View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNT Digital Library

SANDIA REPORT
SAND2008-4924

Unlimited Release

Printed August 2008

New Paradigm:

Controlling Initiation Phase is Necessary for
Optimization of Wire-Array Z-Pinch
Performance

G.S. Sarkisov, S.E. Rosenthal, T.W.L. Sanford, and P.V. Sasorov

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of Energy’s
National Nuclear Security Administration under Contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

@ Sandia National Laboratories


https://core.ac.uk/display/71318696?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Issued by Sandia National Laboratories, operated for the United States Department
of Energy by Sandia Corporation.

NOTICE: This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government, nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, make any warranty, express or implied, or
assume any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represent
that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government, any
agency thereof, or any of their contractors or subcontractors. The views and
opinions expressed herein do not necessarily state or reflect those of the United
States Government, any agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly
from the best available copy.

Available to DOE and DOE contractors from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728
E-Mail: reports@adonis.osti.gov

Online ordering: http://www.osti.gov/bridge

Available to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Rd.
Springfield, VA 22161

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@ntis.fedworld.gov

Online order: http://www.ntis.gov/help/ordermethods.asp?loc=7-4-
0#online




SAND2008-4924
Unlimited Release
Printed August 2008

New Paradigm: Controlling Initiation Phase is Necessary for
Optimization of Wire-Array Z-Pinch Performance

G.S. Sarkisov
Ktech Corporation
10800 Gibson Blvd. SE
Albuquerque, NM 87123

S.E. Rosenthal

ICF Target Design Department
Sandia National Laboratories
Albuquerque NM 87185-1186

T.W.L. Sanford

Diagnostics and Target Physics Department
Sandia National Laboratories
Albuquerque NM 87185-1196

P.V. Sasorov

Institute of Theoretical and Experimental Physics
Moscow 117218, Russia

ABSTRACT

The initiation phase of a wire-array is of paramount importance for achieving an axially
homogeneous z-pinch and reproducible, high x-ray power. The significance of wire-array
initiation during current prepulse for z-pinch performance has not been widely
acknowledged. To achieve new levels of progress in wire-array z-pinch physics it is
necessary to accept the importance of initiation physics, and to implement diagnostics of
array initiation. This communication provides a brief review pointing out the need to
control the initiation phase of a wire array for optimum z-pinch performance, and
suggesting why multi-MA wire-array z-pinch experiments fail to meet MHD

expectations.






CONTENTS

L Introduction............ooieii i 7
IL Polarity Effect. ... 7
III. Current-rate Effect........ ..o 7
IV. Ablation Symmetry vs. Core Condition............ccoeviiiiiiiiiiiiniiiiiin e, 8
V. Cold Core vs. HOt COTe....uueiniiitti e, 8
VI CONCIUSION. ... ettt e 9
VIL RefeIeNCeS. . ...t 11
VIIL APPENAIX. .ttt e e 13
FIGURES
1. Experimental setup with flashover switch and prepulse B-dot for ZR................ 13
2. Experimental setup for monitoring of the light emission symmetry at ZR........... 14






I. INTRODUCTION

The most powerful laboratory source of x-ray radiation is based on the wire array
z-pinch [1]. An axial plasma column is formed from the individual ablating metal wires
comprising the array. The degree of magnetic compression of the axial plasma cylinder
depends on both its azimuthal and axial symmetries, with improved symmetry resulting
in increased x-ray power. The azimuthal symmetry of a z-pinch depends essentially on
the number of wires comprising the array: a larger number of wires leads to better
azimuthal symmetry [2,3]. A z-pinch’s axial symmetry primarily depends on the wire-
array initiation. We do not consider in this brief communication the issue of small-scale
axial inhomogeneity that should also be controlled to get good compression and high x-
ray power. Recent investigations [4,5] show two main wire-initiation effects during the
current prepulse that impact the axial symmetry of ablation of the wire array: the polarity

effect [6,7,8] and the current rate effect [9,10,11].

II. POLARITY EFFECT

Effective Joule heating of a wire core occurs up to the moment of plasma
generation (breakdown). After breakdown the current switches from the wire core to a
low-resistance plasma surrounding the wire. Before breakdown, a strong radial electric
field can enhance or prevent electronic emission from the hot wire surface. Enhanced
electronic emission contributes to earlier breakdown of surrounding vapor. The moment
of breakdown varies along the wire length due to axial variation of the radial electric
field. Later breakdown enables higher temperature of the wire core by prolonged Joule
heating. Hence, an axial variation of the radial electric field maps to an axial variation of

the wire temperature at breakdown- the so-called polarity effect [6,12].

III. CURRENT-RATE EFFECT

Faster energy deposition into a metal wire leads to more energy absorption before
breakdown. This behavior constitutes the current rate effect [9], and it is related to the
inertia of metal/impurities vaporization. Joule heating by a faster current brings the wire

to a higher temperature before a breakdown-level vapor density has time to develop



around the wire. Higher temperature of the wire core also reduces the polarity-effect

induced inhomogeneity [13].

IV.  ABLATION SYMMETRY VS. CORE CONDITION

After breakdown a wire core remains in either a solid, melt, liquid, or a vaporized
state [13]. Breakdown that occurs during melting produces the greatest disturbance to
axial ablation symmetry. A melting wire is axially phase-inhomogeneous [13]. Liquid
metal expands in the form of submicron drops surrounded by vapor [14]. The melted
parts of the wire expand and ablate faster than its solid parts, because the ablation rate is
proportional to the ablating surface [15]. In contrast, an axially uniform homogeneous
ablation has been observed from wire cores that were totally in a hot liquid state at
breakdown [5]. Breakdown during a hot liquid state can be achieved by applying an
appropriately fast-rising prepulse current. The optimal current rate per wire must be
appropriate for transforming wire cores to a hot liquid state, and depends on metal type
[9]: it is relatively fast (dI/dt~100-150 A/ns/wire) for refractory metals like W; and
slower (dI/dt~20-50 A/ns/wire) for non-refractory metals like Al, with a wire diameter
~10-20 pum for either metal. An applied current rate high enough to rapidly transform the
wire cores into a gas-plasma state will eliminate the uniformity of the ablation phase [5],

leading to an axially non-uniform implosion and weak x-ray power.

V. COLD CORE VS. HOT CORE

Recent results from 1-us/6-MA Sphinx [16] show increased X-ray radiation by
controlling the initiation phase of an Al array explosion. A homogeneous condition of the
wire cores was achieved in [16] using 8 specially designed prepulse generators which
support ultra slow heating (dI/dt~0.002 A/ns/wire, heating time ~4 us) with resulting
low-voltage (~100 V/cm) breakdown of hydrocarbon impurities before Al melting. After
breakdown the Al wires were in a homogeneous solid state (T~ 600 K), leading to axially
symmetric ablation and enhanced X-ray yield. A liquid wire core ablates for a shorter
time than a solid core owing to its larger expansion velocity. This means a liquid core

(short-time ablation) is more appropriate for ~100-ns current accelerators, while a solid



core (long-time ablation) can be an effective ablator for ~1-us accelerators. Moreover,
increasing the initial liquid wire core temperature (increasing the expansion velocity and
therefore the ablation rate), allows one to effectively regulate the ablation time to match

it to the time of implosion for obtaining the highest peak X-ray power [17,18].

V. CONCLUSION

For the same prepulse current, one cannot increase indefinitely the wire number
to achieve better azimuthal symmetry without degradation of the axial symmetry, due to
decreasing of the current rate per wire [3,5,19]. Also, smaller-diameter wires, typically
employed in larger-wire-number arrays, produce stronger radial electric fields that would
require higher current rates per wire to minimize polarity-effect induced axial
inhomogeneity. So, an appropriate current-rate-per-wire prepulse (for axial symmetry),
combined with the largest possible wire number (for azimuthal symmetry) that allows the
necessary current rate per wire, results in the creation of the most symmetrical plasma
cylinder possible, critical for final magnetic compression and X-ray power. Symmetrical
ablation must be maintained for any parameter-scan experiments in order to best observe
expected scaling relationships [18]. Experiments designed to maximize x-ray power by
varying load parameters as suggested by MHD simulations have failed to demonstrate
the predicted behavior [19] probably because the symmetry conditions assumed in the
simulations were violated when the optimum wire-initiation requirements were no longer

met.

The symmetrical geometry of a wire-array does not automatically guarantee
symmetrical ablation. To obtain symmetrical ablation the initiation phase of the wire

array must be appropriately controlled.
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Monitoring and improvement of ablation symmetry of wire arrays on the ZR-
accelerator

VIII. APPENDIX

Simple diagnostics of ablation symmetry and tools for optimization of wire array

initiation can be proposed for wire-array experiments on the upcoming ZR accelerator.

Figure 1 presents a schematic of the typical cathode-anode plate with a wire array. Main

B-dots allow measurement of the large 28-MA current, while a prepulse B-dot, mounted

in the wall of the current return can, has greater sensitivity to measure the small prepulse

current. A plastic insert on the high-voltage cathode would operate as a flashover switch

with internal breakdown [4,5]. This switch can be used to change the prepulse current

rate. The external surface has a longer flashing length than the internal. This should lead

to surface breakdown across the internal surface rather than over the external. This

important design feature avoids early plasma generation in the narrow ~5 mm MITL gap

and thereby prevents a short circuit upstream of the wire array load.

-

prepulse B-dot

main
B-dot

—

ground anode

main
B-dot

J

( HV cathode

flashing surface

openings
)
# wire array
L
L/
flashover switch Y :‘
I\ plastic insert | |4
v /\
internal short  external long

non-flashing surface

Figure 1. Experimental setup with flashover switch and prepulse B-dot for ZR.

Figure 2(a) shows the setup for a 6-directional observation of the axial symmetry of the

wire-array-breakdown light and later ablation plasma-light emission. Because of the 4-5

13



order of magnitude difference between breakdown and plasma light emission, the
registration of the light at the end of the optical fiber must be done using two fast photo-

diodes with different attenuation filters. For a double array load, the number of channels

a D * b
current-return can / y 4 \

current-return can

with openings with openings <" e
P N R wire *,

," s*\ 3 ,"— '-,\array-'l *
, . i . . '
’ wire ] - N I|
’ Al [ 3 1
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] ' 1]
) : ' 5 ' array-2,’ ;
[} L}
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.
- .
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N . S -"
. . - ---
~ - 2
< -

.....

fiber with ) ) T 1
T light collimator and i flbter Wltz
issi photo diode collimator an
emission k photo diode

Figure 2. Experimental setup for monitoring of the light emission symmetry at ZR.

should be twice what is needed for a single array as shown in Fig. 2(b). This diagnostic
setup allows estimating the axial homogeneity of initial energy deposition into a wire
array before plasma generation as well as axial homogeneity of the array ablation. The
state of the wire cores (solid, liquid, or gas-plasma) at the moment of breakdown can be

estimated using the current prepulse waveform and the time and amplitude of the

breakdown light emission spike.
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