuit,
magnetic field, and plasma properties. The design of th
struments and the analysis of the data can be found i
references of this section. The total plasma current an
voltage between the electrodes is measured in each pu20

Arrays of surface-mounted magnetic field coils are use
measure the magnetic field. A linear array of magn
probes measures the axial variation of the azimuthal
netic field. These probes are spaced every 5 cm alon
outer electrode. The location of the current sheet and r
current densities can be found with this array.21 If the curren
density is axisymmetric, the average radial current densj r
between two probesi and i +1 at the outer electrode is giv
by

j r =
Bi − Bi+1

m0szi+1 − zid
, s4d

whereBi is the azimuthal magnetic field at axial locationzi.
Four azimuthal arrays measure the azimuthal variation o
magnetic field atz=−25, 0, 35, and 70 cm. These arr
consist of 8, equally spaced probes except atz=−25 cm
where the top two probes have been removed for op
access. The azimuthal Fourier componentsBm of the mag

.
t
it
t

netic field at each axial location are found with these arrays.
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The radial displacement of the current,Dr, is proportional to
the normalizedm=1 component,Bm/ kBl, by

Dr =
rwall

2

B1

kBl
, s5d

when all of the current is in the Z pinch.20 The magneti
field, current, and voltage probes are calibratedin situ. This
keeps the error in the calibration factors to less than
Most of the uncertainty in the measurements is due to
tizer bit noise.

The shape of the optical emission from the plasm
measured with an Imacon fast-framing camera. F
scopes,22 a spectrometer with a photomultiplier tube a
charged-coupled device camera,23 and a solid-stat
bolometer24 monitor the radiation from different regions
the spectrum. The line-integrated plasma density, thr
various chords of the device, is measured with a two ch
heterodyne, quadrature, HeNe interferometer.25–27 The
chords can be configured to measure the snowplow s
axial variations of the density in the accelerator, and the
erage pinch density. A holographic interferometer is use
measure the radial density profile of the Z pinch.28

Passive spectroscopy is used to measure the veloc
the plasma. Impurities entrained in the plasma emit line
diation at discrete wavelengths. The motion of the impur
relative to the viewing optics causes radiation to be Dop
shifted. By measuring the centroid and width of the line
diation, the velocity and temperature of the impurities ca
found. The impurities and plasma should have the s
properties due to the short equipartition times in the Z pi
This has been verified by forming Helium plasmas and m
suring the properties of the bulk Helium plasma and the
purity ions.

Light from 20 parallel chords, spaced 1.78 mm ap
through the plasma is collected with telecentric telescop29

Doppler shifted and unshifted spectra are collected by v
ing the plasma 35° and 90° to thez axis. The spectral inten
sities are resolved with a 0.5 m spectrometer, and reco
during a 100 ns interval on an image intensified cha
coupled devicesICCDd. A shell model is then used to deco
volve the line-integrated data to give the ion velo
profile.30 A complete discussion of the error determinatio
found in Ref. 30. Multiple pulses are used to determine
temporal evolution of the velocity profile. An ion Dopp
spectrometersIDSd sRefs. 31 and 32d has been used to veri
the temporal evolution of the velocity. Ion temperature
magnetic field measurements can also be made with
ICCD spectrometer.

III. EXPERIMENTAL RESULTS

A set of operating parameters has been identified w
lead to long-lived, quiescent Z pinches. The inner gas
valve is triggered at −1.7 ms. Four outer gas puff val
spaced 90° apart, are triggered at −1.5 ms. The other
outer valves are triggered at −0.5 ms. The capacitor b
provide a current pulse with a flattop, shown in Fig. 2, to
Z pinch for 35ms. This configuration has generated lo

quiescent periods on the ZaP experiment.
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The figure of merit for the performance of the Z pinc
the length of the quiescent period in the normalized mag
mode activity of the azimuthal array located atz=0 cm.
Large fluctuations in the mode activity are seen during
formation of the Z pinch. The activity then decreases f
period of time, during which a quiescent Z pinch is seen
the axis of the machine. The time when the normalized m
amplitude is below an empirical value of 0.2 is defined as
quiescent period. During the quiescent period, the maxi
displacement of the current given by Eq.s5d is about 1 cm
the approximate radius of the pinch. Later the characte
amplitude of the mode fluctuations then change. During
time, instabilities are seen in the Z pinch. This section
scribes the initial acceleration of the plasma, the meas
plasma properties atz=0 cm, and the evolution of the velo
ity throughout the lifetime of the Z pinch.

A. Current sheet acceleration

The initial current sheet and plasma acceleration are
sistent with models developed for coaxial accelerators33–35

The location of the current sheet is measured with the

FIG. 3. Spatial variation ofBu measured by the linear array at 5ms inter-
vals. The error in the magnetic field measurement is smaller than the s
size. The location and speed of the leading edge current sheet is foun

FIG. 2. The normalized magnetic mode amplitudes are shown for a t
pulse. When the current sheet arrives atz=0 cm large fluctuations are se
in the mode amplitudes. The normalized mode amplitude then dec
below an empirical value of 0.2. A quiescent Z pinch is seen on the a
the assembly region during this period. At the end of the quiescent p
the amplitude and character of the mode changes. Kinks are seen in
pinch after the quiescent period. The currentsdashed lined with the 35ms
flattop is shown for reference.
the initial rise of the field.
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array of magnetic field probes. The azimuthal magnetic
along the outer electrode at 5ms intervals is shown in Fig.
The location and velocity of the current sheet are found f
the initial rise of the magnetic field. The current shee
moving <40 km/s as it exits the acceleration region. As
current sheet travels down the acceleration region, ne
gas ahead of the current is ionized and entrained in the
rent sheet. The line-integrated plasma density increas
the current sheet travels from the neutral gas injection p
to the exit of the accelerator, shown in Fig. 4. These re
are compared to the theoretical predictions in the follow
section.

B. Properties of the Z pinch

The properties of the Z pinch are measured at thez=0
plane, see Fig. 1. The two-chord interferometer measure
average density in the Z pinch. One chord of the interfer
eter is located through a diameter of the outer electr
through the axis of the assembly region. The other cho
located 1.5 cm above the first chord. The difference in
line-integrated density between the chords is proportion
the average pinch density, shown in Fig. 5. As the cur
sheet sweeps past this plane large magnetic mode activ
measured. During this period, approximately equal l
integrated densities are measured along both chords.

FIG. 4. The line averaged density measured at two axial locations i
accelerator. The density in the current sheet is increasing as it travels
the acceleration region, consistent with snowplow models.

FIG. 5. sad Line-integrated density through two impact parametersb at the
z=0 cm plane.sbd Normalized mode amplitudes atz=0 cm. During the
quiescent period in the mode activity, a larger line-integrated dens
measured on the axis of the assembly region. The difference in the

integrated density is proportional to the average Z-pinch density.
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the Z-pinch forms, a quiescent period is seen in the m
data. The line-integrated density through the center of t
pinch is larger than the line-integrated density 1.5 cm a
the axis. These data show a quiescent Z pinch with an
age density of 231022 m−3. When the magnetic mode act
ity increases after the quiescent period ends, a uniform
sity is again measured along both chords.

Other diagnostics in the assembly region also see
same behavior of the plasma. The images of the total vi
plasma emission show a stable Z pinch during the quie
period, shown in Fig. 6. The location of the centroid of
visible emission corresponds with the location of cur
found with the magnetic probes. The characteristic radiu
the Z pinch found with these images is 1 cm, which is c
sistent with the radius found with the ICCD spectrometer
holography. The average magnetic field at the outer elec
is 0.1 T during the quiescent period. The edge magnetic
is 1.0 T assuming that all of the current is located insid
the Z pinch. The total temperature from pressure balan
124 eV. Measurements of the ion temperature made wit
IDS and ICCD spectrometers are approximately half of
total temperatures computed from pressure balance. A
magnetic mode activity increases, the character of th
pinch changes. Images of the total visible plasma emis
show a kink during this time, shown in Fig. 7. The initial h
wavelength of the kink shown at 75.9ms is <1 cm.

g

-

FIG. 6. Images of the visible plasma emission show a stable, long-liv
pinch during the quiescent period. This series of images was taken th
a 4.7 cm diameter hole in the outer electrode atz=0 cm. No filters hav
been used to obtain these images. The acceleration region is to the
sPositivez is to the left.d

FIG. 7. Images of the visible plasma emission show a kink beginnin
form during increased mode activity. This series of images was
through a 4.7 cm diameter hole in the outer electrode atz=0 cm. No filters
have been used to obtain these images. The kink is moving in the posz

direction.

license or copyright, see http://pop.aip.org/pop/copyright.jsp



Z
mea
nm
n is
e re
e o
s o

tion,

e

of
ine-
Figs
300
. 8.
gho
tnes
end

el to
-
15.
rger

loc-
dard

6.
ng
was
by

r a

in
form

ows
the

ly
ode
ugh

arge
inch.

eter
emis
ofile

eter
emis
aked

eter
emis-
n. A
t this

eter
emis-
aked
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C. Velocity evolution

The velocity evolution throughout the lifetime of the
pinch is measured. The ICCD spectrometer is used to
sure the impurity emission of the C III line at 229.7
during a 100 ns interval of a pulse. The velocity evolutio
measured by adjusting the time at which the spectra ar
corded between multiple pulses. The start and end tim
the quiescent period can vary by several microsecond
each pulse. Normalizing the time accounts for this varia

t =
t − tstart

tend− tstart
, s6d

where tstart is the start time andtend is the end time of th
quiescent period for each pulse.

C III line emission is present throughout the evolution
the Z pinch for the data shown. Characteristic, l
integrated, emissivity profiles are peaked as shown in
8–11. The peak line-integrated C III line emission is
counts during the formation of the Z pinch, shown in Fig
The brightness then increases and remains high throu
the quiescent period, shown in Figs. 9 and 10. The brigh
of the C III emission decreases as the quiescent period

FIG. 8. The C III line emission is measured with the ICCD spectrom
t=−0.40 with a 100 ns gated exposure. A characteristic line-integrated
sion profile during the formation of the Z pinch is shown. A peaked pr
with a maximum intensity of 300 counts is measured at this time.

FIG. 9. The C III line emission is measured with the ICCD spectrom
t=0.23 with a 100 ns gated exposure. A characteristic line-integrated
sion profile from the first half of the quiescent period is shown. A pe

profile with a maximum intensity of 4000 counts is measured at this time.
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shown in Fig. 11. These profile shapes allow a shell mod
be used to calculate the velocity profile.30 Deconvolved ve
locity profiles from the four pulses are shown in Figs. 12–
As expected the error in the velocity measurement is la
when the brightness of the C III emission is low. The ve
ity profile evolution is then measured throughout a stan
pulse.

The evolution of the velocity profile is shown in Fig. 1
Data in Fig. 16sad are obtained by varying the ICCD timi
over 70 pulses. The radial velocity profile for each pulse
then found. The normalized time of each profile is given
Eq. s6d. Figure 16sbd shows the magnetic mode activity fo
typical pulse from the survey. As the Z pinch formssnegative
td a uniform velocity of 100 km/s is seen. As the activity
the magnetic mode decreases, a sheared flow begins to
in the Z pinch. The velocity in the center of the plasma sl
to <40 km/s, creating a large positive velocity shear on
edge of the Z pinch. Att<0.6, the edge velocity quick
slows to less than 0 km/s. Changes in the magnetic m
activity are not seen when velocity shear briefly goes thro
zero. During the last part of the quiescent period a l
negative velocity shear is present on the edge of the Z p

-

-

FIG. 10. The C III line emission is measured with the ICCD spectrom
t=0.92 with a 100 ns gated exposure. A characteristic line-integrated
sion profile during the second half of the quiescent period is show
peaked profile with a maximum intensity of 6000 counts is measured a
time.

FIG. 11. The C III line emission is measured with the ICCD spectrom
t=0.96 with a 100 ns gated exposure. A characteristic line-integrated
sion profile towards the end of the quiescent period is shown. A pe

profile with a maximum intensity of 1000 counts is measured at this time.
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The sign of the shear does not matter since a simple co
nate transformation can change the sign. Towards the e
the quiescent period, the velocity in the center of the Z p
begins to decrease and the edge velocity increases. A
velocity becomes uniform, the magnetic mode activity
creases. The magnetic mode activity is low with either n
tive or positive velocity shears.

IV. DISCUSSION OF RESULTS

The results from the experiment are consistent with t
ries that describe coaxial accelerators and sheared flow
bilization. The initial current sheet can be described w
snowplow models. Throughout the quiescent period
plasma flow in the Z pinch may be driven by deflagra
processes in the accelerator.36 As the velocity shear de
creases, the magnetic mode activity increases. The ve
shear levels are consistent with the calculated thresho
Ref. 3.

A. Current sheet acceleration

Snowplow models have been developed to describ
plasma during the acceleration of a current sheet.33–35 The
current sheet in the ZaP experiment is modeled with the

FIG. 12. The velocity profile is found with the measured line emis
shown in Fig. 8. A characteristic velocity profile during the formation of
Z pinch is shown. A mostly uniform velocity of<100 km/s is measured

FIG. 13. The velocity profile is found with the measured line emis
shown in Fig. 9. A characteristic velocity profile during the first half of

quiescent period is shown. The velocity profile has a positive shear.
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dependent description given by Ref. 35. The driving cir
is assumed to be a simple LRC circuit. The models ass
that the plasma is accelerated by a massless piston, driv
the j 3B force. Neutral gas ahead of the current she
ionized and entrained in the sheet. The equation of m
and Kirchoff’s equation are used to describe the motio
the current sheet. The equation of motion can be written
function of the attachment location along the inner electr
z1std, when the piston shape,zsr ,td, is given by

zsr,td = r1
z1std

r
, s7d

wherer is the radial location of the current sheet andr1 is the
radius of the inner electrode. The system of equation
solved numerically.

The model uses the fill density, capacitor bank cha
teristics, and electrode radius to predict the rundown vel
of the current sheet. The ZaP experiment injects neutra
into the annulus between the electrodes with fast puff va
which have been characterized with a fast ionization ga
The fill density is 231022 m−3 if all the injected neutral ga
uniformly fills the annulus between the inner and outer e
trodes. The capacitor bank characteristics are measure

FIG. 14. The velocity profile is found with the measured line emis
shown in Fig. 10. A characteristic velocity profile during the second ha
the quiescent period is shown. The velocity profile has a negative sh

FIG. 15. The velocity profile is found with the measured line emis
shown in Fig. 11. A characteristic velocity profile towards the end o
quiescent period is shown. The velocity shear is decreasing as the qu

period ends.
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used in the snowplow model. The initial rundown of
current sheet is described by this snowplow model. Th
sults are shown in Fig. 17. The largest uncertainty is the
profile of the initial fill density. The results from three
densities are shown. The measured location of the cu
sheet, Fig. 17sad, agrees with predicted location. The chan
in the current, Fig. 17sbd, are small due to the small mag
tude of the changing inductance compared to the induc
of the capacitor bank.

B. Deflagration processes

Coaxial accelerators can accelerate plasmas using
flagration process.21,36,37In a deflagration process, the ioniz
tion of neutral gas propagates in the upstream direction
posite to the plasma velocity. The plasma is accelerated
a process similar to an expansion wave. Other experim
have seen a transition from snowplow to deflagra
processes.21 Unlike the snowplow model, deflagration p
cesses can continuously supply plasma to the Z pinch.

As the current sheet enters the assembly region, the
ization process in the accelerator transits to a deflagr
mode. Plasma density in the accelerator shows large p

FIG. 16. sad Contours of the velocity profile evolution atz=0 cm measure
with the ICCD. sbd Magnetic mode activity for a typical pulse from t
survey. The evolution of the velocity profile atz=0 cm is measured b
adjusting the ICCD trigger time over many pulsessdata from 70 pulses a
shownd. A normalized time is used to account for pulse to pulse variatio
the quiescent period. As the Z pinch is forming a uniform velocity profi
measured across the Z pinch. The center velocity slows as the qui
period begins. The center velocity remains constant throughout the qui
period. The edge velocity at this axial location remains high. Att<0.6 the
edge velocity quickly decreases to zero. Changes in the magnetic
activity are not seen when velocity shear briefly goes through zero. A
center velocity slows towards zero and edge velocity increases, the ma
fluctuations increase.
in the density before the quiescent period as the snowplow
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passes the axial location, see Fig. 4. Throughout the q
cent period, plasma is present in the accelerator, see
18sad. As the plasma density in the accelerator vanishes
mode activity increases.

Throughout the quiescent period, the plasma in the
celerator is forced towards the Z pinch. Figure 18sbd shows
the evolution of the radial current density along the o
electrode in the accelerator. The snowplow starts at the
tion of gas injection,z=−0.75 cm, and travels towards t
assembly region. Current begins to shed from the snow
and move in the −z direction. All the forces are in the po
tive z direction in the accelerator, suggesting neutral gas
hind the snowplow is being ionized during this time. Thj
3B force accelerates the plasma towards the Z p
throughout the quiescent period sustaining the flow. A l
radial current is measured at the end of the inner elect
When the deflagration process ends in the accelerato
velocity in the Z pinch decreases.

C. Comparison to stability theory

The quiescent period of the Z pinch lasts for many
stability growth times. Average plasma characteristics
summarized in Table I. The characteristic radius of th
pinch, a, measured by the fast framing camera, hologra
interferometer, and ICCD spectrometer is 1 cm. The ave
Z-pinch density during the quiescent period, found with
two-chord interferometer is 231022 m−3. Assuming that a
the current is in the Z pinch, the magnetic field at the p
radius Ba is 1 T. These plasma parameters give an Alf
velocity of 150 km/s. Assuming the shortest kink wa
length is equal to the Z-pinch diameter, the largest w
number is 314 m−1. The kink growth rate for a static Z pin
is gkink=kVA which corresponds to a growth time of 21
The Z pinch is stable for over 2000 growth times in the
experiment.

Instabilities are normally seen at the end of the quies
period. Since no axial fields are applied and the wall radi
ten times the pinch radius, traditional stabilization meth
cannot explain the quiescent period. Convective stabiliz

nt
nt

e

ic

FIG. 17. sad Experimentally measured position of the current sheet an
location predicted by a snowplow model for three fill densities.sbd Mea-
sured and predicted current. The experimental position and currensdia-
mondsd agree with the theoretical prediction. Changing the fill den
changes the velocity without significantly affecting the current.
of a 1 m Z pinch of a mode growing at 21 ns is not possible
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at the plasma speeds measured. The theoretical thresh
the velocity shear given by Eq.s3d is 4.73106 s−1. Through-
out the quiescent period the magnitude of the velocity s
on the edge of the Z pinch is above this value, shown in F
19–21. Initially the velocity shear is positive. The edge
locity slows during a short interval of the quiescent per
creating a negative velocity shear. Magnetic fluctuations
not seen when the plasma is flowing and the shear cha
sign atz=0 cm. The stability of the Z pinch is determined

FIG. 18. sad The average density near the gas injection planesdashed lined
and at the exit of the acceleration regionssolid lined. sbd Contours of the
radial current in the accelerator.scd Magnetic mode activity measured
z=0 cm. Vertical lines are placed at the start and end of the quiescent p
Plasma is present in the accelerator throughout the quiescent period
plasma may be formed from neutral gas which is behind the current
Measured radial currents accelerate the plasma towards the assembly
The radial current travels in the negativez direction, opposite to the dire
tion of force generated by current crossed with the self-generated field
deflagration process supplies plasma to the Z pinch during the quie
period in the magnetic mode activity atz=0 cm. The large current density
the exit of the accelerator may turn the plasma towards the axis at the
cone. As the deflagration process ends the magnetic mode activitz
=0 cm increases.

TABLE I. Multiple diagnostics are used to understand the behavior of t
pinch. The average plasma characteristics during the quiescent peri
summarized below.

a 0.01 m

ne 231022 m−3

Ba 1.0 T

VA 150 km/s
Downloaded 09 Sep 2005 to 128.95.35.163. Redistribution subject to AIP 
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the magnitude of the shear, not the sign. As the veloci
the center slows and the magnitude of the velocity s
approaches the threshold, the quiescent period atz=0 cm
ends.

V. CONCLUSION

The results from the ZaP experiment are consistent
the theoretical predictions of sheared flow stabilization
pinches with a sheared flow are generated in the ZaP e
ment using a coaxial accelerator coupled to an assemb
gion. The current sheet in the accelerator initially acts
snowplow. As the Z pinch forms, plasma formation in
accelerator transits to a deflagration process. The plasm
its the accelerator and maintains the flow in the Z pinch

During the quiescent period in the magnetic mode a
ity at z=0 cm, a stable Z pinch is seen on the axis of
assembly region. The evolution of the axial velocity pro
shows a large velocity shear is measured at the edge of
pinch during the quiescent period. The velocity shea
above the theoretical threshold. As the velocity shear
creases towards 0.1kVA, the predicted stability threshold, t
quiescent period ends.

The present understanding of the ZaP experiment s
that it may be possible for the Z pinch to operate in a st

.
is
t.
n.

e
t

e

re

FIG. 19. The measured velocity shear att=0.23 is shown. A positive ve
locity shear is measured at this time. The magnitude of the velocity sh
above the theoretical threshold, horizontal lines.

FIG. 20. The measured velocity shear att=0.92 is shown. A negative v
locity shear on the edge of the Z pinch is measured at this time. The
nitude of the velocity shear is above the theoretical threshold, horiz

lines.
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state if the deflagration process can be maintained by
stantly supplying neutral gas or plasma to the accelerat
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