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curie 3.700 000 X E +1 *giga becquerel   (GBq) 

degree (angle) 1.745 329 X E -2 radian (rad) 

degree Fahrenheit tj. = (t°f + 459.67)/1.8 degree kelvin (K) 

electron volt 1.602 19   X E -19 joule (J) 

erg 1.000 000 X E -7 joule (J) 

erg/second 1.000 000 X E -7 watt (W) 

foot 3.048 000 X E -1 meter (m) 

foot-pound-force 1.355 818 joule (J) 
3      3 meter    (m ) gallon (U.S.   liquid) 3.785 412 X E -3 

inch 2.540 000 X E -2 meter (m) 

jerk 1.000 000 X E +9 joule (J) 
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absorbed 1.000 000 Gray (Gy) 
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pound-force/foot 4.788 026 X E -2 kilo pascal  (kPa) 
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pound-force/inch    (psi) 6.B94 757 kilo pascal  (kPa) 

pound-mass (lbm avoirdupois) 4.535 924 X E -1 kilogram (kg) 
2        -  2 kilogram-meter    (kg m ) 

kilogram/meter    (kg/m ) 
pound-mass-foot    (moment of inertia) 4.214 011 X E -2 

2 
pound-mass/foot 1.601 846 X E +1 

rad  (radiation dose absorbed) 1.000 000 X E -2 **Gray (Gy) 

roentgen 2.579 760 X E -4 coulomb/kilogram (C/kg) 

shake 1.000 000 X E -8 second (s) 

slug 1.459 390 X E +1 kilogram (kg) 

torr (mm Hg,   0    C) 1.333 22   X E -1 kilo pascal  (kPa) 

•The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s. 
**The Gray (GY) is the SI unit of absorbed radiation. 
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SECTION 1 
INTRODUCTION 

This report presents the results of the Advanced Switch Study Program at Pulse 
Sciences, Inc. (PSI). Most of the effort of the program was devoted to the operation 
and scaling of the Density Controlled Opening Switch (DCOS) concept for potential 
applications to Iong-conduction-time opening switches (£ 1 usec) of advanced simu- 
lators. A second part of the program addressed load power coupling through an 
opening switch for near-term applications to the DECADE simulator development and 
involved experiments on the DECADE MODULE-2 (DM-2). The DM-2 experiments 
demonstrated efficient load coupling and practically useful results for plasma radiation 
source development for the DECADE simulator. The DCOS studies achieved current 
density goals and conduction currents in the 100 kA range with up to 2 j^sec time 
durations for conduction, opening and high impedance before re-strike. A conduction 
mode suitable for external control of opening was obtained, a new mechanism for the 
impedance drop of the switch was identified, and models for scaling the self-opening 
and gating modes were developed. Although considerable progress in understanding 
the DCOS operation was made and the switch remains a promising candidate for long 
conduction time applications, some empirical aspects still remain to be resolved before 
the switch can be a priori engineered with confidence. 

1.1      BACKGROUND. 

The original concept for DCOS was developed at PSI in 1985 and was based on the 
realization that opening switches required to fully exploit the advantages of an 
induction store/vacuum opening switch simulator design would need to conduct for 
long times (e.g., several microseconds or more) and open over timescales of 100 nsec 
or so - timescales differing by more than an order of magnitude. It was felt that these 
requirements would be difficult to achieve with a single plasma condition determined at 
the start of conduction. The DCOS idea is basically to use an externally gated ion 
source with ion currents injected that are needed to support the peak current levels 
during conduction, followed by an externally triggered rapid reduction in the ion current 
to open the switch, as could be obtained with magnetic or other gating techniques. 
This approach in principle decouples the conduction time dynamics from the opening 
phase. A sketch of the DCOS concept is given in Figure 1-1 which also shows a 
coupling arrangement for a ring diode load. In Figure 1-2 a possible arrangement for 
integration of DCOS switches in a radial transmission line feed section near the load 
region of an advanced simulator is shown. Both of these figures illustrate a potentially 
important feature of DCOS - the load current does not flow through the switch and no 
plasma is ejected from the switch into the load region. 

A first study of the DCOS was funded at PSI by the Defense Nuclear Agency a decade 
ago and gave a surprising result; namely, the discovery of a natural or self-opening 
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mode with conduction times of £1 usec at currents of ~100 kA . Other accomplish- 
ments of the program were demonstration of the DCOS concept at low ion and 
electron current densities and demonstration of a magnetic gating technique. 
Theoretical support for the program was subcontracted to Dr. Robert Kares, then of 
Berkeley Research Associates, who began one-dimensional numerical simulations of 
the DCOS. His work in the program showed another unanticipated result - an 
opening mechanism essentially due to heating of the background plasma electrons by 
the space-charge-limited electrons emitted from the cathode( \ The heating was 
postulated to be due to a two-stream instability at the time. The heated background 
electrons tend to stream out of the gap to the anode, leaving a net positive charge to 
restrict the background electron flow, similarly to what happens in the plasma-in-a-box 
problem. The net positive charge in the gap in turn raises the potential in the gap 
above the anode potential (a potential hump), thereby reducing or shutting off the 
injected ion flow since the ions are injected at anode potential. Ions stream out of the 
gap toward the anode and cathode, and the gap opens. This work was met with some 
skepticism in the community at the time, but spawned several additional studies by 
Kares and the Naval Research Laboratory group(3). Certainly, the opening mechanism 
discovered by Kares is one that will happen, provided the background electrons are 
adequately heated in interacting with the emitted or current carrying electrons. 

Though not the original DCOS concept, a natural opening mechanism can provide an 
ideal switch if understood and scalable to desired parameter regimes. On the other 
hand, external gating or control of the conduction time remains attractive and has 
possible advantages for synchronization of an array of switches as might be required 
by large high current simulators. 

1.2      OUTLINE OF PROGRAM. 

The objective of the program was basically to obtain a better understanding of the 
DCOS, both in the natural opening mode and in one suitable for external gating, and 
assess the scalability of the switch to advanced simulator applications. The program 
was specifically directed toward long conduction times (> 1 psec) which were of 
interest for advanced simulator designs at the time of contract award. The program 
proposed to use the hardware from the previous program with refurbishment and 
some modifications, so the highest total current levels achievable were in the 100-200 
kA range and driving voltages ;S 50 kV. The program was also limited to electrical and 
relatively simple plasma diagnostics (B-dot and Langmuir probes, ion collectors); no 
funding was included for spectroscopy or interferometric diagnostics. In any case, 
these electrical and plasma diagnostics had not been fully exploited in the original 
program and were able to provide considerably more understanding of the switch 
operation than existed. 

(1) L. Demeter, et al., Vacuum Opening Switch Technology Development, DNA-TR-89-277, 
July 1991, Defense Nuclear Agency, Alexandria, VA 22310-3398. 

(2) R. Kares, J. Appl. Phys. 71, 2155 (1992). 
(3) R. Kares, et al., J. Appl. Phys. 71, 2168 (1992). 



The original program had demonstrated control of conduction current by the injected 
ion current over a 7 usec time scale with low total current and peak electron current 
density, je, of -120 A/cm2, but with evidence of cathode emission limitations. 
Simulator scaling suggested that je £ 1000 A/cm2 is required to integrate DCOS in a 
sufficiently compact form for a practical simulator. The overall program plan was to 
start with low je and ion-current density, jj, and then scale the electron current density 
to practical levels. This work was first conducted using a glass cross hardware for 
visual access, starting with a 90° bend to transport the plasma to the switch gap and 
eliminate any neutrals from the plasma flashboard surface. The hardware was also 
used to study basic switch issues such as cathode emission limitations and 
transparency of electrode meshes with both positive and negative biases. A gated 
micro-channel plate camera was implemented with the glass cross to infer plasma 
motion. The maximum jj obtainable with the bend was ~ 6 A/cm2 and total currents in 
this configuration were limited to £ 2 kA. The bend was then removed and jj -100 
A/cm2 was obtained with total currents up to -25 kA. With the bend removed, je ~ 
2000 A/cm2 was achieved in the opening mode. Finally, the experiments were moved 
to a coaxial metallic switch chamber and a larger bank with both flashboard and 
coaxial gun sources to operate with total currents £ 200 kA. 

A key issue of current density scaling was electrode plasma generation and motion 
which should be dependent on electron and ion current densities or fluences on the 
electrodes. Aside from electrode plasma generation, other issues of current density 
scaling were cathode emission limitations, formation of potential humps and shut-off of 
ion flow (which should be dependent upon the je/ji ratio) and the actual attainable je/jj 
ratio itself. 

There were several issues pertinent to scaling of the total current: (1) effects of the 
inductive electric field on the potential distribution across the gap during the rise of 
current in the two low impedance conduction modes of primary interest, (2) the 
minimum levels of external longitudinal magnetic fields necessary to preserve switch 
operation and MHD stability of the discharge, and (3) current penetration of the higher 
density plasma channels. Scaling studies were conducted at several current levels to 
characterize the effects of plasma cross-section, gap length, magnetic field level, ion 
source profiles, and electrode boundary conditions (meshes). 

A conduction mode suitable for external gating was not obtained until near the end of 
the experimental program. Since there was no assurance that the power-coupling-to- 
a-load task could be successfully achieved within the remaining funds, it was 
suggested to the sponsor that the power-coupling task be directed toward more 
immediately relevant interests of the current DSWA simulator development program. 
It was proposed that a plasma erosion opening switch (PEOS) operating in the lower 
density regimes of DCOS be tested on DM-2 to investigate improved power coupling 



to a load. The switch was designed to operate in the bi-polar or modified bi-polar 
modes as opposed to the magneto-hydrodynamic (MHD) or electromagneto- 
hydrodynamic (EMH) regimes of the opening switches of DM-1 . Additionally, 
successful results in reducing the DM-2 current risetime would provide a very useful 
technique to simply and inexpensively reduce the current risetime to near peak current 
for a plasma radiation source (PRS) load, should the direct drive implosion time be too 
long for high quality pinches. The suggestion was approved and the last task of the 
program was conducted on DM-2 at Primex Physics International. 

1.3     PROGRAM RESULTS. 

1.3.1  DCOS Results. 

Two low impedance conduction modes of practical interest were investigated in the 
program. In these modes the gap impedance is low during conduction as desired, and 
the voltage across the gap is largely inductive during the risetime of the current. The 
first mode exhibited self-opening after conduction times from 200 - 900 nsec for para- 
meters of the experiments; Figure 1-3(a) is an example of such a mode obtained with 
the metallic coaxial system driven by the large bank charged to 30 kV, a cable gun as 
the ion source, and anode aperture radius of 5.1 cm. The figure shows curves of the 
current (IAK) and voltage across the switch, VAK- The current rises to 80 kA over ~ 900 
nsec, followed by an opening with a peak current fall rate ~ 4.4 times faster than the 
current rise rate during conduction, giving a peak voltage during opening of ~ 60 kV. 
[This voltage is measured at an upstream monitor position which is directly appropriate 
for connection to a load circuit.] The "opened" current is reduced to 25% of the peak 
conduction current and persists for ~ 0.5 jisec. The other low impedance conduction 
mode is suitable for external gating and was obtained when the larger flashboard was 
moved closer to the anode than with opening modes. Figure 1-3(b) shows such a 
mode with a 30 kV charging voltage where the current rises to ~ 95% of the peak 
current (~ 175 kA) over ~ 1.5 |asec and the gap "resistive" voltage at that time is ~ 10 
kV for nearly another 0.5 nsec. 

A high impedance mode was also observed typically when the voltage was applied at 
early times (^ 1.5 jisec) after the injected plasma had reached the cathode and the 
injected ion current density was low (£ 5 A/cm2). In this mode the current was 
clamped or slowly rising over 1-2 nsec, roughly following the injected ion current, and 
the voltage across the gap was nearly the charging voltage. 

(4)   B. Weber, et al., Physics of Plasmas 2 (10), 3893 (1995). 



Figure 1-3(a).   Self-opening switch mode with -30 kV charging voltage and cable 
gun ion source. 
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Figure 1-3(b). Switch mode for external gating with -30 kV charging voltage and 
large flashboard ion source. 

The current profiles for all modes eventually show an impedance drop starting at times 
depending on the mode and particular experimental parameters. Prior to the program 
it was suspected that the impedance drop was due to high density-electrode plasmas 
moving across the gap and essentially closing the bi-polar sheath(s); i.e., the usual 
model of gap closures in high current diodes. Experiments of the program have 
shown that the impedance drop observed in the DCOS does not have the features 
associated with the conventional model and instead correlates with a radial expansion 
of the current channel. This new model of the impedance drop derives both from 
gated imaging of the luminous cathode plasma and from B-dot probes at various radii. 
The rate of current channel expansion is reduced by increasing the longitudinal 
magnetic field level, use of a conducting mesh across the anode aperture through 
which the plasma is injected into the switch, and by increasing the radius of the initial 
plasma channel. 



The electron current density in the expanded channel annuli is typically low (~10's 
A/cm ), but can extend over relatively large areas. The channel expansion rates can 
be sufficiently low, e.g., to allow operation in the low impedance modes over - 2 jasec. 
Simulations suggest that the radial expansion is driven by a potential hump formed by 
heating of the background electrons. The net positive charge of the hump generates a 
radial electric field accelerating ions outward from the channel and then longitudinally 
across the gap, thereby filling the annulus with the low density ion back-ground 
necessary to obtain the observed electron current densities. 

1.3.1.1 Scaling of the Self-Opening Mode. A major objective of the program was to 
ascertain the scaling of the self-opening mode, given its practical simplicity. From the 
work of the program a model can be developed for scaling of the mode which 
incorporates results from both simulations and experiments. The model assumes the 
basic phenomenology of the simulations in which a potential hump is formed by 
heating of the background electron population. The potential hump then restricts or 
shuts off the ion flow, leading to an opening event as the ion "reservoir" of the gap is 
depleted. 

Simulations with the gap initially filled with plasma all show very low impedance when 
the voltage is applied, consistent with experimental results in the self-opening mode. 
Experimentally, though, voltage does appear across the gap during the conduction 
phase due to the inductance of the switch. [This inductance is not included in a one- 
dimensional simulation or was negligible in the limited two-dimensional simulations.] 
The voltage across the gap remains low until the magnitude of the potential hump is of 
the order of the injected ion kinetic energy. 

A model of Kares, et al.(3) gives an upper limit on the magnitude of the potential hump. 
Using this model and setting the hump potential equal to the injected ion kinetic energy 
gives a limit on the je/ji ratio around which ion flow is restricted: 

(1.1) 

where M is the ion mass, Z the ion charge number, m the electron mass, and y a 
parameter which accounts for the effects of trapped electrons in the potential hump 
(y < 1). Taking y = 0.3 from simulations, the formula gives je/jj ratios of 17, 57, and 41 
for H+, C+, and C++ respectively. Simulations with low driver bank voltages (1 kV) and 
"long" current risetimes (> 200 nsec), or djVdt < 0.6 x109 A/cm2/sec, generally agree 
with the model and show current "clamping" at je/jj ~ 15 for H+ or an opening. The 
injected ion current is relatively unimpeded until the je/ji ratio approaches that of the 
above formula. 

Simulations with higher voltage (> 5 kV) and shorter risetimes (~ 100 nsec), or dje/dt > 
3 x 10  A/cm /sec, show openings with a higher je/ji ratio at opening than the Kares 



formula values, i.e., je/ji ~ 25-30 for cases with injected H+ ion current density relevant 
to experimental self-opening conditions Gi £ 10 A/cm2). Figure 1-4 shows an example 
of such a simulation by T. Hughes where the peak je/ji ratio is ~ 30*. 

Experiments with self-opening modes also show je/jj ~ 25-30 at the time of opening in 
cases where the ion current density is reasonably uniform over the channel cross- 
section and with no evidence of appreciable channel expansion. The ion current 
density used in the experimental ratio is that around the time of application of voltage, 
but measured without applied voltage, and pertains to cases where the injected ion 
current is nearly constant or increases over the time of conduction. (See e.g., Figure 
3-33). With good openings, the experimental values of dje/dt exceed 10 A/cm /sec, 
i.e., are in the fast risetime range of the simulations. 
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Figure 1-4. Voltage and current versus time for simulation with initial capacitor 
voltage of 5 kV. Injected hydrogen ion current density is 10 A/cm , 
AK gap is 1 cm, area of channel is 1 cm2 and external inductance is 
1.47 pH. 

With the above discussion in mind, simple formulas for scaling the peak current, lp, 
and conduction time, tc, of the self-opening mode can be given: 

lp~Ji(0)TiA 

tc = Oi(0)TiALT]A/c 

(1.2) 

*ln simulations which allow space charge limited electron emission from the anode in 
response to the electric field of the potential hump (the likely experimental condition), 
the current after opening does not drop to the near zero level of Figure 1-4, but to 
< 1/2 the peak current. 
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where jj (0) is the ion current density of the time of application of the voltage, A is the 
channel cross-sectional area, Ly the total system inductance (bank and switch), Vc is 
the charging voltage, and T\ the peak je/jj ratio. From experiments and hydrogen 
plasma simulations r| ~ 25-30. The above formulas assume that the ion current 
density is uniform in radius and nearly constant over the conduction time, djydt k, 109 

A/cm2/sec, the bank external resistance is negligible, and that the cathode is fully 
ignited at the on-set of conduction. The latter condition was typically realized 
experimentally when the ion current was collected by the cathode for a duration of S; 2 
l^sec and jj (0) S; 10 A/cm at the time the voltage was applied. 

There are two points worthy of note regarding the scaling formulas above. First, the 
parameters used in simulations (e.g. Figure 1-4) show conduction times before 
opening of 50-100 nsec; i.e., nearly an order of magnitude shorter than experimental 
results. The discrepancy is due to the small channel area of the simulations (~ 1 cm2) 
and, in the inductively-limited conduction time formula above, it is of course the total 
current which determines the time. The other remark is that simulations do show 
higher TJ values than 25-30 in certain cases which may be practically exploitable. For 
example, a C+ simulation with the same injected ion velocity as the H+ simulations (13 
cm/(isec) reaches the Langmuir-Child bi-polar value of ~ 150 at opening. 

To conclude the discussion of scaling of the self-opening mode we consider an 
example of long conduction time parameters envisioned in the original DSWA 
advanced switch procurement as goals for one of an array of opening switches for a 
very high current simulator. The desired conduction time was 1.5 |xsec, current ~ 2 
MA and opening voltage > 1.5 MV. Assuming a voltage multiplication ratio of two, a 
driver voltage of 750 kV is required and with je ~ 2 kA/cm2, the ion current density for 
H+ would be 67 A/cm or ~ 25 A/cm for C++. Both jj values are quite accessible. The 
current channel radius required is ~ 18 cm and a total inductance of -1 \iH would give 
the desired conduction time. 

The example is of course a significant extrapolation from experimentally accessible 
parameters of this program. A relevant experiment for scaling assessment was 
conducted with DCOS using the high voltage driver bank EYESS at Physics 
International Co. in the previous program. Although the conduction time had to be 
shorter (~ 0.5 jisec) because of bank parameters, opening voltages > 1 MV were 
obtained with a remarkably long FWHM of the opened voltage (£1 |isec). 

1.3.1.2 Scaling of A Gating Mode. A low impedance mode suitable for external 
gating is in principle demonstrated in Figure 1-3(b). The simulations and analytic 
models of conduction discussed above suggest a method for realizing the mode. To 
be conservative, the limit on the y\\ ratio from the Kares model is assumed. We use 
doubly-ionized carbon, the most practically advantageous ion with y\\ £ 40, and the 
main output component of DSWA gun sources used in the DECADE program.   [The 



experimental observation that this mode was obtained when the flashboard source 
was moved closer to the anode may be in part due to a dominant carbon output at 
time of voltage application.] As long as ]S £ 40 the ion flow should then be relatively 
unimpeded and the current should follow the ion source current. The peak current and 
time to reach it are obtainable from the same formulas as used for the opening mode 
scaling, but with i\ ~ 40 and C++. Near the time of peak current, the ion source needs 
to be gated to reduce the ion current density by only a factor of ~2 to achieve opening 
if H+ results can be scaled to C++. 

This scaling of this model for a gating mode has not been established experimentally; 
the mode was obtained essentially empirically late in the DCOS work, so the mode 
needs verification. In particular, to conduct an experimental scaling study, the ion 
current density with radius needs to be measured over the entire aperture and the ion 
species determined. Simulations which include the region between the anode and ion 
source are also highly desirable. Further work is also needed on gating techniques - 
the first DCOS program established a magnetic gating technique with ion current 
densities up to - 60 A/cm2. An interesting possible technique for gating large area ion 
sources was suggested by experiments in the program on effective transparency of 
meshes with positive or negative external biases. The transparency of a mesh in the 
ion source stream was reduced, e.g., by a factor of 2.6 with application of a negative 
500 volt bias. 

1.3.1.3 Scalina-Related Results. The effects of several switch parameters on the 
current profile were studied in the program to elucidate switch behavior. A brief 
summary of the results is given below. 

Current Density Scaling Effects. A wide range of electron current densities was 
covered in the program, from ~ 100 A/cm2 to ~ 2000 A/cm2. There was no evidence in 
the data that pointed to high density electrode plasma closure as the cause of the 
impedance drop over the ~ 2 |asec times of the experiments. As mentioned above, the 
impedance drop was associated with radial expansion of the current channel and low 
electron current density flow outside the main channel over large areas. After opening, 
the current in the main channel typically clamped over jisec or so time scales and the 
current increased mostly just outside the central channel. Two-dimensional 
simulations with electrode emission allowed outside the main channel showed ions 
accelerated outward from the central channel by the potential hump and a doubling of 
the total current compared to the case with emission allowed only within the injected 
plasma channel. 

The other current density scaling issue was the )J\\ ratio at opening which has been 
discussed above. 

Total Current Scaling. Current scaling was studied in the program at current levels 
from a few hundred amperes to the 100 kA level. In general there was no evidence of 
significant changes in switch operation or the character of the various modes as the 
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total current increased. The modes generally scaled with anode aperture area when 
the sources had reasonably uniform current density over the aperture area. 

The data suggest that beam pinching due to self-field effects at higher current levels 
and/or lower applied fields does not substantially alter the phenomenology and that 
opening events are not necessarily associated with MHD instability, as was postulated 
in the first DCOS program. If anything, centroid motion appears to have been caused 
at times by an opening event, rather than being the cause. 

Radial sheathing of the current in the higher conductivity of plasmas associated with 
the low impedance modes undoubtedly occurs during the early conduction times and 
was observed in the gated camera images and in a two-dimensional simulation. The 
simulation also showed that the cathode emitted uniformly over its cross-section even 
though the current in the plasmas evolved into a radial sheath away from the cathode. 
The experiments in general showed no evidence that existence of a radial sheath 
diffusing into the center of the current channel significantly perturbs the overall 
discharge behavior.* 

Cathode Emission. Ignition properties of several cathode types were studied 
(stainless foils, meshes, and carbon velvet/fiber emitters). Application of voltage early 
in time after the injected plasma reached the cathode (£ 1.5 jxsec) resulted in a high 
impedance mode where the current rose rapidly over ^100 nsec to low values 
dependent upon the applied voltage and cathode type, and more or less followed the 
ion current profile thereafter until the start of impedance drop. The gap voltage was 
nearly the full charging voltage. Simulations were unable to reproduce the behavior of 
the high impedance mode and were only able to obtain a high voltage initially by 
applying voltage before the plasma fully crossed the gap. The low ion dose at the 
cathode when voltage was applied and the simulation results suggest that the cathode 
was initially emission-limited for the high impedance mode. The cathodes were fully 
ignited at the time of voltage application for the practically important low impedance 
modes. 

Scaling With Gap Length. There are two aspects of switch behavior which are 
potentially affected by the gap length - the conduction time before a self-opening 
event and the time to start of the impedance drop. If the potential hump is nearly 
symmetric across the entire gap, the gap length may determine the total charge of the 
ion reservoir which is depleted once injection is restricted or shut off. Certainly the 
time before the impedance drops is related to gap length if the conventional electrode 
plasma closure model is relevant. The data shows that an effective average closure 
velocity of 4-6 cm/u.sec/electrode pertains to the start of impedance drop for the high 

*One can speculate that a mechanism exists with a sheathed conduction channel to increase 
the effective diffusion rate. As the current density becomes high enough to reach the Kares 
model limit, the annulus effectively becomes a higher impedance path and current is shunted 
inward. Additional simulations with longer running time are needed to further study this issue. 
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impedance mode. These effective velocities are very large compared to those 
expected from a thermally driven plasma generated by energy deposition in the 
electrodes. The mechanism identified experimentally with the impedance drop is 
radial expansion of the current channel, as mentioned previously, and this mechanism 
also can exhibit a linear dependence on length. The ions are likely "pumped out" of 
the initial current channel around localized potential humps or preferentially near the 
center of the gap if the hump extends symmetrically across the gap. In any case, the 
ions must be accelerated longitudinally to fill the extended channel annulus across the 
entire gap to allow electron current densities observed in the experiments and 
simulations. 

Experimental data on the conduction time and time to start of impedance drop for the 
low impedance self-opening mode did not exhibit a dependence on gap lengths for 
gaps > 8 cm. It is also noteworthy that, although the impedances typically dropped 
steadily after opening and a delay, the gaps frequently showed significant "resistive" 
impedance near peak current up to ~ 2 ^sec after start of conduction. This resistive 
impedance, lasting for 100's of nsec, appeared when the current rise flattened at these 
late times. In other words, the gap was not shorted out even though the current had 
nearly peaked. 

Magnetic Field Effects. An applied longitudinal magnetic field is incorporated in the 
DCOS for several reasons: (1) efficient transport of ions from the source to the switch 
and control of ion current density, (2) suppression of MHD instability growth (kink), and 
(3) control of beam pinching due to self-magnetic fields. In Section 3 several curves 
are given illustrating the influence of the applied field shape and peak amplitude upon 
the ion source peak current density and time profile. 

Satisfying the Krushal-Schafranov (K-S) condition to stabilize kink motion is not 
particularly difficult for switch parameters of interest. The K-S criterion for stability is 

2naBz 

LB a 
>1 0-3) 

where a is the current channel radius, Bz the applied longitudinal field, L the length of 
the gap and Be the self-magnetic field at the channel edge. Using the scaling example 
above with a current of 2 MA, je ~ 2 kA/cm2, and L = 20 cm, the K-S criterion is Bz > 
4kG. 

The effect of beam pinching on the gap behavior was not addressed in the limited two- 
dimensional simulations of the program. As mentioned previously, experimental 
conditions where some beam pinching likely occurred showed no significant change in 
the current profiles of the opening mode. Certainly, if pinching occurs with a largely 
diffuse current channel, the \S ratio should be preserved. Limitation of beam pinching 
requires a higher B2 value than the K-S criterion and is likely the dominant criterion for 
the minimum applied field level.   For example, if Bz/Be > 1/2, the 2 MA conduction 
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current of the scaling example above requires Bz £ 11 kG. Empirical tests are still 
needed to establish the minimum field level for an actual switch design. 

An additional important effect of the applied field pertains to the current channel 
expansion related to impedance drop. Limited two-dimensional simulations mentioned 
above showing expansion of the current channel had Bz ~ 2 kG, and the ion motion 
was not adiabatic or tied to field lines. Increasing the Bz field reduces the ion gyro- 
radius and expansion rates. Experimentally, increasing the field to > 4 kG eliminated 
outer channel current loops and improved agreement between probes at various radii. 
The minimum Bz field level to limit current channel expansion over time scales of 
interest should be largely dependent on the peak je/jj ratio according to the Kares 
model of the maximum potential hump amplitude. Beam self-fields should also inhibit 
channel expansion. 

In summary, all the important scaling issues related to current density and total current 
scaling of DCOS have been addressed in the program. The self-opening mode 
appears scalable over a wide range of parameters and has been demonstrated 
experimentally to be "robust" in that it works over large admixtures of ion source 
velocities and charge densities, is reproducible if the ion source is reproducible, and is 
not highly sensitive to the magnetic field level, gap length, current rise rate, ion source 
current profiles, cleanliness of the system, etc. Existence of a gating mode has also 
been established empirically, but needs more diagnosis and simulations including the 
anode-flashboard region. 

The major experimental problem of the program which limited actual switch 
performance was the non-uniformity of the ion sources over the larger areas. Scaling 
of switch operation to higher total currents and longer conduction times should include 
careful diagnosis of the radial distribution of the ion current density to insure its 
uniformity over the aperture. Use of multiple guns or segmented large area 
flashboards would help insure this uniformity for larger source areas. 

1.4     SUMMARY OF THE DM-2 POWER FLOW EXPERIMENTS. 

As explained in the program outline above, the last task of the program addressed 
power flow through an opened plasma erosion type switch (POS) using the DM-2 
driver at Primex Physics International. The switch was designed to operate in the bi- 
polar or modified bi-polar mode(4), as opposed to the magneto-hydrodynamic regimes 
of DM-1 opening switches. The basic idea behind this departure from the conventional 
POS design was to obtain a larger effective gap after opening to reduce launched 
electron flow and allow more efficient power transfer to the load. The approach was to 
operate with a lower density (~ 101 cm ) plasma (which implied the bi-polar modes) 
and design the switch parameters for conduction with low current density at the 
electrodes in order to minimize or avoid generation of electrode plasmas. This 
combination offered the possibility of clearing out most of the switch plasma during 
opening, resulting in a large effective switch gap and longer opened times. Aside from 
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demonstrating opening with large switch gaps and efficient power transfer to loads, the 
DM-2 experiments were designed to provide a convenient and inexpensive technique 
for pulse sharpening of potential use to DECADE plasma radiation source (PRS) 
development. 

Efficient power flow through the low density POS was demonstrated for inductive 
loads, including those representative of DECADE QUAD PRS feed designs, and for a 
high impedance diode load. A ~ 100 nsec reduction in the - 300 nsec direct drive 
current risetime was obtained without significant reduction in the peak load current. 
Figure 1-5 shows such a result from a shot with a 48 nH inductive short load. The 
curves show current profiles upstream (I1A) and downstream (ISA) of the switch 
region and the voltage across the switch. Launched electron currents in the load 
region just downstream of the switch were maximally 10-15% of the anode current 
during opening and less than 5% after opening with the inductive loads. Near the load 
region there was no measurable difference between load and drive current after 
opening. 

Limited experiments with a resistive (diode) load of 1-2 ohms showed that the switch 
initially opened to an impedance > 2 ohms with sheath flow ^ 17% of the downstream 
anode current. There was no apparent closure or re-strike of the opened switch for 
> 300 nsec. 

oö 
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50 100        150        200        250 

Time (ns) 
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Figure 1-5. Current and voltage waveforms for shot 436. 
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1.5     REPORT ORGANIZATION. 

The following sections of the report describe the program results in detail. Because of 
near-term interest, the DM-2 results are presented first in Section 2. The DCOS 
experimental results follow in Section 3, and the simulation work for the DCOS 
program by T. Hughes and T. Genoni in Section 4 concludes the report. 
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SECTION 2 
POWER FLOW THROUGH AN OPENED POS 

2.1      OVERVIEW-MOTIVATION. 

The final contract SOW task addressed power coupling through an opened DCOS to a 
load. Absent a fully developed high current coaxial version of the switch to test, the 
experiment was designed to incorporate a main feature of DCOS (specifically, a 
reduced plasma density in the final conduction and opening phases) in a coaxial 
geometry. In addition, the experimental design attempted to limit the electron energy 
deposition in the anode electrode of the switch to a level below that generally accepted 
as the electrode plasma initiation threshold in order to limit the formation of dense 
electrode plasmas that could contaminate the switch plasma and thereby reduce the 
opened time of the switch and influence the trajectories of launched electron flow from 
the switch region. 

DM-2 was chosen as the test bed for these experiments for several reasons: (1) DM-2 
offered 1-2 MA drive current levels, considerably above the ~ 100 kA test bed level 
available at PSI, (2) the switch parameter regime could be chosen to provide pulse 
sharpening to the DM-2 direct drive output pulse that could be of potential use in 
various DECADE PRS drive scenarios, thus making the work relevant to immediate 
and near-term needs of the larger DSWA DECADE program, and (3) the tests could 
benefit from the loan of DM-2 variable inductance short circuit load hardware and 
extensive current diagnostics built originally for the DECADE Quad PRS direct drive 
power flow risk reduction experiment. 

The experiment was basically successful in demonstrating efficient power flow through 
an opened low density POS to (1) various inductive short circuit loads covering an 
inductance range representative of typical Quad PRS feed designs, and (2) a high 
impedance diode load with a geometric impedance 2/3 that of the switch region, had it 
been fully opened. Measurement of anode and cathode currents both upstream and 
downstream of the switch showed launched electron flow from the switch region of 
typically less than 100 kA for all configurations. Shots with the high impedance diode 
load showed no apparent closure or re-strike of the opened switch for the roughly 400 
nsec time that switch voltage and current were recorded. Questions remain as to the 
location of the launched electron sheath and the distribution of losses between 
electron and ions, but the good overall power transmission characteristics of the 
opened low density plasma switch opens another power conditioning option for a 
DECADE PRS driver that can speed the current load risetime without resorting to 
water output line modifications, such as a power doubler. 

The remainder of this report section contains a discussion of the experiment design 
(Section 2.2), a description of the hardware and diagnostics (Section 2.3), summaries 
of the experimental results with analyses and discussions of various features and 
observations (Section 2.4), and an overall summary and conclusion (Section 2.5) that 
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it is hoped will motivate more investigation of low density non-MHD switches by the 
community for use in, e.g., reducing the direct drive pulse risetime for DECADE PRS 
loads or reducing conduction time requirements on faster opening, higher density, 
switches presently used in the DECADE large area bremsstrahlung mode. 

2.2     EXPERIMENTAL DESIGN. 

For the switch and power coupling to be relevant to the pulse sharpened PRS direct 
drive option for DECADE QUAD, the following characteristics were considered in the 
design of the DM-2 POS: 

• ^50 nsec conduction time; 
• £ 1/3 MA conduction current before opening; 
• > 200 nsec "opened" time; 
• Erosion opening of the full vacuum gap so that "launched electrons" are minimized 

and the switch could be located upstream of a low loss vacuum convolute. 

We wanted the switch to "erode" away the first > 50 nsec of the current pulse, and 
then open to transfer the current efficiently to the load. 

In selecting the switch parameters we first considered the conduction phase scaling 
laws following Weber, et al(1). 

Conduction limits for radial current flow in cylindrical geometry 

1. Bi-polar |BP = (M/Zm)1/2 (2nr £) nev 
2. Modified bi-polar lMBP = 1.02x10"2 r n1/2 

3. Electromagneto-hydrodynamic (EMH) IEMH = 1 -64x10"9 r (£ I n)1/2 

4. Magneto-hydrodynamic (MHD) lMHD = 1.39x10"5 (r212 i2 n)1/4 

Where M is the ion rest mass, Z is the average ion charge state, m is the electron rest 

mass, r is the radius of the inner conductor, £ is the axial length of conduction, n is the 
electron number density, e is the proton charge, v is the average ion velocity, and the 
EMH and MHD cases assume a linear current ramp, l(t) =/t. Of these mechanisms, 
only the bi-polar or modified bi-polar opening mechanisms were expected to achieve 
the condition of a large opened gap. 

These limits on conduction currents correspond to the currents at which an opening 
based upon that mechanism begins. For the MHD and EMH cases this means that 
the plasma or the current in the plasma has been displaced by the axial length of the 
initial plasma. In the BP and MBP cases, there is nominally no disturbance in the 

(1) B. Weber, et al., Phys. Plasmas, Vol. 2, No. 10, p. 3893 (1995). 
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plasma until the conduction limit is reached. When the limit is reached, erosion 
causes a gap in the plasma to be formed at the electrode, and the switch begins to 
open. Achieving these conditions without entering the MHD or EMH conduction 
regime and without significant heating of the switch electrodes during the erosion 
opening phase dictates use of large radius, low density switches. 

For DM-2, existing circuit and hardware flange points and existing plasma guns 
dictated some of the switch parameters. The rate of rise of the DM-2 current is 
approximately /= 6.7 x 1012 A/s, (-2 MA in 300 nsec). The most practical POS 
plasma sources for the tests were cable guns similar to those used in the switch in the 
DM-1 module for the bremsstrahlung diode. The typical output of these guns are C++ 
ions, and the average velocity is in the range of 2 to 5 cm/jisec. At NRL on Gamble I, 
under conditions similar to those used on DM-2, the velocity of the cable gun plasma 
was inferred to be -3.6 cm/usec(1). The most practical radius for the inner conductor 
was 33.5 cm, the radius used in hardware for the joint PSI/PI power flow tests on DM- 
2. 

Plugging in r = 33.5 cm, v= 3.6 cm/^s, Z = 2, M = 2 x 10"23 g, and /= 6.7 x 1012 A/s, 
the above equations for the conduction limits become, 

1. Bi-polar lBp = 1 -27x10"8 t n 
-11/2 

2. Modified bi-polar lMBP= 3.42x10. n"£ 

1 1/2 
3. Electromagnetohydrodynamics IEMH= 1.42X10" (£ n) 

4. Magnetohydrodynamics IMHD = 2.08X10 (£2n) 

The scaling models for the four regimes, at axial lengths of 10, 20 and 30 cm, are 
plotted in Figures 2-1 a, b, and c. From these graphs it is apparent that a plasma 
density of 1-2x1012 cm"3 is required for a bi-polar conduction current of -0.5 MA. This 
density was within the achievable range of the available cable gun sources. For the 
intermediate condition shown of £ = 20 cm, a density of 1.6 x 1012 cm"3 was expected 
to begin to open at a current of -0.4 MA, after -60 nsec of conduction with I - 6.7 x 
1012 A/sec. 

Bi-polar erosion was expected to be able to sweep most of the plasma out of the 
electrode gap, resulting in a long open time of the switch provided that electrode 
plasma contamination of the switch could be minimized. Since the conduction current 
scales with the initial plasma density, control of the injected plasma density controls 
the conducted current. The low average current density was expected to reduce 
anode plasma generation and thus minimize electron flow "launched" onto trajectories 
that graze the anode. 
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Figure 2-1. Opening currents for four mechanisms with a switch r = 33.5 cm, 
v = 3.6 cm/us, Z = 2, M = 2 x 10"23 g, and / = 6.7 x 1012 A/s. 

Assuming conditions on DM-2 equivalent to the several low inductance DECADE 
Quad PRS conceptual designs, with a downstream single-module inductance of ~40 
nH and / = 8 x 1012 A/s, and assuming that the anode radius is ~37 cm for a radial AK 
gap of -3.5 cm, the average anode dose delivered by energetic electron deposition 
during the switch opening phase is very roughly estimated to be < 50 Joules/gram. 

Vmax < L/ = 40 nH x 8 x 1012 A/s = 320 kV 

lpeak=500kA 

Area = 37 cm x 2% x 20 cm = 4650 cm2 

JPeak= 108 A/cm2 

Fluence = 108 A/cm2 x 320 x 103 V x 60 x 10"9 s = 2.1 J/cm2 

Dose/Fluence = 17 @ 320 kV 

Dose =s 35 J/g 
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This estimated anode dose is less than the threshold level(2) for anode plasma 
formation. 

To check on the expected MHD effect, an estimate of the displacement of a thin 
current sheet in the plasma may be given by(1) 

With the assumption that the density is constant and the current is l(t) = /t, the 
displacement of the current sheet as a function of time can be written as 

(2.2) 
20r \ In Mi« 

For the same conditions as those used previously, with t = 60 nsec, a current sheet is 
displaced by only -4.4 cm at n = 1x10 cm"3, and -14 cm at n = 1x1011 cm"3. For a 
current which is distributed throughout the plasma, the JxB force is reduced from the 
thin current sheet case, and the displacement for any portion of the plasma is also 
reduced. Thus no significant axial switch plasma motion was expected compared to 
the 10's of cm planned switch length. 

To make better estimates of the density required for the tests on DM-2, we used a 
simple equivalent circuit model of the switch on DM-2 shown in Figure 2-2. In this 
model, a number of assumptions are made. The driver voltage used is from the Lee 
Schlitt conservative design for the DECADE Quad. This voltage is not exactly the 
same as for the DM-2 module alone, but it is sufficiently similar for the purposes of this 
model. It is assumed that the switch has no inductance and acts only as a variable 
resistor. Magnetic insulation is not included in the model. (The effect of magnetic 
insulation in the experiment is to increase the rate of the transfer of current from the 
switch to the load.) In addition, the only opening mechanism assumed is bi-polar 
erosion. This assumption is appropriate for calculating the time erosion of the switch 
begins, but as the switch current continues to rise other mechanisms will begin to play 
a part. 

The POS model can be set for no current flow, current flow across a fixed vacuum 
gap, or with an initial plasma fill. The model assumes an initial dl/dt based upon the 
initial driver voltage and the initial current paths allowed. The voltage drop across 
Rcriver is calculated, and the remaining voltage drops are calculated based upon the 
conditions. The current is stepped up by the dl/dt value, and a new dl/dt is calculated 

(2) T. Sanford, et al., J. Appl. Phys., Vol. 66, No. 1, p. 10 (1989). 
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AAA/V 
^Driver 

'Load 

Figure 2-2. Equivalent circuit. 

by the voltage drop across one of the inductances. Since the model is not fully self- 
consistent, calculation of the voltage drops varies with the relative inductances of the 
load and driver to avoid a numerical instability. 

The opening mechanism for the switch is assumed to be simple bi-polar erosion of the 
plasma, and there are no MHD or EMH effects included. With bi-polar current flow, 
the maximum ratio of electron to ion currents is given by 

Je/Ji = (M/Zm) 1/2 
(2.3) 

where M is the ion mass, Z is the average ion charge state, and m is the electron 
mass. Assuming quasi-neutrality of the plasma, the injected ion current density is 
neevj0n, and if the electron current density exceeds this value, ions will be accelerated 
out of the AK gap. Using the fact that the total current is approximately equal to the 
electron current, the bi-polar current limit can be written as 

v1/2 
IBP = (M/Zm)"" (2nr £) neevi0n (2.4) 

where ne is the electron number density, e is the electron charge, vion is the incident 

ion velocity, and (2nr I) is the area of the switch. If the switch current exceeds lBp, a 
gap is eroded in the plasma. The velocity of the gap sheath across the plasma is 
estimated by simple erosion. 

dXs/dt = (Jj - eneVjon)/(ene) (2.5) 

where Jj is given by Equation 2.3. Using Equations 2.3 and 2.4 this sheath velocity 
can be rewritten as 

dXs/dt = (l/lBp-1)vion (2.6) 
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The gap as a function of time is the time integral of the sheath velocity from the 
moment IBP is exceeded. 

The relationship between the current in the switch and the voltage across the switch is 
calculated assuming that the current flow is across an effective vacuum gap, with non- 
relativistic, bipolar, Child-Langmuir current density. 

Je =1.865 (80 4/9) (2e/m)1/2 V0 3/2/d2 (2.7) 

When E0 is the electric permittivity of free space in SI units, e is the electron charge in 
coulombs, me is the electron mass in kg, V0 is in volts, and d is in cm, the current 
density is given in A/cm2. When the gap is initially filled with plasma, the bi-polar 
sheath is assumed to be equal to 0 and there is no voltage across the switch. If the 
current exceeds the bi-polar current limit, a gap is eroded in the plasma, and the 
voltage drop across the switch is defined by Equation 2.7. If the switch current 
subsequently drops below lBp, the gap closes at the rate given by the sheath velocity 
above. 

For the tests on DM-2, r = 33.5 cm and I = 20 cm. The ions are assumed to be doubly 
ionized carbon, Z = 2, and Mi = 2.x10"23 g. The driver R is 0.6 ohms, LDriver is 75 nH, 
and LL0ad is 24 nH. Figure 2-3 shows the currents and voltages for the case where the 
switch is not allowed to carry any current. In Figures 2-4 and 2-5 are the currents and 
voltages for two values of IBP with an assumed ion velocity of 3.6 cm/|isec. Plotted 
beneath the calculated currents and voltages are the width of the eroded gap in the 
plasma and the sheath velocity as functions of time. 

The lBp value of 0.5 MA chosen in Figure 2-4 is the value estimated to be optimal by 
the "back-of-the-envelope" calculations. However, from Figure 2-5 it is clear that a 
lower bi-polar current limit produces a more desirable condition because of the rate at 
which the gap opens in the plasma. From Equation 2.6 it is clear that the current must 
be significantly above the bi-polar current limit to cause fast, erosion of the plasma. 
Although the current limit in Figure 2-5 is only 0.1 MA, it conducts up to 0.75 MA due 
to the time it takes the gap to open. 

The model for the erosion in this circuit model is overly simplistic, and under-estimates 
the sheath velocity for most of the time. As the current in the switch increases beyond 
the bi-polar limit, the modified bi-polar limit will be reached, and enhanced erosion of 
the plasma will occur and increase the opening rate of the switch. Although this 
simple circuit model only predicts the preliminary stage of the opening process, it does 
indicate that the switch parameters are in the right regime for the intended experiment. 
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Figure 2-3.   Calculated currents and voltages when the switch carries no current. 
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IBp=  .50 MA,    vion=  3.6 cm/us,    ne=.20E+13 
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Figure 2-4.   Calculated currents and voltages with a bi-polar current limit of 0.5 MA. 
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IBp=  .10 MA,    vion=  3.6 cm/jLis,    ne=.39E+12 
1=20.  cm,    r = 33.5 cm,    Mion=12.  AMU,    Z=2. 

RDriver=   -60   0,        LDriver=   75.   nH,        LLoad=   24.   nH 2.5 

1.25 

Figure 2-5. Calculated currents and voltages with a bi-polar current limit of 0.1 MA. 

2.3     HARDWARE DESCRIPTION. 

The hardware design for the POS power flow experiments on DM-2 is shown in Figure 
2-6. The switch is mounted on the front end of the DM-2 module, and was designed to 
be compatible with loads previously fabricated for joint PSI/PI direct drive power flow 
experiments. To allow the plasma to be injected into the AK gap, the switch anode 
consisted of 90 rods, evenly spaced in azimuth. This section was ~65% transparent to 
the injected plasma, and was 30 cm long. By blocking portions of the transparent 
section with stainless steel foil, the axial length of injected plasma could be varied. 
The cathode also had a 30 cm long section of 90 rods to reduce plasma stagnation on 
its surface. The relative orientation of the anode and cathode rods could be varied for 
optimal performance. 

Downstream loads were typically the inductors used on the previous DM-2 power flow 
experiment. Three inductors were available, giving a choice of 12, 36, or 64 nH 
downstream of the switch. The inductance of the region from the center of the switch 
to the downstream inductive loads was ~ 12 nH, so total inductances from switch to 
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load were 24, 48, and 76 nH. Henceforth we denote these loads by the downstream 
inductances only. Several shots were taken with an "open circuit" load where the load 
inductor was removed and the downstream radial feed provided a diode-like load 
impedance. 

^ Cable Gun Plasma Source 
Lj     '»AiXl (6 locations) 

IP 

Attachment for Inductive Load 
or Low Loss Convolute or Open 

Circuit Load 

A-K B-dot 
Location 1 

x Anode Rods (90) 

Location R 
-j ..     Anode 

*■  <p *V      Rogowski 

Vacuum Chamber 

A 
Low Density POS: 

r - 33 cm n = 5x1011 to 6x1012 

t. = 10-30 cm     Ar - 3.5 cm 

Figure 2-6.   PEOS switch hardware on DM-2. 

Currents were measured just upstream and downstream of the switch with B-dot 
current monitors at four azimuthal locations. The azimuthal locations are denoted top, 
bottom, left and right. Just downstream of the switch there was an additional 
azimuthal location for a B-dot probe four degrees from the location denoted "left". The 
additional location has been denoted "extra". Its original'purpose was to allow 
diagnosis of asymmetries in the current flow due to the non-continuous nature of the 
rod section. There were also B-dot current monitors on the radial feed section at four 
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azimuthal locations just before the variable inductance load. .The final current in the 
variable inductance load was measured by a self-integrating Rogowski coil. 

The plasma source consisted of six cable guns fired radially inward from equally 
spaced azimuthal locations. The cable guns were made from 0.635 cm diameter 
semi-rigid coaxial cable, with a 60 degree inverted cone cut into the end. A cross 
sectional view of the cable gun is shown in Figure 2-7. The chamber allowed radial 
positioning of the cable guns up to ~37 cm from anode. For the estimated desired 
density of ~2 x 10 2 cm" , we planned to use a single driver bank to fire all six guns. 
The injected plasma density could be varied by changing the bank charge voltage, the 
delay time between firing the guns and triggering the main power pulse, and the radial 
locations of the guns. Several options existed to further increase the range of plasma 
densities which could be achieved. Holders were made for low transparency meshes 
to reduce the injected plasma density if desired. If higher densities were desired the 
number of driver circuits to the guns could be increased, or the inductance of the 
cables to the guns could be decreased. 

Copper Outer Conductor 

\ 60 Degree Inverted Cone 

Copper Center Conductor Teflon Insulator 

Figure 2-7. Cross-sectional view of the cable gun plasma source. 

Prior to the tests we measured the plasma outputs from both single guns and the array 
of six guns in the DM-2 experiment chamber under a range of conditions. For a single 
gun, the radial plasma density distribution, as previously measured by Primex/PI, 
showed a FWHM of approximately 60 degrees. However, this was with a single gun 
per driver, and at distances within 20 cm of the gun. Tests performed at PSI on the 
radial distribution of the guns implied that the radial distribution is somewhat more 
narrow with multiple guns and at greater axial distances. This also appeared to be the 
case in the DM-2 hardware. To measure the average injected plasma density, eight 
floating double Langmuir probes were placed inside the switch region. Six of the 
probes were located midway down the 30 cm long switch, azimuthally aligned with the 
six cable guns. The remaining two double probes were placed axially 10 cm upstream 
and downstream of the switch midpoint, still azimuthally aligned with a gun. From the 
three probes located under one of the cable guns, it is assumed that the distribution of 
the plasma from all of the guns can be inferred. It is assumed that all of the guns have 
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the same relative spreads in density, and that the density spreads are the same in 
both the axial and azimuthal directions. 

The floating double probe consists of two tungsten probe tips immersed in the plasma. 
The tips are biased with respect to each other, while allowed to electrically float as a 
whole. The probe is designed to collect the ion current incident upon the negative 
probe tip, and to repel the plasma electrons from that probe tip. Allowing the probe to 
float to the local plasma potential helps alleviate problems caused by a significant 
difference in potential between the plasma and experiment ground. The collected ion 
current is measured, and the local plasma density is inferred using the assumed probe 
area, and the assumed incident ion velocity. The incident ion current is J| = njZevjA, or 
equivalents by assuming quasi-neutrality, J| = neevjA, where nj and ne are the local ion 
and electron densities, Z is the average ionization state of the ions, VJ is the incident 
ion velocity, and A is the effective probe area. 

The most significant sources of error in the calculated local densities arise from the 
assumed area and ion velocity. Scans of the bias voltage of the double probe 
determined the bias necessary to adequately repel the background electrons. Due to 
the highly directional average velocities found on the plasmas from the cable gun 
sources, the assumed effective probe area and the incident velocity are strongly 
related. At a distance of -39 cm from the cable gun, the average ion velocity has been 
found to vary from > 5 cm/|j.sec down to -1 cm/|isec as a function of time. Over this 
time the background electron temperature appears to remain fairly constant and on the 
order of -10 eV. If the ion temperature is equivalent to the electron temperature, the 
ion thermal velocity for carbon is -0.9 cm/nsec. For most of the time of interest, the 
plasma ions are supersonic, and the measured ion current must be incident only upon 
the front face of the double probe. The average ion velocity may be used as the 
incident ion velocity, and the effective probe area is simply the cross-sectional area of 
the probe tip. As the average ion velocity becomes comparable to the ion thermal 
velocity, the full surface area of the probe must be considered. The calculated 
densities shown in this report include the effects of ions incident upon the full surface 
area of the probe when the average ion velocity is less than twice the assumed 
thermal velocity, or for times later than -22 (j.sec. 

Another potential source of error in the assumed probe area comes from sheath 
effects around the probe tips. The electron depleted sheath which forms around the 
negatively biased probe tip can increase the effective collecting area of the probe. For 
the bias voltage used, the sheath can increase the effective probe area by 4% to 13% 
when the ions are not supersonic. The sheath was not included in the calculations 
presented here because it is not clear how to properly include the effects of the sheath 
in the case of supersonic ions, and the effect is small compared to the uncertainties in 
extrapolating to the average density for the entire switch. 

Due to shot to shot variations in gun output, variations in output from gun to gun, and 
the extrapolation necessary to compute the average density across the entire switch, 
there is significantly more uncertainty in the calculated average density than the 
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calculated local densities. The uncertainty during the early time plasma is not as great 
as later in time, because there is typically less variation in the output gun to gun. Later 
in time the standard deviation in the measured densities from the six guns can be as 
high as 50%, and the extrapolation of the density to locales not actually measured can 
cause an uncertainty in the average density which exceeds a factor of two. To narrow 
the uncertainties in the average density, the local density needs to be measured at 
many more locations. 

Initially two driver banks were set up to drive the six guns, although the plan was to 
use only one driver. Each gun was configured with a single coaxial lead connecting it 
to the driver bank. The measured densities along the centerlines of the guns' paths 
were found to compare reasonably well with the values expected from the initial tests, 
but the FWHM was appreciably more narrow. Since the radial distribution was less 
than anticipated, the first power shots utilized two driver banks, three guns per bank, 
one cable per gun. The calculated average densities for the preliminary power shots 
were 5x10 to 2.4 x 10 cm" . The current waveforms for these shots showed that 
the delivered density was less than the desired density. 

To increase the average plasma density, three driver circuits were used to drive the 
guns, and the inductance of the leads to the guns were reduced. The inductance was 
reduced by reducing the length of the connecting leads, and by using two coaxial 
cables per gun. With this configuration average plasma densities ranging from 5x1011 

to 4.5 x 1012 cm"3 were achieved. Shown in Figure 2-8 are the calculated average 
electron densities as functions of time for switch lengths of 10, 20 and 30 cm with the 
three banks at 25 kV charge driving the six cable guns. The absolute values are 
uncertain by a large factor (probably > 2) due to the finite number of measuring points, 
accuracy of the probes, and the averaging assumptions, but the relative values are 
more accurate. 

2.4     DATA SUMMARIES AND EXPERIMENTAL RESULTS. 

Table 2.1 lists the relevant experimental parameters for the thirty-eight shots taken 
during the DM-2 tests and includes tabulation of: (1) driver charge voltage - 15 20, 
and 25 kV; (2) driver banks - two with 15-ft. cables (one cable each), three with 10-ft. 
cables (two cables each); (3) delay time [estimated switch plasma densities ranging 
from 5 x 1011 to 4.5 x 10 for the 3-driver, 25 kV POS bank voltage shots can be 
obtained by referencing Figure 2-8; (4) POS length - 10, 20, and 30 cm; and (4) load 
inductance or impedance. 

For purposes of the data analyses and discussions that follow, the conduction current 
is defined as the current flowing into the POS at the time current begins to flow in the 
first downstream cathode B-dot location. The onset of current is determined by 
measuring when 50 kA and 100 kA flow downstream, and extrapolating linearly back 
to zero current. This procedure is also used to determine the conduction time. The 
onset of the conduction phase is defined to begin when 100 kV appears on the DM-2 
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Table 2-1. Table of shot parameters. 

Shot POS 
Vbank 

# drivers Delay 
(MS) 

Est. Average 
Plasma Density 

POS 
Length 

Downstream 
Inductance 

(nH) 
425 15 2 15 - 30 12 
426 25 2 15 - 20 12 
427 25 2 15 - 20 12 
428 25 2 17 - 20 12 
429 25 2 20 - 20 12 
430 25 2 24 - 20 12 
431 20 3 18 - 20 12 
432 25 3 18 3.6 x10" 20 12 
433 25 3 20 3.3x10" 20 12 
434 25 3 20 3.3x10" 20 12 
435 25 3 0 - 20 36 
436 25 3 20 3.3x10" 20 36 
437 25 3 23 3.8x10" 20 36 
438 25 3 23 3.8x10" 20 36 
439 25 3 26 3.0x10" 20 36 
440 25 3 16 2.4x10" 20 36 
441 25 3 14 5.0x10" 20 36 
442 25 3 14 5.0x10" 20 36 
443 15 3 20 - 20 36 
444 25 3 23 4.5x10" 30 36 
445 25 3 20 3.0x10" 30 36 
446 25 3 26 3.6x10" 30 36 
447 25 3 23 4.5x10" 10 36 
448 25 3 20 3.5x10" 10 36 
449 25 3 20 3.5x10" 10 36 
450 25 3 20 3.5x10" 10 64 
451 25 3 20 3.5x10" 1.0 64 
452 25 3 20 3.5x10" 10 64 
453 25 3 0 - 10 64 
454 25 3 20 3.5x10" 10 64 
455 25 3 14 6.0x10" 10 36 
456 25 3 20 3.5x10" 10 36 
457 25 3 18 4.0x10" 10 36 
458 25 3 24 4.5x10" 10 36 
459 25 3 19 3.8x10" 10 36 
460 25 3 20 3.5x10" 10 36 
461 25 3 20 3.5x10" 10 Open Circuit 
462 25 3 16 3.0x10" 10 Open Circuit 
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vacuum interface. The opening time is the time for the downstream cathode current to 
go from 10% to 90% of the upstream current. 

Before discussing the power transmission characteristics of the opened switch, we first 
review the observed conduction and opening characteristics of the low density switch 
under various operating conditions. 

Operational Dependence on POS Length. The length of the POS was varied 
systematically from 10-cm to 30-cm through the use of baffles installed on the anode. 
Figures 2-9 and 2-10 show the observed dependence of the conduction time and 
current on the delay time between firing the plasma source driver and firing DM-2 for 
the range of POS lengths. There is no observable difference caused by the change in 
length. For reference, a line fit to the 10-cm data, and a line 40% above it are shown. 
A possible explanation for this lack of length dependence is that the bulk of the data 
occur in or near the MBP operational mode. This mode is predicted to have no length 
dependence for the conducted current. 

In addition to having no effect on the observed conduction times, the length of the 
switch also had little influence on the observed opening time, as shown in Figure 2-11. 
The line through the data implies opening times are a monotonically increasing 
function of conduction times. 
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Figure 2-11. Opening time of the POS as a function of conduction time for various 
tests. 

Operational Dependence on POS Driver Bank. The next system variable to examine 
is the driver bank used to provide plasma to the POS. In Figure 2-12, data obtained 
into a 12 nH load with a variety of plasma drivers are compared. Figure 2-13 shows 
similar data for a 36 nH load. In both cases there is no significant difference in 
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Operation due to the different methods of producing the plasma. Next we will look at 
the operation of the POS into the three loads that were inductors. 
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Dependence on Load Inductance. From consideration of the POS as a simple 
electrical element, one would expect that as the load inductance increased, the rate of 
current transfer to the load would decrease. This behavior was not observed however. 
The current risetime out of the POS is remarkably constant as the load inductance 
varies from 12 nH to 64 nH. The relation between opening time and conduction time 
for these various inductances is shown in Figure 2-14. Details of the actual down- 
stream load currents showing similar dl/dt during the opening phase are shown in 
Figure 2-15. In this last figure, the 12 nH data have been shifted 30ns later in time to 
allow comparison with the other inductances. [There were no long conduction time 
shots with the 12 nH load to allow direct comparison.] The observed behavior is 
consistent with a space-charge limited erosion opening mechanism, where higher load 
impedances initially increase the voltage at the switch and correspondingly increase 
the erosion rate to support the higher L dl/dt required to produce the similar current 
rise rates into the various inductances. 

Diagnostics for the Opening Phase of the POS. An attempt was made to measure 
signals related to the electron and ion fluxes in the switch during the opening event. 
The objective was mostly to determine signal magnitudes and to see if measurements 
using Faraday cups were practical on this particular switch. Despite the limited data, it 
appears clear that both the PIN diodes and the ion Faraday cup are useful for further 
probing of this POS, and implementation of arrays of these diagnostics could give 
valuable temporal information on the opening processes of .the switch. We briefly 
summarize the observation of high energy electrons during opening by comparing in 
Figure 2-16 the measured x-ray output of DM-2 in the far-field to the calculated IV2 

product for the POS. The peaks have been aligned due to questions about the timing 
of the cables used for this diagnostic. 

In the following figure, (Figure 2-17), the Child-Langmuir current calculated from the 
POS voltage and assuming a critical current gap is compared to the measured ion 
Faraday cup signal. The time-of-flight of the ions has been taken into account. The 
measured ion current signal is too noisy to reach any firm conclusions on the 
magnitude of the ion current during opening of the switch, but the existence of ion 
current after switch opening suggests that either the switch plasma was not completely 
eroded, some anode electrode plasma had been generated by electron deposition, or 
the continued streaming of switch plasma into the opened switch provided a source- 
limited ion current after opening. Tests with injection of switch plasma through the 
cathode electrode toward and through the anode electrode (not possible for this 
particular experiment series) would help clarify the situation. 

Power Flow With A POS. In this section data will be presented to show power flow 
upstream and downstream of the POS for a range of conduction times, and into 36 nH 
and 64 nH loads. We will begin with an intermediate conduction time shot (shot 436 - 
88 nsec conduction time into a 36 nH load). Beginning with monitors at the upstream 
of the switch, the first point to notice is that there is sometimes launched flow upstream 
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of the switch during the conduction phase. This flow is not seen without plasma 
injection and could be due to the cathode B-dot being partially shielded initially or to 
azimuthal variations in current flow through the switch plasma resulting from azimuthal 
variation in injected plasma density. The magnitude of this current is only about 40-50 
kA and the difference observed for shot 436 is shown in Figure 2-18. For reference 
the upstream and downstream anode currents along with the POS voltage, are shown 
in Figure 2-19. 

Moving downstream of the switch now, the next probes to compare are the anode and 
cathode B-dots at positions b and e (bottom and extra) for shot 436. At the other 
positions there were either noise problems on one of the monitors, or damage to the 
B-dot. Some of these problems were subtle enough, unfortunately, not to be caught 
until detailed analysis of the data. The two measurements of electron flow 
immediately downstream of the POS are shown in Figure 2-20. 

In analyzing the launched flow, it became clear that it is best to use differences of 
probes at the same azimuthal location, rather than rely on averages when different 
azimuthal locations are monitored (as in the case of some probes not working 
properly), because of the asymmetries observed in the downstream current flow at 
location "S". These differences are shown for shot 436 in Figure 2-21 and indicate that 
either the switch is moving downstream slightly in an unstable fashion, or is opening at 
different times around its circumference which is probable because of the measured 
azimuthal variations in the injected plasma flux from the six discrete plasma gun 
geometry. Returning to Figure 2-20, the 100-150 kA launched electron flow increases 
as the switch is opening and falls to < 50 kA by the time current has been transferred 
to the load. 

Finally, for shot 436, the launched flow observed at location "3" is shown in Figure 
2-22 for the two azimuthal positions monitored. The difference currents in this figure 
are at the limits of being resolved and agree well considering the size of the currents. 
It appears that of the 100-150 kA launched flow measured immediately downstream of 
the POS during the opening phase, only a small amount transports to the load region. 
The remainder must be lost to the anode. After switch opening, from 250 nsec 
onward, there is no measurable (> 50 kA) difference between drive current and load 
current. 

Next we look at the same traces for a short conduction time shot: shot 455 with a 
conduction time of 42 nsec. From the waveforms in Figure 2:23 and Figure 2-24, we 
see that the launched flow is much less than in the previous shot, but the POS voltage 
is much less also. Again, the launched electron flow measured just downstream of the 
switch is greatest during the switch opening time period and decreases after opening. 
The waveforms of the last figure give a good indication of the level of difference 
current able to be resolved. All these currents have error bars of order 20 kA. 
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Figure 2-21. Downstream anode currents measured at three different azimuthal 
locations showing asymmetries in the opening. 
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Figure 2-24. Difference currents measured at locations "S" and "3" for shot 455. 

Next a shot with a longer conduction time of 104 nsec is examined in Figures 2-25 and 
2-26. Despite the lower POS voltage than shot 436, there appears to be more 
launched flow in shot 444 which may be related to the higher density requirement of 
the longer conduction time in shot 444. 

Finally, we present data in Figures 2-27 and 2-28 from shot 452 which had a higher 
inductance load and a conduction time of 86 nsec, the same nominal conduction time 
as shot 436. 

Despite the higher POS voltage on shot 452, the launched flow is about the same as 
in shot 436. This result seems to indicate that the POS opens to a larger gap with the 
more inductive load or that the ion flux partially controlling the magnitude of the 
launched electron flow is source-limited. Whether either is true or not has important 
implications to the use of a large diameter non-hydro POS as a first stage switch in 
terms of the losses expected when the second stage switch opens. 
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Figure 2-25. Currents, POS voltage, and upstream difference current for a long 
conduction time shot (shot 444). 
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Figure 2-26. Difference currents measured at locations "S" and "3" for shot 444. 
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Figure 2-27. Currents, POS voltage, and upstream difference current for a 64 nH 
load (shot 452). 
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Figure 2-28. Difference currents measured at locations Sand 3 for shot 452. 
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Figure 2-29 shows the currents for a shot into a resistive load. The resistive load was 
achieved by removing the inductive short, leaving a ~3-ohfn (vacuum impedance) 
MITL that provided a roughly 1.25-1.9 ohm diode load (corresponding to saturated 
parapotential flow or the minimum current flow solution). In this test the switch opened 
to about 1.5 MV before significant current was drawn by the down-stream load. At the 
peak diode load current of 530 kA, the anode current upstream of the switch was 600 
kA, indicating about 70 kA loss (12%) in the switch region. The sheath flow 
downstream of the switch shown on the figure is calculated from average currents at 
the locations, and as such is not as accurate as the sheath currents shown previously 
(probably 50 kA resolution vs. 10-20 kA resolution for the single azimuthal location 
data). The sheath flow downstream of the opened switch persisted well beyond the 
opening phase of the switch and suggests that either energy deposition in and 
downstream of the switch region was sufficient to create enough anode plasma to 
maintain sizeable (~ 17%) launched electron flow, or that the continued injection of 
plasma from the POS guns provided a source limited ion current that allowed 
continued electron launching from the switch region. 
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Figure 2-29. Currents, voltage and difference currents for a shot with a resistive 
load. 

More data for a wider range of diode load impedances is needed, particularly for cases 
where (1) the geometric impedance of all structures downstream of the switch is 
greater than the  geometric  impedance of a fully  opened  switch  (in  order to 
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unambiguously determine the full extent of switch plasma erosion), and (2) where an 
adjustable impedance, fast turn-on, diode load is employed (instead of the smooth 
radial plate MITL that was the load in the test reported above). 

Output Current With and Without POS For Various PRS Drive' Times. In cases where 
the low density switch opened into inductive loads typical of the downstream 
inductance associated with candidate direct drive Quad PRS circuits, the current 
transfer efficient was excellent and the load current risetime was sharpened. To 
quantify the projected benefits of such a sharpening switch approach, we have defined 
an effective risetime (Teff): 

tf 
\I(t)dt 

Teff=-5  (2.8) eff   im 

This quantity can calculated for shots with and without a POS, and the currents 
available at various values of Teff can be found. For PRS loads, which may 
operationally be limited to short implosion times due to Rayleigh-Taylor instability 
growth, comparing the current available at a fixed time is a good way of judging the 
efficacy of the POS. These comparisons are made in Figure 2-30, for the three load 
inductances tested. Once again, the 36 nH load is indicative of a typical Quad PRS 
design. 

As the PRS loads are made stable to longer implosions, the POS plays a diminishing 
role as can be seen by the convergence of the current levels at longer Teff. However, 
for PRS designs at present which may be pushed up to 150 nsec, the POS system 
shows an increase in current level of 1.35 MA/0.8 MA, or nearly a 70% improvement in 
current. 

2.5     CONCLUSIONS. 

Efficient power flow through an opened low density POS has been demonstrated for 
inductive loads typical of PRS driver circuits and for (limited data) high impedance 
diode loads. The switch was designed (1) to operate in a bi-polar or modified bi-polar 
(enhanced opening via electron self-magnetic insulation) conduction regime vs. the 
MHD or EMH regimes typical of the present DECADE POS and (2) to limit electron 
energy deposition in the anode electrode during switch opening to minimize electrode 
plasma formation and its effect on power flow. 

We have not clearly demonstrated that electrode plasmas have been eliminated, 
however the measurement of relatively low (~ 100 kA) launched electron flow during 
switch opening into inductive loads, followed by a decrease to < 50 kA after switch 
opening suggests that the switch is opening to a large gap (several cm) and that the 
ion current may be injection-source limited. 
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Attempts to characterize the opened state of the low density switch by using it as the 
load were compromised by the diode-like loading of the downstream open-circuit 
hardware. The resulting tests with a ~1-2-ohm diode load showed that the switch 
initially opened to greater than 2-ohm impedance but that measurable launched 
electron current persisted well after switch opening perhaps because the energy 
absorbed by and just downstream of the switch before the downstream load reached 
its operating impedance was sufficient to form an anode electrode plasma. 

For the inductive load cases where inductances were selected to be representative of 
candidate Quad PRS direct drive circuits, the low density switch and resulting power 
flow was demonstrated to allow up to 100 nsec reduction in the 10-90% load current 
risetime without significant compromise in peak current. The small launched electron 
flow after switch opening is also compatible with use of downstream vacuum convolute 
structures for combining currents from multiple lines to a single PRS. 

Finally, the good power transmission characteristics of the low density switch opens 
the potential for its use to amplify power (< 2) to a nearby downstream high density 
MHD or EMH POS to reduce the conduction time requirements on these faster- 
opening switches. 

48 



SECTION 3 

EXPERIMENTAL RESULTS OF THE DENSITY CONTROLLED 
OPENING SWITCH PROGRAM 

In this section the experimental results of the program to investigate operation and 
scaling of the density controlled opening switch (DCOS) are presented. The 
experimental program was designed to look at switch phenomenology over a wide 
range of electron (je) and ion (j-,) current densities starting at je< 100 A/cm2 and ji < 10 
A/cm2. The initial goal was to increase electron current densities to the 1000 A/cm2 

regime for scaling to high current simulator applications. The actual results of the 
program achieved electron current densities of ~2000 A/cm2 and total currents in the 
100-200 kA range. As mentioned in Section 1, three rather distinct switch operation 
modes were observed - two low impedance modes, both of practical interest and a high 
impedance mode probably of lesser practical interest. The low impedance modes 
exhibited either a self-opening or a conduction-without-opening behavior where the 
current increased with the ion current. The latter mode would be relevant to external 
gating of the ion source for opening. Most of the features of switch operation were 
observed early in the program at low je and jj levels and persisted to the high current 
regime. A diagnostic package to obtain voltage across the switch, electron current flow 
patterns in the gap and ion currents at the cathode was implemented along with a gated 
camera to infer plasma motion. Using these diagnostics experiments were conducted 
to elucidate the basic switch phenomenology of these modes and obtain practical 
design information by varying several key parameters in several current ranges. 

Parallel with the experimental work was a theoretical study of switch phenomenology by 
T. Hughes of MRC, Albuquerque using the simulation code IVORY. Most simulation 
results were one-dimensional, but some limited two-dimensional simulations were also 
run. The results of the simulations are given in Section 4, and remarks on relevant 
simulation results are given along with the data in this section. 

This section begins with a description of the experimental hardware followed by results 
of investigations into basic switch physics issues such as cathode emission limitations 
and mesh transparency. These studies were first conducted using glass cross vacuum 
hardware with a 90 degree bend transport section between the flashboard ion source 
and the switch gap region, and were limited to peak ion current densities of < 10 A/cm2. 
The bend was removed to obtain higher ion current densities and the remainder of the 
experiments were conducted with straight injection geometry using both the glass cross 
hardware and a coaxial switch geometry in a metal vacuum chamber. Results for the 
three conduction modes are then summarized, followed by data from ion collectors 
behind the cathode and arrays of B-dot probes to map current flow. The section 
concludes with results of scaling of switch operation with key parameters. 
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3.1     EXPERIMENTAL HARDWARE FOR DCOS EXPERIMENTS. 

3.1.1   15 cm Glass Cross Hardware. 

The overall experimental plan for the DCOS studies was to first address issues of 
scaling the electron current density from je ~ 10-1000 A/cm2, and then increase the total 
current to the level of -200 kA. This plan allowed diagnosis of the switch behavior, 
starting in regimes where modifications were simpler and diagnostics were more likely 
to survive. Following the plan, initial experiments were carried out with the anode- 
cathode (AK) gap housed in a 15 cm diameter glass cross vacuum chamber. This 
hardware was suitable for tests of the DCOS at low total currents, from currents a few 
hundred amperes up to -20 kA, and had several advantages over a metallic vacuum 
chamber. The glass cross hardware allowed visible access to the entire AK gap, made 
insulation between electrodes simpler, and allowed for fast penetration of the applied B- 
fields. To scale to higher total currents than were practical in the small glass chamber, 
a larger metallic, coaxial system which had been used in a previous DCOS project was 
refurbished. This larger hardware was used for currents up to -200 kA, at charge 
voltages of up to -30 kV. 

The initial experiments in the glass cross utilized a 90 degree glass bend between the 
AK gap and a flashboard plasma source. The purpose of the bend was to eliminate 
possible influence of the switch behavior by neutrals from the flashboard. Shown in 
Figure 3-1 is a side view of the glass cross hardware with the 90 degree glass bend. 
There were multiple locations in the cross for electrode hardware. The anode electrode 
was located at an end flange of the cross, and the cathode electrode was located near 
the center of the cross 25 cm from the anode. An intermediate location between the 
anode and the cathode, -1.7 cm from the cathode could also hold electrode hardware. 
The anode typically consisted of a 2.54 cm diameter hole in 0.00127 cm thick stainless 
steel foil held in place by a 3.81 cm ID stainless steel ring. The plasma was fed through 
the anode towards the cathode. Five types of cathodes were used in this hardware. 
The types were foil, mesh, carbon velvet, carbon fiber and limited area stainless steel 
disks. The foil cathode was a -10 cm x 13 cm rectangular piece of 0.00127 cm thick 
stainless foil stretched between two -1.9 cm diameter stainless steel rollers. The mesh 
cathode had the same dimensions as the foil cathode, except the foil was replaced with 
a mesh. The carbon velvet and carbon fiber cathodes consisted of 2.54 cm diameter 
velvet or fiber regions surrounded by flat stainless steel with dimensions similar to the 
foil cathode. The limited area cathodes were solid stainless steel disks suspended on a 
stainless steel rod. Magnetic field coils outside the vacuum hardware provided a 
guiding field for the plasma to travel from the source into the AK gap. Figure 3-2 shows 
the field strength as a function of the axial location along the glass bend and through the 
AK gap. The total distance traveled by the plasma from source to cathode was -100 
cm. The field profile of Figure 3-2 was found to transmit the highest ion current from the 
flashboard to the cathode, even though calculations of the flux tubes showed that less 
than 20% of the active area of the source was intersected by flux tubes which passed 
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through the anode aperture. Hence the majority of the field lines from the active area of 
the plasma source mapped to intersect the solid anode hardware. 

Ring Coil 

Cusp Coil 

Bend Solenoid 

Helmoholtz Coil' 

Cusp Coils Ring Coil 

Figure 3-1. Experimental configuration of the glass cross hardware with the 90° bend. 
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Figure 3-2. Magnetic field profile along the bend and AK gap. 

The ion current as a function of time was measured by a heated 0.00127 cm thick 
stainless steel foil attached in the uppermost electrode location. Heating the foil 
collector cleaned the surface of adhered gases and allowed for more reliable 
measurements by reducing emissive behavior. The foil was heatable to over 500 C. 
Extremely careful conditioning and heating of the foil allowed for measurements with 
bias voltages ranging from 0 to -20 kV without breakdown of the collector. The current 
to the collector was measured with a Pearson current transformer. To reduce the 
plasma incident upon the collector and reduce the measured ion saturation current, a 
second, slightly larger, stainless steel foil with a 1 cm2 aperture was placed in front of 
the collector foil. The measured current was dependent upon the area of the aperture, 
and the ion density and velocity distribution. For a population of "cold" ions (ion 
temperature Tj of a few eV or less) with a drift velocity -10 cm/^sec, the ion current is 
strictly the area-density-drift velocity product. However, since only ions with a net 
velocity into the surface of the collector can be collected,, if the drift velocity is 
comparable to or less than the thermal velocity of the ions, only a portion of the total 
plasma is collected. In the extreme case of zero drift velocity, the ion current into the 
collector surface is J| = V^niVthermai. where A is the effective area of the probe, qj is 
the ion charge, nj is the local ion number density and viermal is the ion thermal velocity. 
A 30 eV carbon plasma with zero drift velocity, e.g., would have a collection current -25 
times less than the same plasma with a 10 cm/nsec drift velocity. 

The driver bank for the AK current consisted of two 0.7 \iF, 100 kV capacitors 
connected in parallel and switched by a single, mid-plane triggered spark gap.   The 
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inductance of the circuit was 1.4-1.6 |iH, and the resistance was typically dominated by 
the plasma resistance. An external resistance of ~12.7 ohms was added to the circuit 
during the low current experiments. Figure 3-3 shows the driver circuit and relevant 
dimensions of the AK gap electrodes. 

SW1 

T 
v, CH 

u       J>^_      R1 -amm 

C1 

W/v 

Plasma 
Stream 

A1-K: 1.73 cm 
A2-K: 25 cm 
Diameter of A1 aperture: 0.44 cm 
Diameter of A2 aperture: 2.54 cm 

C1: 1.4x10"^ 
L1: 1.47x10"^ 
R1: 0.10 ohms + 12.7 ohms 

Figure 3-3.    Lumped circuit parameters for glass cross switch apparatus with 90c 

bend. 

The AK current was measured by a pair of Pearson 1411 current monitors. The AK gap 
voltage was measured by a ~400 ohm PSI vacuum voltage monitor located outside of 
the vacuum, or by a ~400 MQ Northstar voltage monitor also outside of the vacuum. 
The 400 ohm monitor has much better frequency response than the 400 MQ monitor, 
but may be more perturbative than the high impedance monitor. Time resolved images 
of the plasma were acquired using an micro-channel plate (MCP) gated charge-coupled 
device (CCD) camera. The camera is sensitive to wavelengths from 300 to 800 nm, 
and can be gated continuously from ~5 nsec to open shutter. The glass cross allowed 
the camera visual access to the entire switch plasma. 

After the tests with the glass cross with the 90 degree bend, the bend was removed to 
increase the injected ion current. Shown in Figure 3-4 is the glass cross hardware with 
the 90 degree bend between the flashboard and the AK gap removed. With the bend 
removed, the flashboard was moved to ~ 44 cm from the cathode. Figure 3-5 shows the 
field strength as a function of the axial location. This arrangement greatly reduced the 
mirror field the plasma crossed, and increased the area of the source which mapped 
along field lines into the AK gap. Correspondingly, the injected ion current in the 
straight field configuration was much higher than with the bend, up to -100 A/cm2. With 
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the higher ion current, conduction modes not accessible at lower ion currents were 
explored. The effects on these regimes of a conducting mesh across the anode 
aperture were tested. Both a ~39x39 line-per-cm woven wire nickel mesh with wire 
diameters of 0.005 cm, and a -14x14 line-per-cm woven wire tungsten mesh with wire 
diameters of 0.009 cm were used. The tungsten mesh, which had a geometric 
transparency of ~77%, was found to survive better, and was the mesh used in the 
conduction data presented in this report. 

18.2 cm 
Distance to 

Plasma Source 

Figure 3-4.   Experimental configuration with the 90  bend removed. 
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Figure 3-5.    Magnetic field profile with the 90 degree bend removed. 

3.1.2   Coaxial Hardware. 

Following the experiments in the glass cross, experiments in the higher current, coaxial 
hardware commenced. Besides allowing for higher currents, the coaxial hardware also 
improved diagnostic access at the cathode potential, and reduced field errors from the 
non-symmetric current path present in the glass cross. The coaxial electrode and 
vacuum hardware first used is shown in Figure 3-6. In subsequent experiments, the 
electrode and magnetic field configurations were changed, and these changes are 
discussed later. Inside the vacuum, the cathode electrode was a 30.5 cm diameter 
stalk approximately 1.5 meters in length. The anode for most of the length of the 
cathode was 39.4 cm in diameter, but the diameter decreased to ~20 cm 6 cm from the 
cathode mesh. For diagnostic access, the anode was not the vacuum chamber wall in 
the switch region. This arrangement improved radial access to the switch plasma, both 
for visual and electrical diagnostics, although it had the drawback that it required the 
guiding magnetic field coils be placed inside the vacuum. From the vacuum insulator to 
the switch region, the inductance of the vacuum coaxial section was approximately 70 
nH. The vacuum coaxial section was designed to accept up to 36 high voltage coaxial 
cables (RG217) which fed in directly before the vacuum insulator. 

There was a -29 ^H inductive isolator attached at the vacuum insulator end of the 
cathode stalk. The inductive isolator allowed the placement of diagnostics at the 
cathode potential, without appreciably shorting out the applied cathode voltage. The 
inductive isolator had five low voltage coaxial connections, two high voltage coaxial 
connections, and five high current connections. This combination allowed a variety of 
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diagnostics and field coils to be at the cathode potential without shorting out the applied 
voltage on the time scale of interest. 

The measured magnetic field profile on-axis for the configuration shown in Figure 3-6 is 
shown in Figure 3-7. The measured field was in close agreement with the calculated 
field, even with the electrode hardware present. This field has a magnetic mirror ratio of 
nearly two (Maximum field/Minimum field), which likely reduced the ion current from the 
flashboard. The peak field was varied from 0 G to 6 kG in the experiments with this 
configuration. 

The cathode consisted of a mesh stretched in a "drumhead" holder. The anode 
aperture was a stainless steel foil in a drumhead holder. The aperture holder shown in 
Figure 3-6 is the same as was used in the glass cross experiments, and apertures from 
1 cm to 6.14 cm in diameter were tested. Experiments with and without a conducting 
mesh across the aperture were also performed. The AK spacing was changed by 
adjusting the anode mounting hardware. The AK spacing shown in Figure 3-6 is 16 cm. 

The voltage was measured with the 400-ohm vacuum voltage monitor connected to the 
cathode stalk about 10 cm upstream from the cathode mesh. The circuit inductance 
between the connection points of the voltage monitor was typically around 100 nH, but 
varied with the geometry of the plasma column. Monitors for the current included 
Rogowski coils at five locations, including just inside the vacuum insulator, about 30 cm 
up from the cathode mesh, around the anode aperture holder, and between the anode 
aperture and the flashboard. Arrays of B-dot coils were also used to monitor the current 
and determine the displacement of the current centroid. A single B-dot array consisted 
of four coils located top, bottom, left and right of the plasma column. The calibrations of 
the B-dot and Rogowski coils were checked with a Pearson current monitor on a 
shorted load. 

For measurements of the ion current, a disk ion collector behind the cathode mesh was 
used. The collector was biased with respect to the cathode between -40 and -200 V. 
The bias capacitors were located inside the cathode stalk, at the high voltage end of the 
isolation inductor. The current was measured by a Pearson current transformer also 
located at the high voltage side of the inductor. The collector had only one side open to 
the plasma. The other side was insulated with a ceramic insulator and could not collect 
ions. The collector was heatable to over 500°C. Even with the heated, cleaned surface 
emissive behavior was often a problem at the high ion fluences of the experiments. 

For comparisons with the glass cross experiments, the experiments with the coaxial 
hardware were started with an AK bank of two, 0.7 ^F capacitors in parallel, switched by 
a single mid-plane triggered spark gap - the same as was used with the glass cross. A 
single high voltage coaxial cable connected the capacitor bank to the vacuum coaxial 
section. The inductance and resistance of this circuit with a copper shorting strap in lieu 
of the plasma was -910 nH, and ~58 mQ. By changing the inductance of the cable(s) 
from the spark gap to the vacuum coaxial section, the total inductance of the circuit was 
varied from -410 nH to -2500 nH. 
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Figure 3-6.   Experimental configuration showing the locations of the flashboard, 
magnetic field coils, electrode hardware and selected diagnostics. 
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Figure 3-7. On-axis magnetic field profile for the three coil configuration. 

To increase the uniformity of the magnetic field across the AK gap, and to increase the 
separation between the anode and cathode electrodes in areas outside the desired 
conduction channel, larger diameter magnetic field coils were made and tested along 
with modifications to the anode hardware. Figure 3-8 shows the modified coil and 
electrode configuration. In Figure 3-9 the calculated magnetic field on-axis for the 
configuration of Figure 3-8 is given. In this design the magnetic field was more uniform 
across the AK gap, and the electrode design changes were intended to reduce current 
losses at large diameter. With the electrode configuration first used in the coaxial 
hardware, (Figure 3-6), the minimum axial separation between the anode and the 
cathode was 6 cm at diameters of 20 cm and greater. This diameter was larger than 
the injected plasma column diameter, (<5 cm), but it was a concern that break down of 
the feed at that location would limit the ability to scale the switch parameters. Losses to 
that section were not severe with a 2.54 cm aperture, but the losses were slightly 
greater with a 5 cm diameter aperture, and were expected to be worse at even larger 
diameters. The modified electrode hardware ensured that the minimum axial anode- 
cathode separation was along the injected plasma column. 
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Figure 3-8.   Experimental configuration showing the locations of the flashboard, 
magnetic field coils, electrode hardware and selected diagnostics 
with the larger magnetic field coils. 
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Figure 3-9. On-axis magnetic field profile for the five coil configuration. 

3.1.3  High Current Driver Bank. 

To achieve currents -200 kA, a larger AK driver bank was assembled. In the larger 
bank, fifteen 0.7 ^F capacitors replaced the two 0.7 ^F capacitors previously used. 
Each capacitor had 0.2 ohms in series and a mid-plane triggered spark gap. The 
resistor and spark gap were housed inside of a coaxial "top hat" mounted on the 
capacitor. With the top hat, both the switch and capacitor header were filled with 
pressurized SF6, which allowed for charge voltages up to 100 kV. Each capacitor was 
connected to the vacuum coaxial section with its own coaxial cable. With a -26 cm 
long, 1.6 cm diameter stainless steel short across the AK gap, the circuit inductance 
was -300 nH. The total circuit inductance with the plasma was dependent upon the 
length and diameter of the plasma column, and was typically less than 300 nH. The 
trigger for all 15 capacitors was a small Marx of two, 0.22 |xF capacitors, charged to ±35 
kV which, when switched, transferred charge into a 10 nF peaker capacitor. The output 
of the peaker capacitor was a 15 gap, single envelope, self-break switch, with each gap 
of the self-break switch triggering a single spark gap. This trigger was found to reliably 
trigger all 15 spark gaps, with negligible jitter between the-spark gaps at charge 
voltages above -15 kV. 
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3.1.4  Plasma Sources. 

There were three plasma sources used for the data presented in this report- two 
flashboards and a cable gun. The driver circuit for all of the sources was a single 0.7 jiF 
capacitor, switched with a pancake spark gap.   The circuit was charged to 30 kV for 
flashboards, and from 15 to 30 kV for the cable gun. A small flashboard with an active 
area of -8x8 cm was used for all of the data in the glass cross, and some of the data in 
the coaxial system.   The flashboard is made with a thin copper sheet on one side 
copper pads on the other side, and five layers of Kapton insulation laminated in 
between. The entire arrangement is mounted on a non-conducting G10 backing   The 
insulating backing allowed for easy magnetic field penetration into the flashboard 
Voltage was applied across the pads, and a flashover between the pads creates the 
plasma.  For the small flashboard, there were five chains of pads, and each chain had 
five flashover points.  The copper sheet acted as a low inductance return path for the 
current.   The close spacing of the current in the plasma and' the return current was 
designed to increase the JxB forces in the plasma and enhance the plasma velocity. In 
order to scale to large aperture areas (100-200 cm2), a larger flashboard was used 
The larger flashboard had an active area of 24x27 cm.   The large flashboard had 13 
chains of pads, with 18 flash-over locations in each chain on the Kapton insulation   The 
backing material for the large flashboard was brass instead of G10, which reduced 
magnetic field penetration into it. The large flashboard was used with the configuration 
shown in Figure 3-8, but some interesting results were also found with an increased 
separation of the flashboard to the AK gap.  The set-up used is shown in Figure 3-10 
and the magnetic field strength on-axis is shown in Figure 3-11. 

Similarly to the flashboard, the cable gun plasma source was generated from a 
flashover across an insulator. In this case the insulator was the Teflon insulation in a 
0.635 cm diameter semi-rigid coaxial cable. There were several differences between 
the cable gun and the flashboard plasma outputs. The cable gun plasma was created 
at a single location, not at multiple flashover points, and typicaliy had a smaller plasma 
cross section and a slower average axial velocity than the flashboard The slower 
velocity is thought to be due to the differences in the current paths which reduce the JxB 
acceleration in the cable gun. The higher velocity of the flashboard plasma would be 
advantageous for a gated plasma source, which is why the flashboard was used for 
most of the present experiments. Another difference was due to the difference in the 
insulator. The Teflon in the cable gun had less hydrogen than the Kapton in the 
flashboard, and had in its place fluorine. This reduced the fraction of the plasma which 
was hydrogen, and greatly increased the amount of the heavier element fluorine in the 
plasma. 
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Figure 3-10.   Experimental configuration showing the locations of the flashboard, 
magnetic field coils, electrode hardware and selected diagnostics 
with the large flashboard 60 cm from the cathode. 
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Figure 3-11. On-axis magnetic field profile for the configuration with the large flash- 
board 60 cm from the cathode. 

With the cable gun, only two of the small B-field coils were used for the applied 
magnetic field, with one inside the cathode stalk and one outside of the reduced 
diameter anode section, Figure 3-12. In this configuration, the plasma typically 
traversed a substantial mirror field to enter the AK gap, Figure 3-13. The nominal AK 
gap was 27 cm long; however, at larger diameters near the cathode the gap was only 
about 6 cm long. A 39x39 line-per-cm Ni mesh covered the 10.16 cm diameter anode 
aperture. The cable gun was located along the magnetic axis, with the axial position 
adjustable from outside vacuum. The large driver bank was used for all conditions 
tested with the cable gun. 
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Figure 3-12. Experimental configuration for the cable gun experiments showing the 
locations of the magnetic field coils and electrode hardware. 
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Figure 3-13. On-axis magnetic field profile for the two-coil configuration used with the 
cable gun source. 

3.2    BASIC SWITCH PHENOMENOLOGY. 

The glass cross hardware was the first apparatus used in the program. A 90 degree 
bend with a longitudinal magnetic field transported the flashboard source plasma to the 
switch gap and was used to insure that neutrals from the source not influence the gap 
physics. The ion source current density with the bend was limited to about 7 A/cm . 
The apparatus was used to investigate basic issues pertinent to switch operation such 
as cathode emission, mesh transparency, impedance drop, and control of conduction 
current by the injected ion current profile. The major new discovery from these 
experiments was the first association of impedance drop with a radially expanding 
current channel. Most all the features of the modes of switch operation seen in later 
high current experiments were apparent in these experiments. 

3.2.1   Cathode Limited Emission Effects. 

The first results to be discussed were obtained from experiments with the configuration 
shown in Figure 3-1. Several cathode configurations were tried with this setup, and 
these experiments led to some understanding of the conditions under which cathode 
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limited emission occurs. Because of possible formation of potential humps in the 
anode-cathode gap region and associated changes in the injected ion current and 
limitation of current flow, it is unfortunately not always possible to distinguish effects of 
emission limitation from those due to modifications of the ion flow in the gap. Shown in 
Figure 3-14 are the measured currents on the uppermost electrode, which was a 
stainless steel foil, at bias voltages of -200 V and -20 kV. An intermediate electrode at 
anode potential was -1.7 cm in front of the upper electrode, and had an aperture with 
an area of ~1 cm2. The aperture at the entrance to the glass cross was 2.54 cm in 
diameter, and was not covered by a mesh. At -200 V the uppermost electrode or 
cathode repelled all of the incident electrons and only collected ion current. There was 
no formation of a cathode plasma, and the measured current was equal to the incident 
ion current. At -20 kV, however, the measured current, including the ion current, was 
nearly three times higher although the conditions on the injected ion current were 
identical. This change in the measured current was not due to the formation of a 
cathode plasma, but was due to electron ejection from the cathode by the energetic 
ions. Hydrogen ions at -20 kV can yield approximately one to two electrons per ion.(1) 

With a 1 cm2 area plasma column, and a foil cathode, it appeared that the current could 
not rise to the Child-Langmuir limit (~200 A) due to cathode emission limitations. 

Figure 3-14. Measured currents on the top electrode with two biases. 

As a further test of the cathode emission limitation, the intermediate anode was 
removed, and a similar test was performed with a 25 cm AK gap. Without the inter- 

(1) A. vonEngel and M. Steenbeck, Elektrische Gasentladungen, Vol. 1, Springer, Berlin 
(1932), pg. 116. 
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mediate electrode, the total ion current incident upon the cathode increased by about a 
factor of five (the ratio of the aperture area at the entrance to the glass cross to the 
area of the intermediate electrode aperture). Shown in Figure 3-15 are the measured 

ZhCTnekV^nn!HC?S°de Wi« a b;aS °f ;20° V'the measured current on the «thode with -10 kV applied 5.5 ^sec after plasma first arrived at the cathode, and the measured 
current on the cathode with -10 kV applied before the plasma arrived at the cathode   In 
both cases w,th -10 kV, the measured current started at MOO A or a few times the level 
of the incident ion current, and then rapidly increased to a peak level substantially 
above the injected ion current.    It appears that initially the current was limited by 
cathodei current limitations, then a cathode plasma was ignited and the current rose 
although not to levels given by the Child-Langmuir bipolar current for hydrogen using 

^Z TT\at thKei'me °f thG CUrrent increase' as measured w*h°ul applied high 
voltage In fact, in both cases the peak current levels were limited by the voltage drop 
across the external resistance (12.8 ohms) together with the inductive voltage drop 
during the rapid current rise. Increasing the diameter of the plasma column incident 
upon the cathode and increasing the AK gap thus resulted in the formation of a cathode 
plasma and removed the emission limitation, at least over 100-200 nsec of conduction 

1000 '—L 

Figure 3-15. Comparison of the injected ion current with cathode currents with voltaqe 
applied at two times. a 
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There are two features of the current profiles of Figure 3-15 which are characteristic of 
much of the data of the program. First of all, after cathode ignition, the current exhibits 
opening/re-strike type oscillations. Typically with higher ion densrty sources only a 
2K opining type event is observed and there is little evidence in these cases 
?uggesSnrcathode emission limitations limit the current initially. In these cases, 
however the external circuit resistance is low (-100 mO) and the current does not roe 
to a limit imposed by the driving bank voltage. Using the ion density and velocity from 
the source current profile of Figure 3-15 and the Kares theory of gap opening due to 
heating of the background electrons and formation of a potential hump to shut off «on 
Injrtton, (see Section 4-2, Equation 3) the gap should start open.ng, e.g. at electron 
current density levels above je-50 A/cm2 at the ion current density peak (-6.8 A/cm). 
Since the peak electron current density of the bottom curve in Figure 3-15 is >100 
A/cm2 the theory would predict opening. An alternative possibility is that only a limited 
cathode plasma is formed at ignition and requires high energy M° *»J0 »" 
bombardment for sustenance (the gap voltage is essent.ally zero at the first current 

peaks). 

The other noteworthy feature of the current profiles of Figure 3-15 is the general 
increase of current over time independently of the injected ion current at least as 
measured without applied voltage. Both curves rise to near short circuit bank levels 
after -5 usec from ignition, implying effects due to current flow. Though the ion source 
current at the peak current is adequate to allow the current levels if the plasma is 
primarily C+, an obvious explanation is gap closure due to electrode plasma motion 
reducing the effective gap size. The numbers for high density plasma.gap closure rates 
from typical high current diodes are 1-2 cm/nsec and plasmas from the two electrodes 
could close the gap at 2.5 cm/^is in about the observed time. Such a picture of gap 
closure does not fit the data, however, since the effective gap of the plasma column is a 
very small fraction of the physical gap and the impedance would be roughly constant 
until near the time when the closure had proceeded to the point where only a millimeter 
or so opening remained. 

Additionally, other data show impedance drop starting at times requiring higher closure 
velocities (-6 cm/^s/electrode) than the data of Figure 3-15, and in other cases the gap 
voltage can be high well into the impedance drop phase. A new mechanism has been 
discovered in the program explaining the impedance drop. It « essent.ally an 
expansion of the current channel radially in time, wherein a low current density flow 
outside the main injected channel is generated as ions move outward driveri in 
particular by the radial electric field of few Kilovolt potential humps The first evidence of 
the current channel expansion is given in Section 3.2.3 and it s further documented 
later in the report with B-dot probe data. 

Next a 39x39 line-per-cm stainless steel mesh with 0.00254 cm thick wires (81% 
transparent) was installed at the intermediate electrode location which was connected to 
the cathode outside of vacuum and -10 kV was applied before the plasma arrived at the 
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cathode. Figure 3-16 shows a comparison of the injected ion current with the current 
from the mesh cathode, indicating that the cathode began to emit 1.5 jxsec after the 
arrival of the first plasma. The cathode also exhibits symptoms of emission limits 
throughout the current flow since the je/jj ratio is lower than typically observed (20-30) 
and the current after peak does not rise to the short circuit level. Other data using the 
mesh cathode but with applied voltage of -20 kV and without the external resistor 
showed essentially instantaneous ignition and a rapid current rise followed by a single 
opening when the voltage was applied near the peak of the injected ion current. 
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Figure 3-16. Comparison of injected ion current and the current from the biased mesh. 

In Figure 3-17 the measured current for -10 kV applied across the AK gap 
approximately 1.5 nsec after plasma arrival at the cathode is given for a shot with a 
carbon fiber cathode. The current profile does exhibit a duration of -500 nsec at the 
^100 A current level typical of the foil cathode before ignition, followed by a rise to ~200 
A lasting about 3.5 nsec. It is interesting to compare the -10 kV carbon fiber cathode 
date of Figure 3-17 with -30 kV data given in Figure 3-23 of Section 3.2.4 where all 
other parameters are the same. Voltage is applied at nearly the same time in the ion 
current profile in the two cases. At -30 kV the current rises smoothly to -200 A over 
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< 50 nsec in contrast to the -10 kV case where -360 nsec are required to reach about 
70 A. The ion dose to the cathode before voltage application is the same in the two 
cases; the major difference is the higher ion energy at the cathode with -30 kV during 
the time of current rise. (The peak electron current densities in the two cases up to the 
time of current clamping in the -10 kV case are of course the same.) 
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Figure 3-17. Comparison of injected ion current and the current from a carbon fiber 
cathode. 

In summary, there is evidence at -10 kV of at least initial emission limitations with the 
foil, mesh and carbon fiber cathodes, and their current profiles are significantly different. 
The foil cathode shows an ignition with very low gap impedance; the others do not. At 
-20 kV applied near the peak of the ion source current, the mesh cathode also ignites 
very rapidly with a low impedance phase and an opening type event, and at -30 kV the 
carbon fiber cathode shows rapid current rise over very short times (< 50 nsec) 
associated with a short-lived lower impedance phase, but high impedance thereafter. In 
this high impedance mode the carbon fiber cathode gives je/ji ratios of 20-30, similar to 
those at the peak current with self-opening modes which clearly do not have initial 
emission limitations.   Even with the very low initial ion dose of Figure 3-25 of Section 
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3.2.4, where the ion current density peak is 0.24 A/cm and electron current density is 
only ~7 cm2 (conditions where it is hard not to expect emission limitations), the y\\ ratio 
of 20-30 still holds. 

Simulations with space-charge-limited emission always show a low impedance gap 
behavior followed by an opening if the plasma fills the gap before application of voltage. 
In the experiments with the carbon fiber cathode discussed above, there was always 
source plasma across the entire gap at the time of application of voltage, yet the data 
shows high impedance behavior. 

Experiments described later in this report used all three cathodes discussed above. In 
the low impedance modes of practical interest, the initial gap impedance is low and 
therefore likely not limited by cathode emission. These modes were typically obtained 
after > 2 jisec of cathode irradiation by the ion source and with jj £ 10 A/cm2 at the time 
of voltage application. 

3.2.2 Mesh Transparency as a Function of Bias Voltage. 

The transparency of an electrode mesh, particularly to ion flow, has practical 
implications to DCOS and is a key consideration in interpreting experimental results. 
Experiments were undertaken to study the issue. This set of experiments in the glass 
cross with the 90 degree bend utilized a 2.54 cm diameter aperture, the ion collector 
described previously in the upper electrode position, and the biased grid intermediate to 
the two positions. The biased grid was located ~1.73 cm from the ion collector and the 
anode aperture was ~25 cm from the collector. The first set of experiments used 
negatively biased grids. The experiments measured both the ion current collected by 
the mesh and the ion current transmitted through the mesh. The total current was taken 
as the sum of the two currents. In some cases secondary electron currents from the 
grid were included, and were subtracted from the measured grid current to obtain the 
ion current collected at the grid. This analysis was used to compute the fraction of ion 
current transmitted through the mesh. The results from measurements with a ~6x6 line- 
per-cm stainless steel mesh with a geometric transparency of 73% are summarized in 
Table 3-1. As seen from these results, the transmittance changed from 69.6% to 51.2% 
as the potential of the mesh was varied from -100 V to -1000 V. The measurements 
used in the comparison were not all taken at the same time relative to the trigger to the 
flashboard, but were taken at the time of the peak signal. 

A second set of transparency measurements were done with a 81% 39x39 line-per-cm 
mesh with the same arrangement as the data above. However, the data was analyzed 
at a fixed time of 7 ^sec from the trigger to the flashboard, or 2.3 jisec after the first part 
of the plasma pulse reaches the cathode. This time was before the peak in the injected 
ion current, and was chosen due to excessive secondary electron emission from the 
fine mesh at the peak ion current. It was felt to be less risky to make shot-to-shot 
comparisons at this earlier time. The results from the 39x39 line-per-cm mesh 
transmittance experiments are summarized in Table 3-2. As seen in these measure- 
ments, the transmittance dropped from 81% to 31% as the mesh potential was varied 
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Table 3-1. Mesh transparency versus bias voltage. 

(73% geometrically transparent, 6.3x6.3 line-per-cm stainless steel mesh) 

SN F(V) IT (A) l+ I. l+top l+mesh Transmittance 
(%) 

888 -100 27 27 0 18.8 8.2 69.6 
887 -200 30.4 27 3.4 19.6 7.4 72.6 
886 -500 36 27 9 18.8 8.2 69.6 
885 -1000 44 27 17 14.8 12.2 54.8 
884 -1000 40.8 27 13.8 14.0 13.0 51.2 

Table 3-2. Mesh transparency versus bias voltage. 

(81% geometrically transparent, 6.3x6.3 line-per-cm stainless steel mesh) 

SN F(V) IT (A) l+ I. l+top l+mesh Transmittance 
(%) 

911 -50 10.4 10.4 0.0 8.4 2.0 81 
912 -100 16.4 16.4 0.0 12.8 3.6 78 
913 -200 19.2 19.0 0.0 14.0 5.2 73 
914 -300 20.0 20.0 0.0 12.4 7.6 62 
915 -400 11.2 11.2 0.0 3.6 7.6 32 
919 -500 14.4 14.4 0.0 4.4 10.0 31 

920 -1000 60.4 16.2 44.2 8.4 7.8 52 
923 -2000 56.0 16.2 39.8 16.0 0.2 99 
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varied from -50 to -500 V. Measurements at higher voltages had too much electron 
emission to be included. A simple model which roughly agrees with the decreasing 
transparency with mesh voltage is obtained by assuming the effective ion capture 
sheath about the mesh wires is given by the Langmuir-Child gap for an ion diode with 
the mesh voltage and incident ion current density. 

In addition to the transmittance changing with mesh potential, a plasma cut-off 
(transmission delay) was also observed during the first 1.25 usec of the plasma pulse. 
Figure 3-18 shows two measurements, one with -50 V on the mesh and the other with 
-1000 V on the mesh. The time for ion current to be measured was delayed by 1.25 
psec with the -1000 V on the mesh. This delay was continuous as the mesh potential 
was varied. 

OFf^Fv^. 

Figure 3-18. Measured ion current with a biased mesh in front of the collector. 

The next set of experiments investigated ion transmission through positively biased 
grids with the ion collector (top electrode) again set at -200 V. Figure 3-19 shows the 
results for grid voltages of 0 to +10 kV. There is attenuation and some profile distortion 
as the voltage increased to +1 kV, but the ion flux profile is surprisingly well preserved. 
Applying a positive bias to the mesh in the middle of the plasma pulse shut off plasma 
to the cathode. Shown in Figure 3-20 are the measured current on the cathode with a 
bias of -200 V, and the current and voltage on the intermediate mesh, with +10 kV 
applied approximately 3 jisec after the first plasma arrived at the' cathode. 
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Figure 3-19. Currents collected on the top electrode (-200 V) for various positive biases 
on the mesh at the intermediate electrode location. 
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Figure 3-20. Measured current on the top electrode with +10 kV pulsed onto the mesh 
at the intermediate electrode location. 
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These data both demonstrate a possible mechanism for gating a plasma with a biased 
grid and imply that the transparency of a mesh on the anode or cathode may vary 
during the discharge. Any transparency variation of the anode mesh is very important in 
influencing plasma injected into the gap after the start of conduction, and for comparing 
the ion current measurements with the conducted current. 

Two meshes were used in experiments discussed in following sections - one at the 
cathode and one at the anode. Cathode meshes were used when ion collectors were 
incorporated behind the cathode to infer ion current density at the cathode with applied 
voltage, and anode meshes were used to influence total current and radial current 
density profiles. In measuring the ion current profiles without applied voltage, any 
attenuation from an anode mesh is, of course, accounted for in measurements made 
with a solid cathode and no intervening mesh, as was the case for ion source 
measurements using the glass cross with the 90 degree bend. In this case, the anode 
mesh gave essentially geometric attenuation. With the bend removed, the anode mesh 
gave close to geometric attenuation over the time when most experiments were 
performed; however, later in time the attenuation was greater than geometric. 

When voltage is applied, the data above suggest the possibility of both varying anode 
and cathode mesh transparency. If the potential of these meshes with respect to the 
surrounding plasma potential is a few hundred volts or less, the data shows the 
transparency to ion current is not significantly affected by the mesh, aside from the 
geometric attenuation. The effects of the anode mesh can be significant, as shown 
later, but are more likely not primarily those of mesh transparency. The presence of the 
mesh changes the boundary conditions of the anode by allowing an electrical 
termination of the gap and flashboard currents across the entire current channel cross 
section and also by providing a source for space-charge-limited .emission into the gap to 
counter formation of potential humps. (According to simulations this anode emission 
stops the double-sided ion ejection from the potential hump and greatly reduces the 
hump potential so it never completely shuts off ion injection into the gap.) 

The cathode mesh has experimentally been observed to reduce the ion current by as 
much as a factor of two and alter the profile. Though not a mesh effect, additional 
uncertainty from ion collector measurements behind the cathode arises from the 
possibility of collector current increases of a factor of two to three during times when the 
gap voltage is high (20-30 kV), due simply to electron ejection by ion bombardment of 
the collector. All in all, ion collector measurements behind the cathode can be uncertain 
by as much as a factor of three with high voltage, and a factor of two at low gap voltage. 

3.2.3  Gated Images of the Plasma at the Cathode Surface. 

The gated camera was used to look at the plasma at and near the cathode surface, with 
the centerline of the camera in-line with the cathode plane. The cathode used was a 
carbon velvet cathode, and the anode aperture was 2.54 cm in diameter. By changing 
the light sensitivity of the camera, changing the f-stop and increasing or decreasing the 
neutral density filtering, observation of the plasma at the cathode both with and without 
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applied AK voltage was possible.   With applied AK voltage it was observed that the 
visible plasma at the cathode expanded at the same time the impedance dropped. 
Shown in Figures 3-21 are images of the plasma at the cathode surface at times from 
7 \isec to 13 |isec after the trigger to the flashboard.  The -30 kV voltage was applied 
6.5 |j.sec after the trigger to the flashboard, TAK = 6-5 usec. Representative current and 
voltage traces for the images in Figure 3-21 are given in Figure 3-22. After 1.5 to 
2 |j.sec of conduction the impedance of the gap started to drop. The current began to 
increase rapidly and at the same time the voltage across the gap dropped. 

The images clearly show a larger region of light emission near the cathode surface as 
the current increased. If the intensity at the center of the image saturates, or if the 
camera has a non-linear response with light intensity, an increase in the overall intensity 
of light emission from the plasma at the cathode may make previously unobservable 
"wings" of the plasma column become visible to the camera. These "wings" may 
appear nearly as bright as the plasma on-axis, even if they have a much lower density. 
Keeping this in mind, the images show that at the time of the impedance drop, there 
was increased light emission from plasma at radii larger than the column initially 
injected, implying current flow at larger radii. Further evidence confirming a radially 
expanding current channel was obtained from B-dot probe data which is given later in 
this section. 

3.2.4   Variation of the Plasma Source. 

During the first ~2 |asec, before the impedance drop, experiments to vary the conduction 
current by changing the injected ion current were performed. These experiments were 
conducted at relatively low ion current densities, -0.24 to 5.7 A/cm2, with an anode 
aperture of 5.1 cm2. The cathodes used were velvet and carbon fiber. The ion current 
was controlled by pulsing the fast cusp coil shown in Figure 3-1. With the appropriate 
timing and voltages, ion currents which rose, remained nearly flat, or decreased slightly 
over the time scale of interest were achieved. Shown in Figures 3-23, 3-24, and 3-25 
are shots under those three conditions. For the first ~2 usec of conduction the current 
approximately followed the shape of the injected ion current. These curves all fall in the 
high impedance gap regime typically observed early in times after the plasma has 
crossed the gap, and the ion current density is < 5 A/cm2. As mentioned previously, the 
ratio of je/jj is -20-30 using the jj values measured without applied voltage. These 
values should be representative of the ion current density near the cathode early on, but 
not necessarily later in the current pulse. 

A significant effort to model these results was undertaken by T. Hughes using, in 
particular, source parameters of Figure 3-24. The results are given in Section 4. In 
order to obtain a high gap impedance, voltage had to be applied just before the plasma 
filled the gap; otherwise, the gap started at low impedance and typically opened in 30- 
75 nsec depending on the gap length (2 and 12 cm respectively). When voltage was 
applied before the gap was filled, a 2 cm gap length gave results roughly agreeing with 
the data; longer gap lengths showed opening. Hughes observed two-stream heating of 
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Figure 3-21. Images of the cathode at different times during conduction. 
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Figure 3-22. Representative current and voltage traces for the images in Figure 3-21. 
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Figure 3-23. Cathode current with injected ion current increasing with time. 
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Figure 3-24. Cathode current with injected ion current remaining constant with time. 
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Figure 3-25. Cathode current with injected ion current decreasing with time. 
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the background electrons with the longer gaps, whereas the 2 cm gap was shorter than 
the wavelength of fastest growth. The maintenance of current flow in the experiment 
over the > 2 \isec before start of impedance drop clearly shows that the ion flow from 
the source is not shut off as predicted by the codes. The lower je/jj ratio than would be 
expected from Langmuir-Child bipolar flow (43 for hydrogen) does suggest a ~40% 
reduction in ion current flow, possibly caused by a small potential hump near the anode. 

3.2.5 Reverse Bias Experiments. 

Experiments were performed with the bias on the electrodes reversed from the standard 
configuration. These experiments were conducted early in the program and served as 
the first experiments to compare with simulations. Instead of plasma being injected 
through a grounded anode toward a negatively biased cathode, the upper-most 
electrode was biased positive, and the plasma was injected towards it through a 1 cm 
aperture in a grounded cathode electrode ~1.7 cm from the upper-most electrode or 
anode. Figure 3-26 compares the measured current on the biased electrode with 
biases of -200 V and +200 V. With the negative bias the measured current is the 
injected ion current for the 1 cm2 aperture, as given previously in Figure 3-14. The 
measured current with a positive bias showed a strong oscillatory behavior that was not 
observed with a negative bias. The frequency of the oscillations decreased after 
~5 p.sec, and it was speculated that the change in frequency might be due to a change 
in ion species. Particle-in-cell simulations by T. Hughes using the IVORY code show 
similar oscillations. 

Figure 3-26. Comparison of collected currents with positive and negative biases. 
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In the simulation shown in Figure 3-27, plasma of density 5x1012 cm"3 is injected at a 
velocity of 13 cm/|asec into an AK gap of 1.73 cm, giving an injected current of 10 A/cm 
for both ions and electrons. An applied voltage of 1 kV is such as to accelerate 
electrons across the gap and decelerate ions. The IVORY simulations exhibit 
oscillations with a period of -200 nsec. In the experiment, the period of the oscillations 
at the peak of the pulse is 200-300 nsec, and gradually lengthens to 400-500 nsec at 
the tail of the pulse. 

2O.0 

200.0 400.0 
t(ns) 

600.0 800.0 

Figure 3-27. Total plasma current vs. time for a 1 kV reverse bias. Ions and electrons 
are injected at 13 cm/|isec with current density of 10 A/cm . 

The dynamics of these reverse-bias oscillations are quite interesting. The oscillations 
are composed of two phases: a "gap-filling" phase and a "plasma-filled diode" phase. 
In the gap filling phase, electrons and ions travel together across the AK gap as a quasi- 
neutral plasma at about the ion injection velocity. The vacuum space-charge-limited 
current for 1 kV and a 1.73 cm gap is 0.025 A/cm2, much smaller than the injected 
current of 10 A/cm2. Therefore, of necessity, there is a virtual cathode at the head of 
the moving plasma. The plot of the AK potential in Figure 3-28 shows that almost all of 
the potential difference is between the anode and the head of the moving plasma. The 
excess charge in the virtual cathode shields the body of the plasma. 
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Figure 3-28. Potential across AK gap during the (a) "gap-filling" phase when a quasi- 
neutral plasma is drifting from the cathode to the anode and (b) during the 
"plasma-filled-diode" phase. (The anode has arbitrarily been taken to be 
at zero potential in these simulations.) In (a) the plasma has almost 
reached the anode (t = 70 ns in Figure 3-27). Most of the potential drop is 
between the anode and the head of the plasma. In (b) the plasma has 
developed a net positive charge, which shuts off further ion injection (t = 
280 ns in Figure 3-27). 
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Once the plasma reaches the anode, the behavior changes markedly. A positive 
potential hump forms in the middle of the plasma as shown in Figure 3-28. The hump 
develops because electrons are no longer impeded by space-charge from reaching the 
anode, and so an electron depleted sheath develops at the anode. The positive hump 
is reminiscent of the ambipolar potential which develops in a hot plasma in contact with 
a conducting wall. There is a large potential drop at the cathode which shuts off ion 
injection and draws the maximum electron current of 10 A/cm . The region between the 
cathode and anode has a population of trapped electrons as well as the "beam" 
electrons which stream from the cathode to the anode. The net positive charge of this 
region causes the plasma ions to expand to both the anode and cathode. Eventually, 
the AK gap is essentially emptied of plasma, and the filling process repeats. 

Further simulations were carried out to attempt to reproduce the gradual reduction of 
the oscillation frequency seen in the experiment. It was speculated that the lower 
frequency might be due to heavier ions such as C++ (doubly ionized carbon) reaching 
the gap. To test the mass dependency, C++ was injected with the same velocity as the 
H+. It was found that this gave approximately the same frequency as H+, even though 
the mass-to-charge ratio was six times larger. This is perhaps not too surprising since, 
as mentioned above, the injected plasma fills the gap at roughly the injected speed, 
which is the same for both species. The time scale for the second half of the oscillation 
(the blow-up phase) is not so obvious, but empirically it is also roughly the same for 
both species. 

Other results of positive bias simulations also showed the oscillation frequency to be 
roughly proportional to the injected ion velocity, suggesting the observed drop in 
frequency is associated with slower moving ions. Finally, simulations with different gap 
voltages show a gradual shortening of the oscillation period from 200 to 150 nsec as the 
voltage is raised from 500 V to 2 kV. 

In Figure 3-26 the current does not go to essentially zero in the oscillation cycle as is 
shown in the simulation, probably due to electron emission from the cathode electrode. 

3.2.6 Ion Current and Species Evolution with Removal of the Bend. 

To increase the injected ion flux, the 90 degree bend was removed from the system, as 
shown in Figure 3-4. Bandpass filters were utilized with the gated CCD camera to gain 
information about the time histories of the ion species in the plasma. The images can 
be compared with the measured ion current, and inferences about the relative 
proportions of the species in the plasma can be made. These experiments were 
performed in the glass cross with its easy visual access. Similar to the images shown 
earlier, Figure 3-21, the centerline of the camera was in-line with the cathode plane. 

The bandpass filter experiments compared images using two different bandpass filters 
and a neutral density filter. The bandpass filters used were a filter centered at 486.1 nm 
to look at the neutral hydrogen line Hpat 486.1 nm, and a filter centered at 589.3 nm to 
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look at spectral lines of singly ionized carbon, C+, at 588.9 and 589.1 nm. These filters 
have 10 nm FWHM spectral ranges, and very low transmittance over the rest of the 
visual range. The only strong spectral lines transmitted by these filters are from the 
desired species. However, there is always a transmitted component of background 
continuum which can complicate the interpretation of the data. The neutral density 
filters have flat transmission characteristics over most of the visible spectrum, so the 
images with the neutral density filter are sensitive to all visible wavelengths. The 
transparency of the material of the glass cross, Pyrex, drops off sharply in the UV 
portion of the spectrum, below ~300 nm, as also do the light collecting optics and the 
sensitivity of the photo-cathode on the gated MCP. This limits these measurements to 
light from the visual range, and hot plasmas which may radiate strongly in the UV will 
not be observed. 

Due to the nature of this type of measurement, care must be taken in comparing the 
absolute intensities of the images of one filter with another. The relative line strengths 
depend upon more than just the density of the species. However, comparisons of the 
intensity of one image may be made with another image with the same filter with some 
confidence in the interpretation. 

The camera gate used in these experiments was a microsecond wide and no voltage 
was applied to the AK gap. To demonstrate the MCP gate time in relation to the plasma 
pulse, gate pulses at 2, 2.5, 3 and 4 jasec are shown along with the measured ion 
current in Figure 3-29. The anode aperture was 2.54 cm in diameter without a mesh. 
Shown in Figure 3-30 are gated images of the plasma at the cathode with a 0.9 neutral 
density filter and an f-stop of f5.6. The standard nomenclature for neutral density filters 
is logarithmic base 10, so a 0.9 neutral density filter attenuates the transmitted light by a 
factor of x8. To better demonstrate the differences early in time, when the intensity is 
low, the images are artificially brightened and the contrast increased. At MCP gate 
times of 2 fisec and earlier, there was no light visible at this sensitivity. Light from the 
flashboard surface was reflected off of the curved edge of the cathode, so a baseline 
shot with only reflected light has been subtracted from these images. The location of 
the subtracted light can be seen in some images late in time as a dark strip above the 
bright plasma. There is no subtraction where the plasma is located. Shown in Figures 
3-31 and 3-32 are equivalent series of images with the C+ and Hp bandpass filters 
instead of the neutral density filters. Due to the narrow band of the filters, the f-stop for 
these images is f1.8. 

After about 4 jisec, there do not appear to be any significant differences in the light 
emitted from any of the bands. The differences in absolute intensity between one filter 
and another cannot be fully interpreted without knowing more details about the plasma 
conditions and the relative line strengths. Before 4 \isec there do appear to be 
differences in the images from the different filters. 
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Figure 3-29. Relative timing of measured ion current and MCP gate pulses. 
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Figure 3-30. Enhanced images of all visible light at the cathode. 

89 



Figure 3-31. Enhanced images of the light in the C+ band at the cathode. 

90 



Figure 3-32. Enhanced images of the light in the Hp band at the cathode. 
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At 2 usec, none of the images showed appreciable signal from the plasma, although 
there was some reflected light for which the subtraction routine did not account. The 
most noticeable differences were at 2.5 and 3.0 ^sec when there was clearly much 
more light coming in the Hp band than through the other filters. There may still be 
relatively more light in the Hß images at 4 ^sec, but all of the images showed a strong 
increase in light at that time. 

From the bandpass filter results, it appears that for the first ~1 ysec of the plasma 
arriving at the cathode, the light came almost solely from hydrogen, and that was 
probably the dominant species in the plasma. From ~1.5 to 2 usec after the first plasma 
reaches the cathode the images still show a greater proportion of the light coming in the 
spectral band that includes Hp than in the spectral band that includes the singly ionized 
carbon line, implying that the plasma was still predominately hydrogen, but there was 
likely more of a carbon component. Approximately 2 ^isec after the first arrival of the 
plasma, there was a dramatic increase in the total light emitted and an increase in the 
light emitted in each of the bands measured. The strong increase in overall intensity 
along with the relative increase of the light in the C+ spectral band implies that there 
was a fairly large mount of carbon present in the plasma at that time. As the proportion 
of carbon increases, the total light emitted should increase drastically because carbon 
has many more radiative channels than hydrogen. 

If the plasma is highly collisional, time-of-flight separation of the ion species might not 
be expected. In the relatively low density leading edge of the plasma pulse more 
separation of species may occur, but in the later bulk of the plasma collisions may limit 
separation of the species. During most of the time intervals of the conduction 
experiments there was likely a mix of species in the plasma. 

3.2.7 Flashboard Erosion. 

During experiments in the glass cross at the higher ion currents after removal of the 90 
degree bend, increased shot-to-shot variation in the conduction currents was noted, and 
it was noted that the flashboard had sustained considerable damage. The flashboard 
was made with a copper sheet on one side, copper pads on the other side, and five 
layers of Kapton insulation laminated in between. Voltage was applied across the pads, 
and the flashover between the pads created the plasma. The copper sheet acted as a 
low inductance return path for the current, and increased the magnetic field at the 
flashboard surface to increase JxB acceleration of the plasma. The damage to the 
flashboard appeared as a circular image of the anode aperture. Inside the damage 
circle some or all of the layers of Kapton insulation between the pads and the copper 
sheet were eroded away. This situation obviously can change the current paths in the 
flashboard, and can change the flashboard's net output, spatial uniformity, and 
reproducibility. 
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The measured ion current waveforms from the damaged flashboard were very similar in 
general waveform shape to the previous measurements from the flashboard before the 
damage was evident, but were down in net ion current by about a factor of two from the 
undamaged flashboard, and the shot-to-shot variation was significant. It is not clear 
whether the shot-to-shot variations in the measured signals were due to spatial non- 
uniformities in the plasma column, or due to global variations from differences in the 
current paths at the flashboard. 

The damage to the flashboard was most likely caused by "energetic" particles from the 
AK gap streaming down and striking the surface. Since the flashboard was inductively 
isolated from the rest of the system, it was not expected that large currents from the 
applied AK voltage could flow through the flashboard ground. Measurements of the 
flashboard current during a discharge confirmed this expectation. Most likely the net 
current to the flashboard was reduced by a return current from the surface of the 
flashboard back to the anode. This return current could flow through the fairly dense 
plasma between them, along field lines which intersect portions of the anode hardware. 
The damage to the flashboard explains the shot-to-shot variation seen in the data. 

If the erosion of the flashboard insulator was caused by energetic electrons, it is 
reasonable to assume that there would be some Bremsstrahlung radiation from 
electrons striking the copper in the flashboard. To test this hypothesis, a dosimeter was 
placed 2.4 cm from the copper strip in the flashboard and another was placed 9.0 cm 
away. No measurable radiation above background was observed after numerous shots 
when only the flashboard was fired, but the dose on the closer dosimeter was 
measurable after a single shot with -30 kV applied to the AK gap. After a short data run 
with -30 kV voltage on the AK gap, the dosimeter at 2.4 cm measured ~17 mR, and the 
dosimeter at 9.0 cm measured ~3 mR. Assuming a point source for the radiation, these 
numbers imply a source located ~2.4 cm in front of the flashboard. These numbers are 
also consistent with a distributed source at the surface of the flashboard. Lead 
shielding ~0.16 cm thick was found to completely block the radiation. 

Flashboard erosion was substantially reduced by injecting the plasma into a mirror field 
which reduced the higher energy electron flux from the switch on the flashboard as the 
electrons followed the diverging field lines. 

3.3    CONDUCTION MODES AND SCALING. 

3.3.1  Conduction Modes with the Straight Magnetic Field Configuration. 

When the bend transport was removed from the glass cross system and the plasma 
source located closer to the AK gap, higher ion current densities were obtained (< 100 
A/cm2) and new conduction modes were observed. Conduction modes can be broadly 
categorized into the two main divisions of high and low impedance. The low impedance 
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conduction can be broken down into cases with and without self-opening behavior. 
Near instantaneous ignition of the cathode upon application of voltage and very low gap 
"resistive" impedance are necessary for the low impedance modes. They typically 
occurred when voltage was applied after the gap was well filled with plasma, and are 
characterized by a rapidly rising current limited mostly by the inductance of the circuit. 
The self-opening mode is obviously of practical interest, and has demonstrated 
conduction times from a few hundred nsec or so up to over a microsecond at current 
levels in the 100 kA range. The low impedance mode without self-opening is needed 
for a switch triggered by external gating of the ion source. The externally gated switch 
requires a small but finite gap impedance (not shorted gap) at near peak current which 
exists over durations adequate for external gating. The high impedance mode was 
typically observed when the injected ion current density is low (< 5 A/cm ) at early times 
after the injected plasma has reached the cathode. During these times it is likely that 
the cathode has not fully ignited initially and most of the voltage across the gap is 
effectively resistive. The mode is characterized by low currents, relatively flat or slowly 
rising over 1.5-2 nsec times, followed by the impedance drop which occurred for all 
modes at some point. 

Simulations by T. Hughes with space charge limited cathode emission show high 
impedance modes only when voltage is applied before the plasma fills the gap, and the 
gap always opens. Otherwise the codes show low impedance initially with a very low 
gap resistance followed by self-opening as potential humps are formed in the gap as a 
result of heating of the background electrons. The hump shuts off incoming ion flow 
from the source and the gap opens as ions in the gap are emptied by acceleration to the 
electrodes. The simulations typically show a je/ji ratio at opening of 25-30 for H plasma 
densities experimentally associated with good opening events. Experimental ratios are 
in agreement with these simulation results. 

The first regime to be discussed below is the low impedance mode with self-opening 
which is followed by results for the low impedance mode suitable for external gating. 
Some additional results for conduction at high impedance (» few ohms) beyond those 
of Section 3.2.4 are then given. The remainder of this section gives more detailed 
diagnoses of characteristics of the self-opening and high impedance modes. 

3.3.2 Low Impedance Conduction with Self-Opening. 

The self-opening behavior was evident to some extent in nearly all of the configurations 
tested with the gap well filled with plasma, both with flashboard and cable gun sources. 
When present, the opening event occurred under conditions without an appreciable 
gradient in the'ion current across the gap, and with gradients in either direction across 
the gap. During the initial current rise the measured voltage across the gap was 
approximately equal to the inductive voltage drop, and the resistive voltage drop was 
small. Depending on circuit parameters and ion source, the current rose at the 
inductively limited rate for -200-900 nsec before the self-opening occurred. The rate at 
which the current dropped during the opening was 2 - 4.5 times faster than the initial 
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rate of rise for good openings, and the opening voltage was on the order of twice the 
charge voltage with the bank voltage and magnetic field parameters of the experiments. 

Shown in Figure 3-33 is a small aperture shot in the glass cross hardware with the bend 
removed which demonstrates the self-opening. A voltage of -30 kV was applied to the 
gap 5.0 jisec after the trigger to the small flashboard, TAK = 5.0 fxsec. 
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Figure 3-33. Discharge with TAK = 5.0 ^sec demonstrating the self-opening mode. 
Ion current measured on a shot without voltage. 

The flashboard was 44 cm from the cathode; the configuration is shown in Figure 3-5. 
There was no mesh across the 2.54 cm diameter anode aperture, and the AK gap was 
13.6 cm, with an applied magnetic field of 2.1 kG in the gap. The driver bank had C = 
1.4^F, andL < 1400 nH. 

The voltage across the switch during the current risetime is ~10 kV and, assuming the 
voltage is entirely inductive during the risetime of the current, the inductance of the 
switch is -555 nH and the actual bank inductance is 1115 nH. During the current bite, 
the voltage across the switch rises to 65 kV giving a peak voltage multiplication for an 
external load connected as the voltage monitor of 2.2 over the driver voltage, or a factor 
of >2 over 100 nsec. The resistive voltage drop across the switch during opening is 
-86 kV. The 'iJy, ratio at peak current is -2000/60 or 33. 

Figure 3-34 shows an opening event at higher current levels (80 kA) using a cable gun 
ion source located 12 cm from the 10.16 cm diameter anode mesh with a gun charge 
voltage of 15 kV. The AK voltage was applied 9 jisec after the trigger to the gun and 
the external field was 6.4 kG. The experimental configuration for this shot is shown in 
Figure 3-12, and the large -150 nH driver bank was used. The peak rate of change of 
current during the bite was -4.4 times the rate during the conduction, implying a 
resistive voltage during the fall of-132 kV, and the switch remained open for >0.5 |isec. 
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Figure 3-34. Discharge with the cable gun 12 cm from the anode mesh and a guiding 
magnetic field of 6.4 kG. 

A model can be developed for scaling of the self-opening mode which incorporates 
results from both simulations and experiments. The model assumes the basic 
phenomenology of the simulations in which a potential hump is formed by heating of the 
background electron population. The potential hump then restricts or shuts off the ion 
flow, leading to an opening event as the ion "reservoir" of the gap is depleted. 

Simulations with the gap initially filled with plasma all show very low impedance when 
the voltage is applied, consistent with experimental results in the self-opening mode. 
Experimentally, though, voltage does appear across the gap during the conduction 
phase due to the inductance of the switch. [This inductance is not included in a one- 
dimensional simulation or was negligible in the limited two-dimensional simulations.] 
The voltage across the gap remains low until the magnitude of the potential hump is of 
the order of the injected ion kinetic energy. 

A model of Kares, et al.(2) gives an upper limit on the magnitude of the potential hump. 
Using this model and setting the hump potential equal to the injected ion kinetic energy 
gives a limit on the je/jj ratio around which ion flow is restricted: 

^< y 
Ji   '- 

\M_ 
Zm \ + Y 

(3.1) 

(2) R. Kares, et al., J. App. Phys., 71, 2168 (1992). 

96 



where M is the ion mass, Z the ion charge number, m the electron mass, and y a 
parameter which accounts for the effects of trapped electrons in the potential hump 
(y < 1). Taking y = 0.3 from simulations, the formula gives je/jj ratios of 17, 57, and 41 
for H+, C+, and C++ respectively. Simulations with low driver bank voltages (1 kV) and 
"long" current risetimes (£: 200 nsec), or dje/dt ;S 0.6 x 109 A/cm2/sec, generally agree 
with the model and show current "clamping" at je/jj ~ 15 for H+ or an opening. The 
injected ion current is relatively unimpeded until the je/jj ratio approaches that of the 
above formula. 

Simulations with higher voltage (> 5 kV) and shorter risetimes (~ 100 nsec), or djVdt > 3 
x 10 A/cm /sec, show openings with a higher je/jj ratio at opening than the Kares 
formula values, i.e., je/jj ~ 25-30 for cases with injected H+ ion current density relevant to 
experimental self-opening conditions (ji £ 10 A/cm2). 

Experiments with self-opening modes also show je/jj ~ 25-30 at the time of opening in 
cases where the ion current density is reasonably uniform over the channel cross- 
section and with no evidence of appreciable channel expansion. The ion current 
density used in the experimental ratio is that around the time of application of voltage, 
but measured without applied voltage, and pertains to cases where the injected ion 
current is nearly constant or increases over the time of conduction. (See, e.g., Figure 3- 
33). With good openings, the experimental values of dje/dt exceed 109 A/cm2/sec, i.e,, 
are in the fast risetime range of the simulations. 

With the above discussion in mind, simple formulas for scaling the peak current, lp, and 
conduction time, tc, of the self-opening mode can be given: 

"p~Ji(0)iiA (3.2) 
tc = üi (0) I] A LT]/VC 

where jj (0) is the ion current density of the time of application of the voltage, A is the 
channel cross-sectional area, Lj the total system inductance (bank and switch), Vc is 
the charging voltage, and "n the peak je/jj ratio. From experiments and hydrogen plasma 
simulations r| - 25-30. The above formulas assume that the ion current density is 
uniform in radius and nearly constant over the conduction time, dje/dt £ 109 A/cm2/sec, 
the bank external resistance is negligible, and that the cathode is fully ignited at the on- 
set of conduction. The latter condition was typically realized experimentally when the 
ion current was collected by the cathode for a duration of £ 2 jisec and jj (0) £ 10 A/cm2 

at the time the voltage was applied. 

There are two points worthy of note regarding the scaling formulas above. First, the 
parameters used in simulations show conduction times before opening of 50-100 nsec; 
i.e., nearly an order of magnitude shorter than experimental results. The discrepancy is 
due to the small channel area of the simulations (~ 1 cm2) and, in the inductively-limited 
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conduction time formula above, it is of course the total current which determines the 
time. The other remark is that simulations do show higher TI values than 25-30 in 
certain cases which may be practically exploitable. For example, a C+ simulation with 
the same injected ion velocity as the H+ simulations (13 cm/psec) reaches the 
Langmuir-Child bi-polar value of - 150 at opening. 

3.3.3 Low Impedance Conduction Without Opening. 

The low impedance mode without opening must of course not be simply that of a 
shorted gap to be useful. The current should rise to near peak levels and the gap 
should have a residual impedance as the current reaches near peak levels in order to 
control an opening with external gating. With short AK gaps (< 5 cm) a low impedance 
mode without opening was observed when voltage was applied near peak injected ion 
currents; the gap however did not typically have significant impedance near peak 
current. Very near the end of the program the mode was obtained with a larger (20.5 
cm) AK gap when the large flashboard was moved closer to the anode mesh. 

In order to achieve high total currents a 15.24 cm diameter anode aperture with a 
~14x14 line-per-cm mesh was used, and the large flashboard was 38 cm from the 
cathode. This configuration is shown in Figure 3-8. The switch was driven by the large 
150 nH driver bank charged to -30 kV. The AK gap spacing was 20.5 cm, with a 2.5 kG 
applied field. In this configuration, it was possible to achieve one of the major goals of 
the program; namely, low impedance gap behavior over microsecond time scales. The 
switch data given in Figure 3-35 shows basically an inductance dominated current rise 
without opening, a non-shorted gap over nearly 2 (isec and conduction current 
correlating with ion current for as long as the ion collector signal is believable. After 
~1.5 nsec of conduction, when the current rise flattened at ~95% of peak current, the 
gap still had -10 kV residual voltage which lasted nearly 0.5 psec. 

Figure 3-35 shows the data from three ion collectors behind the cathode mesh, the total 
current, and the voltage across the gap for a shot with the voltage applied 5 usec after 
the trigger to the flashboard. With no voltage applied to the AK gap, the collectors 
behind the cathode, at radii of 0 cm and ±4 cm, showed fairly good agreement with 
each other, but with some shot-to-shot variation. When the AK voltage was applied, all 
of the collectors showed similar behavior, but there was a fairly large spread in the 
amplitudes of the signals. For comparison, the measured ion current on-axis without 
applied voltage is also plotted. The early time oscillations on the voltage across the gap 
are due to an impedance mismatch in the driver circuit, and are not an artifact of the 
diagnostic. For the first -200 nsec, the measured ion current from each collector 
remained approximately the same as before the voltage was applied. After that time the 
collector signals increased, with all three collectors tracking each other for 500 nsec. All 
of the collectors tracked the general shape of the AK current, although typically with 
more structure than the AK current. Around 6 nsec it was clear the collectors were no 
longer responding properly. The signals increased rapidly, at a much higher rate than 
earlier in the discharge. This behavior was most likely caused by the 
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Figure 3-35. Measured current, voltage and ion currents at three radii with the 
large flashboard 38 cm from the cathode, and TAK = 5.0 jisec. 

formation of plasmas on the collectors' surfaces. The plasma allows electron emission 
from the collector and may expand and increase the effective collecting areas of the 
1 cm2 collectors. The earlier increase in the collector signals did not show the same 
characteristic, and probably represented an increase in the ion current from the gap. 
Although the collectors showed similar waveforms, their amplitudes frequently differed 
by up to a factor of two or more. This strong variation in the amplitudes implies that 
when the AK voltage was applied, there were large density gradients and variations in 
the ion current in both the radial and azimuthal directions were generated. At the time 
of departure of the r = -4 cm collector current from the other two, the discharge should 
have been MHD stable to kink motions according to the Kruskal-Schafranov criterion. 

The sustained increase in ion current shown by the ion collectors was only observed 
when the flashboard or cable gun was "close" to the anode mesh (18.5 cm for the 
flashboard in the case of Figure 3-35). With all other parameters the same, increasing 
the flashboard to anode distance to ~40 cm, e.g., gave an opening type current profile 
as shown for comparison in Figure 3-36. 

In the two cases the on-axis ion current densities measured without voltage were not 
significantly different. On-axis ion collector measurements with opening events show an 
increase by a factor of 2-3 in the ion current density over those measured without 
voltage during the current rise, followed by a drop in the jj to below or near the no 

99 



voltage level. (See Section 3.3.5)   Simulation results show an increase in ion current 
density by a factor of -1.5 for H+ injected at -88 eV and up to a factor of -4-5 for 
-1 keV C+ ions. The ion current density is increased by the electric field of the potential 
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Figure 3-36. Shot with a 15.24 cm diameter anode aperture and the large 
area flashboard. 

hump accelerating ions out of the gap before opening. A sustained increase in ion 
current density implies that the ion current density injected into the gap from the source 
or from the anode mesh plasma increases and that a potential hump does not exist to 
shut off or restrict the ion flow as with a self-opening behavior. The -5 kV increase in 
VAK in Figure 3-35 when the ion current density rises over 0.5 fxsec or so suggests an 
anode sheath is formed accelerating ions from the source or anode mesh plasma into 
the gap, possibly caused by electrons reflexing through the anode or by injection of low 
energy electrons from the source region. In any case, simulations including the anode 
to source region and more extensive measurements of the time dependence of the 
radial ion density distribution of the source are needed to better understand this 
important conduction mode. 

The simulations and analytic models of conduction discussed in Section 3.3.2 suggest a 
method for realizing a mode suitable for external gating. To be conservative, the limit 
on the je/ji ratio from the Kares model is assumed. We use doubly-ionized carbon, the 
most practically advantageous ion with je/ji £ 40, and the main output component of 
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DSWA gun sources used in the DECADE program. [The experimental observation that 
this mode was obtained when the flashboard source was moved closer to the anode 
may be in part due to a dominant carbon output at time of voltage application.] As long 
as je/jj ^ 40 the ion flow should then be relatively unimpeded and the current should 
follow the ion source current. The peak current and time to reach it are obtainable from 
the same formulas as used for the opening mode scaling, but with r| ~ 40 and C++. 
Near the time of peak current, the ion source needs to be gated to reduce the ion 
current density by only a factor of ~2 to achieve opening if H+ results can be scaled to 
C++. 

3.3.4 High Impedance Conduction Mode. 

The high impedance conduction mode typically occurred when the voltage was applied 
early in time, from before to <1.5 jasec after the first plasma had crossed the AK gap. In 
this condition the ion current was fairly low, the plasma probably had a greater 
proportion of hydrogen than later in time, and there was a gradient in the ion flux from 
the cathode to the anode. The gradient in ion flux varied from a factor of 1.5 times to 4 
times greater ion flux at the anode than at the cathode. In this mode the voltage across 
the gap was approximately the charging voltage and the current roughly followed the ion 
current as measured without voltage with je/jj <30 until the start of the impedance drop. 
With the relatively low ion dose at the cathode at the time of application of the voltage, 
cathode emission appeared to be limited initially and the impedance of the gap was 
effectively resistive. During the 2 fisec or so conduction before the start of the 
impedance drop, the injected ion current was not entirely shut off. 

Figure 3-37 shows two high impedance shots taken with the glass cross hardware with 
the bend removed, as shown in Figure 3-4. The voltage was applied to the gap 2.0 
usec after the trigger to the flashboard, TAK = 2.0 ^sec. The charge voltage in Figure 3- 
37(a) was -30 kV, and the charge voltage in Figure 3-37(b) was -15 kV. The driver bank 
consisted of the two, 0.7 ^F capacitors with a total inductance of ~1400 nH. These 
shots were taken with a 13.6 cm AK gap, a ~14x14 line-per-cm tungsten mesh across 
the 2.54 cm diameter anode aperture, and guiding magnetic field of -2.1 kG. The ion 
current shown is representative of the shape of the injected ion current. However, as 
the shots with voltage were taken near the time the flashboard erosion became a 
serious problem, and when frequent measurements were not yet being made of the ion 
current, there may have been changes in the flashboard output between the time the 
ion current was measured and the shots with voltage were taken. 

These shots demonstrate that the current was limited by the injected ion current and 
was relatively independent of the charge voltage. There was some correspondence 
between the conducted current and the injected ion current measured without applied 
voltage for times up to -2 usec, dependent upon the conditions. However, after a 
conduction time of ~2 usec the conducted current started to increase, with a 
corresponding decrease in the measured voltage across the gap. The conducted 
current for the first part of the discharge was clearly not limited by the driving circuit, so 
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it must have been limited by either cathode emission, or by the ion source in the gap. 
Varying the cathode conditions from a foil cathode, to a mesh cathode, to a carbon 
velvet cathode and even a solid, limited area cathode did not change the discharge 
characteristics. A possible explanation of these observations is that the cathode is 
initially emission limited in all cases, leading to the formation of a nearly full voltage 
sheath. Once formed, the sheath persists with the current largely controlled by the ion 
source. The increase in the current, accompanied by the drop in voltage across the 
gap, was probably due to an expansion of the current channels described in Section 
3.3.8. 
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Figure 3-37. Two high impedance shots. 

Shown in Figure 3-38 for comparison with Figure 3-35 is a high impedance conduction 
shot with the same hardware set-up as was used for Figure 3-35 (flashboard "close"), 
but with the voltage applied just as the injected plasma reaches the cathode. At this 
time the measured ion current density is very low. With this initial condition on the ion 
current, nearly the full charge voltage was measured across the AK gap, and the AK 
current was fairly small for -1.25 jisec. Similarly to the data in Figure 3-35, the total 
current and the measured ion currents roughly track in shape, but there are significant 
variations between collectors and the collectors are suspect after a microsecond or so. 
After about 1.25 usec the voltage across the gap drops, and the current begins to rise at 
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a more rapid rate. This drop in impedance is always seen, and some correlation with 
the gap length will be shown for the high impedance modes in a later section of this 
report. 
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Figure 3-38. Measured current, voltage and ion currents at three radii with the 
large flashboard 38 cm from the cathode, and TAK = 3.0 usec. 

3.3.5 Ion Current Measurements. 

Measurements of the ion current during the discharge were made in the coaxial system 
with the heatable collector behind the cathode. The collector was typically located 4 cm 
behind the cathode. This displacement caused a small temporal shift between the ion 
current it measured and the actual ion current near the cathode in the gap. The 
duration of the shift was dependent upon the drift velocity of the ions. Without applied 
AK voltage, the ion drift velocity typically ranged from -20 cm/|j.sec early in time to ~6 
cm/psec later in time, so the ion current measured by the collector was indicative of the 
ion current in the gap 200 to 700 nsec earlier. The time shift with applied AK voltage 
was reduced, depending upon the velocity gained by the ions in crossing the cathode 
sheath. Shown in Figure 3-39 are "mixed-mode" traces of the total current, voltage and 
measured ion current with the AK voltage applied ~1 nsec after the first plasma had 
crossed the gap. For comparison, the measured ion current without applied voltage is 
also shown. The driver bank for this shot had C = 1.4 pF and L = 910 nH, and the 
guiding magnetic field was -2.5 kG. The small flashboard was 38 cm from the cathode, 
the AK gap was 16 cm, and there was a 14x14 line-per-cm mesh across the 2.54 cm 
diameter anode aperture. The collector was 4 cm behind the cathode mesh. 
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The ion collector signals always showed a sharp transient when the bank was triggered 
and this transient spike is evident in the figure. The signal then showed an increase in 
the collector signal which rose to a factor of ~x3 above the pre-voltage ion current 
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Figure 3-39. Comparison of measured ion current with and without applied AK voltage, 
with TAK = 3.0 jisec. 

density. The peak of the ion current density occurred ~136 nsec after the current peak 
both in Figure 3-39 and the following figure. If this delay is due to the transit time from 
cathode to collector, the ion velocity is -29 cm/^sec corresponding to an effective 
accelerating potential of -450 Volts in the gap during the current rise. Furthermore, if 
the delay is due to transit time, the ion signal increases once voltage is applied and 
peaks at peak current as is evidenced in the simulation runs. On the other hand, if the 
transit delay is less, the peak ion current density shifts more towards the peak voltage 
across the gap. There are unfortunately two other ambiguities in the ion signal. Once 
the gap voltage becomes >20 kV, the ions can generate 2-3 ejection electrons from the 
collector which appear as an additional ion current. The other uncertainty is the 
cathode mesh transparency, as previously discussed. With no initial cathode emission 
limitation, the simulations show an ion current density enhancement of a factor of ~1.5 
for H+ ions injected at -90 eV, and a factor of -5 for C+ ions with energy of -1 keV. 

After the peak ji, the signal drops significantly below the level measured without voltage 
and stays roughly constant even as the impedance of the gap drops. If the ion signal is 
believable, there is thus likely some initial depletion of ions near the axis in the gap near 
the cathode, followed by a sustained injection into the gap at a low level (-5 A/cm ). 
One of the significant new results of the simulations of the program showed that if 
anode space charge emission of electrons is allowed, an opening event does not 
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entirely shut off the current flow, but reduces it by roughly a factor of two. This effect 
may be relevant to the data of Figures 3-39 and 3-40. A consistent explanation of the 
impedance drop with flat on-axis ion current density is the radial expansion of the 
current channel associated with outward ion transport and diffusion from the original 
channel. 

Figure 3-40 shows a shot with the same experimental parameters as with Figure 3-39, 
but with voltage applied on the downward slope of the ion source profile. Again, there is 
a -136 nsec delay between the peak of the current and the peak j,. Also, a factor of ~3 
enhancement in the jj over the source without voltage is observed. 
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Figure 3-40. Comparison of measured ion current with and without applied AK 
voltage, with XAK = 5.0 |asec. 

Shown Figure 3-41 is the scaling of the conduction current with the measured ion 
current density on-axis. The conduction current is defined as the current level to which 
the current rises and maintains a nearly constant value in the case of a high impedance 
mode, or the level at which the self-opening occurs. These data were taken with the 
same electrode and magnetic field configurations as the data in Figures 3-39 and 3-40, 
but the driver bank inductance was reduced to 480 nH, from 910 nH. The data 
displayed in Figure 3-41 is from shots both with and without a mesh across the 2.54 cm 
diameter anode aperture. The scaling of conduction current and charge transfer is 
unfortunately beclouded by the shot-to-shot variation in the flashboard output and by 
effects of current channel expansion which occurred with the 2.5 kG magnetic field level 
of the experiments, particularly in the case of the high impedance modes. (See Section 
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3.3.8). The data does show an approximate scaling of conduction current with on-axis 
ion current density. 

With the cable gun source the conduction current was also found to vary with the 
injected ion current density. However, the behavior of the opening was observed to 
change with increasing ion current density on-axis, and discharge conditions were found 
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Figure 3-41. Discharges with 480 nH of total inductance. The charge voltage was 
-30 kV in all cases. 

to vary with the gun location and applied magnetic field. An effort was made to 
diagnose the plasma density and distribution as the gun location and magnetic field 
were changed. Ion collectors were placed on-axis and 2 cm above and below the axis 
to measure the incident ion current density while the gun location, magnetic field 
strength, and charge voltage on the plasma driver were varied. In general, it was found 
that there were some variations in the radial distribution of the plasma as the gun 
parameters were varied, but these were not as significant as the variations in the total 
injected ion current. By varying several of the parameters, nearly equivalent net ion 
currents could be achieved with fairly different gun to AK gap spacings. Discharges 
with similar net ion currents show that it was the amount of injected ion current that 
dominated switch behavior rather than its radial distribution, at least within the limited 
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information on the radial distribution of ion current density available from the two off-axis 
collectors. 

Shown in Figure 3-42 are two discharges with the cable gun source. The configuration 
is shown in Figure 3-12, with the cable gun 12 cm from the anode mesh, and an applied 
field of 6.4 kG. At the time voltage was applied, the ion current density on-axis was -65 
A/cm2 with 15 kV on the cable gun and -100 A/cm2 with 30 kV on the cable gun. At the 
higher ion current density, the switch "tried" to self-open at higher current, but the 
opening was not as good. 
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Figure 3-42. Discharges with two different charge voltages on the cable gun. 

3.3.6  Gated Images of the Plasma Column. 

In the glass cross hardware with the 90 degree bend, gated images of the plasma were 
acquired showing radial expansion of the light emitting region at the cathode correlating 
with the impedance drop (Figure 3-21). Images were later taken of the AK gap region 
with the straight magnetic field configuration shown in Figure 3-4, at a field strength of 
2.1 kG. The C=1.4 |iF and L=1400 nH driver bank was used. The AK gap was 8.6 cm 
and there was a -14x14 line-per-cm mesh across the 2.54 cm diameter anode aperture. 
The ion source profile for these experiments (measured without applied voltage) is 
given in Figure 3-29. Shown in Figure 3-43 are four high impedance discharges with 
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XAK = 3.0 jisec, and with MCP gate pulses at four times during the discharges. For this 
set of discharges, the gate pulse to the MCP was 100 nsec long. In Figures 3-44 and 
3-45 the images of the plasma column at the four times are shown. The "positive" 
images have both the intensity and contrast enhanced to better display the light emitting 
regions, but the "negative" images have not been altered. The same camera set-up of 
Figure 3-21 was used here, except that the electrode images were blocked because the 
plasma at the surface of the electrodes was much brighter than the plasma column. 
Approximately 3.5 cm of the plasma column was visible. The cathode was near the top 
of the image, approximately 1 cm above the visible portion of the plasma column, and 
the anode was approximately 4 cm below the camera's field of view. In general, 
luminous regions of the gap indicate the presence of partially ionized plasma excited 
mostly by electrons, either background or accelerated. Highly ionized or low density 
plasmas, or regions with low electron current density or temperature give little or no 
visible light. 
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Figure 3-43. Relative timings of MCP gate pulses and the measured current 
and voltage for high conduction impedance discharges. 
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Shot 833 
Enhanced Image Negative Image 

Shot 835 
Enhanced Image Negative Image 

Figure 3-44. Images of the plasma in the AK gap before the impedance drop. 

Figure 3-45. Images of the plasma in the AK gap at the start of the impedance drop. 
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This sequence of shots shows that the plasma column was not visible across the entire 
gap until the start of the impedance drop which in this case corresponded with 
increasing injected ion current density, but there was a bright region near the anode 
before the impedance drop. In shot 835 the two bright regions on the anode side of the 
gap were visible about 0.64 cm into the visible gap, but there was no evidence of light 
emission from the cathode yet, even though the cathode was nearer the field of view. If 
the bright spots in Shot 835 were due to anode plasma, their average velocity from the 
time of application of the voltage was -7 cm/^isec - much higher than can be argued 
from dose estimates for the anode mesh. From Shot 838 to 840 the negative images 
suggest the anode spots have moved at -1 cm/^sec, a more typical thermally driven 
velocity for high current density diodes. However, since the spots extend -4.6 cm from 
the anode mesh, the -1 nsec duration of current flow at the time of the Shot 840 image 
suggests the electrode plasma velocity was much higher earlier, as remarked for Shot 
835 and then slowed down - an unlikely scenario. The dose arguments are based on 
electron energy deposition in the anode mesh; ion dose was not likely important given 
the absence of the bright spots in Figure 3-47 wherein the ion dose was much higher 
than in Shots 835 and 838 and the field of view extended closer to the anode. The 
image in shot 840 was approximately 540 nsec later in the discharge, and there was a 
clear bright column across the entire visible gap. For electrode plasmas to close the 2.8 
cm gap from the bright region in shot 838 over the -160 nsec rise time in between 
Shots 838 and 840, the average closure velocity for plasmas from both sides would 
need to be -8.8 cm/nsec. This gap effective closure velocity was in the velocity range 
of the injected plasma and the ion current density was rapidly rising at these times. 

Although these images might be similar to those of electrode plasmas expanding across 
and shorting the gap, the current and voltage traces for these discharges clearly 
demonstrate that the gap was not shorted even at 5.5 nsec. If plasmas from the 
electrodes were forming and crossing the gap in this time, their densities were low 
enough that the -20 kA current was able to erode the plasma. In addition, the region of 
luminescence at the center of the gap did not grow to be as wide as the luminescent 
regions near the electrodes, as seen in Figure 3-21, and the luminescent regions near 
the electrodes are indicative of the width of the electrode plasma region. 

At the time the current started to rise, there appeared to be light from the surfaces of the 
glass cross. This light may have been caused by the cross flashing over when it was 
exposed to the UV from the plasma. There was also some reflected light that appeared 
as diagonal streaks due to the curvature of the glass cross where the horizontal 
sections met the vertical sections. The diagonal streaks are unrelated to the switch 
behavior. 

The absence of luminescence in the center of the gap at larger diameters than the initial 
plasma column diameter implies that any plasma there was fairly low density and/or 
highly ionized. Since the area increases rapidly with the radius, it is not necessary to 
have a high current density at larger radii to account for growth in the current. 
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The MCP gated CCD camera was also used to diagnose the location and relative 
density of the plasma in the AK gap before an opening event. The same configuration 
of the glass cross was used as above, except the camera's position was changed 
slightly. The camera was raised up and angled down slightly to allow viewing of the 
plasma closer to the anode surface; hence, nearly the entire 8.6 cm gap was visible. 
However, since light emission from the column was much dimmer than emission near 
the electrodes, the light from the electrodes and a small portion of the column near each 
electrode was still blocked to avoid saturating the signal on the CCD array. 

Four discharges are shown in Figure 3-46 with the AK voltage applied 6.0 usec after 
triggering the flashboard. The data in Figure 3-46 compare the timing of the gate to the 
MCP with the measured current and voltage across the gap. Since the time scale of 
interest is relatively short, the gate pulse to the MCP was only 40 nsec. The TAK = 6.0 
psec triggering time was chosen instead of the 5.0 jasec time shown in some of the 
previous data because at that time the plasma column was more visible early in the 
conduction phase, which made observation of the changes in light emission easier. 
This increased luminosity may have been an indication of smaller amounts of hydrogen 
and larger amounts of carbon or other high Z elements in the plasma at the later time. 
In Figures 3-47 through 3-50 the images of the plasma column at the four times are 
shown. 

Early in the conduction phase, the plasma column was surrounded by bright regions at 
its edges, which is evidence of a "hollow" region of light emission. For an optically thin 
medium, a hollow, annular emitting region viewed from the side appears brightest at the 
edges where the line of sight intercepts more emitters. If the bright, emitting regions 
were caused by excitation of the plasma ions by conduction electrons, then a current 
sheath flowing on the outside of the column may be inferred. As the plasma continued 
to conduct, the hollow sheath appeared to move radially inward until there was a more 
narrow, central column from which most of the light was emitted. At the start of the 
opening event, when the voltage began its rapid rise above the inductive voltage, the 
plasma column became dimmer, and showed signs of a gap in emitted light. 

The diameters of the luminous plasma columns in Shots 886, 888 and 890 were all 
smaller than that of the injected plasma and decrease as time increases from shot-to- 
shot. Keeping in mind that the outer regions may be more highly ionized in time as the 
current builds up and therefore of lower luminosity, the question nevertheless arises 
about beam pinching from self field forces as the current increases. If the actual 
conduction channel remains at or larger than the initial diameter, the Be field is always 
smaller than the applied longitudinal field (peak value of Be~1.7 kG) and the column is 
at worst marginally stable through opening to MHD kink growth. If the longitudinal field 
flux is preserved as the channel pinched, no significant pinching would have occurred. 
The longitudinal field in the current channel would, e.g., increase to ~7 kG with the 
radius of the luminous channel of Shot 888. A plasma conductivity of ~10 mho/cm 
would give a current diffusion rate comparable to that of Shot 886, and rough estimates 
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Figure 3-46. Relative timings of MCP gate pulses and measured currents and 
voltages for discharges with self-opening events. 
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Shot 886 
Enhanced Image Negative Image 
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Figure 3-47. Image of the plasma column at the start of current conduction. 

Figure 3-48. Image of the plasma column during the inductively limited current rise. 
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Sho 890 
Negative Image 

Site 

Figure 3-49. Image of the plasma column just before the start of the opening event. 

Sho 895 
Negative Image 

\ 

Figure 3-50. Image of the plasma column at the start of the opening event. 
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present. 

üi    The rate of radial growth of the current channel was reduced wrth the mesh, 
accounting for the observation of (11) above. 

mesh. (See Section 3.3.10) 

The following three figures illustrate some of these effects. 

a microsecond longer with the mesh than in Figure 3-52. 

The mesh across the aperture also, hjdI - effect on,*.-g^^An^ 

in the coaxial configuration shown in F^*^h
u"^^ 2 £™  diameter anode 

and without a -14x14^.Hne-per-cm^^9^ mesh across the 2.54 cm ^^ 
aperture. The magnetic field was 2.5 KG in the, iei cm, AK gap, a Q   H was mmmmm 
quite as dramatic. 

current channel is given in the next section. 
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Figure 3-51. Measured ion current density on-axis behind the cathode with and 
without a mesh on the anode aperture. 
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Figure 3-52. Discharge with a -30 kV charge voltage and no mesh on the anode. Ion 
current measured on a shot without voltage. 
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(a) Discharge with a mesh across the anode aperture. 
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(b) Discharge with no mesh across the anode aperture. 

Figure 3-53. Discharges in the coaxial configuration shown in Figure 3-6. 
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3.3.8  Current Paths in the Coaxial Hardware. 

Determination of the time dependence of the current flow as a function of radius and 
gap position was a major technical objective of the program and is central to 
understanding the switch operation, particularly with regard to the nature of the 
impedance drop observed in all modes at some point in the current profile. A 
substantial effort was devoted to the task, starting with the gated images of cathode 
plasma formation given in Section 3.3.6 where the first evidence was obtained of a 
radially increasing current channel correlating with the start of the impedance drop. 
Experiments were performed with and without anode meshes, with small and large 
aperture ion sources, and with high impedance and self-opening modes. Additionally, 
beam centroid motion was inferred from B-dot probes to determine the role, if any, of 
growth of MHD kink instabilities in the switch opening. The results of the experiments 
confirm the early evidence in the glass cross hardware of radial current channel 
expansion and suggest that the impedance drop is largely due to current flowing outside 
the original channel at relatively low current densities (< few 10s A/cm ) over large 
areas. Indeed, the current near the axis remains relatively clamped in larger aperture 
experiments as the impedance continues to drop. 

The nature of the evolution of expanded current channels is not clear. It is clear that an 
ion background must exist throughout the gap at the annulus of current flow, except for 
sheaths, in order to have electron current densities > 10 A/cm2; a vacuum gap would 
have much lower current densities. Also, a simple expansion of an ion current channel 
without additional sources would not increase the total current. A two-dimensional 
simulation of a gap with an initial injected ion channel of fixed radius, but with 
electron/ion space charge limited emission allowed at the electrodes outside the 
channel, gives a clue to a possible mechanism. A low density injected plasma with a 
radius of 1.25 cm and space charge emission at the electrodes allowed up to a radius of 
2 cm showed a 40% increase in current over the case with no emission allowed outside 
the injected channel radius. The simulation had a 6 cm gap and showed radial ion 
transport across the 2 kG longitudinal field with effective radial velocities up to an 
equivalent of a few keV energy and an electron current density outside the injected 
channel radius of ~7 A/cm2. The ions were accelerated outward radially by a potential 
hump. In other words, the potential hump acts like an ion "pump" accelerating ions from 
the channel out radially, and the hump fields and applied field accelerate the ion 
longitudinally allowing the ions to fill the annulus and electron current to flow. This 
pumping action tends to reduce the amplitude of the hump which in turn allows 
additional injected ions to enter the gap from the source. In the simulation the 6 cm gap 
opened after ~100 nsec, whereas experimentally the conduction times were significantly 
longer, as previously mentioned. 

The rate of channel expansion is influenced or controlled by the magnetic field, the 
presence of a mesh, and probably by the radius of an injected ion channel with fixed 
charge/length (the ion kinetic energy gained from the accelerating radial electric field 
near the edge of a uniform charge density channel varies as A/a, where A is a small 
displacement from the channel radius and a is the channel radius). 
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In the coaxial hardware with the small field coils, the current diagnostics used were a 
total current Rogowski, a Rogowski around the anode aperture holder, a radially 
adjustable B-dot probe ~3 cm from the cathode, and arrays of B-dot probes along the ID 
of the current return which surrounds the anode aperture holder. The radially adjustable 
B-dot probe was shielded from the plasma by an alumina insulating sleeve. Only a 
relatively small number of shots were possible in this location because of insulator 
survival problems. Each of the arrays of B-dots consisted of four coils at radii of 9.8 cm, 
located top, bottom, left and right of the plasma column. There were arrays at three 
axial distances from the cathode. The configuration of the 16 cm AK gap is shown in 
Figure 3-6. Shown in Figure 3-54 are three discharges at TAK = 3.0 jisec without a 
mesh on the 2.54 cm diameter anode aperture. A different current monitor was fielded 
in each discharge. The driver bank for these shots had C = 1.4 ^iF and L = 910 nH, and 
the guiding magnetic field was ~2.5 kG. The flashboard was 38 cm from the cathode. 
Evidence of expansion of the current channel appeared almost immediately after 
conduction started, when the radially movable B-dot probe at 3.0 cm radius located 3 
cm from the cathode began to show a divergence from the total current. The B-dot 
probe when at 4.2 cm showed a similar divergence later in time, after 1-1.5 jisec of 
conduction. The divergence is interpreted as a portion of the total current flowing at 
larger diameters than the probe radius, but it could be due in part to motion of the 
plasma column relative to the B-dot probe. The fact that the time at which the 
divergence occurred changed with the probe radius, is evidence in support of the 
interpretation that the divergence was caused by expansion of the current channel. Up 
to and through the times that the B-dot probes showed all of the current within 4.2 cm, 
nearly all of the current attached to the aperture holder. After -1.5 |isec there was 
current flow at larger diameter than the -5.4 cm radius anode Rogowski. All of the 
these data together imply that there was an expansion of the current channel at both the 
cathode and the anode. The very early evidence of expansion on the B-dot probe at r = 
3.0 cm implies that the expansion likely occurred first at the cathode. 

Discharges at TAK = 3.0 |isec in the same configuration as above, except with driver 
bank inductance lowered to 480 nH are shown in Figure 3-55 (a) and (b). Arrays of B- 
dot coils at a radius of 9.8 cm located 7 cm and 17.2 cm from the cathode were fielded. 
The B-dot probes showed that most of the discrepancy between the anode Rogowski 
and the total current was due to current attaching at or near the back plate, and it was 
only near the peak in current that there was any appreciable current flow across the 6 
cm gap. The current across the 6 cm gap was always less than 10% of the total 
current. 

All of these data show that there was some radial expansion of the current channel, and 
hence plasma present in the gap at larger radii than initially injected, although the gated 
camera images imply that the density of that plasma was low. 
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Figure 3-54. Current measurements with a B-dot probe at two different radii, and 
a Rogowski coil around the anode aperture holder for high 
impedance conduction. 
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Shot 2171. Coil   1, z = 7.0 cm 
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(a) Measured currents with B-dot probes 7 cm from the cathode. 
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(b) Measured currents with B-dot probes 17.2 cm from the cathode. 

Figure 3-55. Current measurements with B-dot probes. 
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The calculated x and y displacements of the current centroid for these data were always 
less than the radius of the anode aperture holder (5 cm) during the times of interest, 
supporting the conclusion that m=1 kinks were not the primary cause of the differences 
in the measured currents at the different locations. Shots at higher applied fields 
showed smaller x and y centroid motion, but at all fields from ~0.8 kG to ~4 kG, the 
current channel expansion was present. The high frequency oscillations during the first 
psec or so shown in the centroid plot for probes at 7.0 cm are probably not reflective of 
actual centroid motion but rather are likely due to electrostatic pickup. 

In Figure 3-56 three discharges at TAK = 5.0 usec without a mesh on the anode are 
shown. The discharges used the same configuration as was used for Figure 3-55. 
Clearly the current at the cathode was initially inside r = 4.2 cm, but near the time of the 
current interruption to the anode, the current started to flow at larger radii. The 
discrepancy between the current inferred from the B-dot probe at r = 3 cm and the total 
current started very early on, implying that the current expanded radially outwards at the 
cathode at the start of conduction. The data from the r = 4.2 cm B-dot and the anode 
Rogowski show that the current expansion occurred across the entire gap and was not 
limited to one side. 

With the small B-field coils in the coaxial hardware, (Figure 3-6), arrays of B-dot probes 
along the ID of the current return which surrounded the anode aperture holder were 
used to map the current attachment to the anode as well as calculate the displacement 
of the mean current channel in both the x and y directions. The probes were located 
very close to the conducting boundary of the anode hardware, so it was assumed that 
there would be non-symmetric image currents in the hardware when the mean current 
channel moves off axis. This assumption is only correct if the penetration time of the 
hardware is long compared to the time scale of the motions in the current channel. The 
estimated penetration time was ~15 psec, which is much longer than the time scale of 
any expected current channel motions. If the data were to be analyzed ignoring the 
effects of non-symmetric image currents in the wall, the calculated displacements would 
be approximately twice the displacements calculated with the image currents taken into 
account. 

Shown in Figures 3-57 (a) and (b) are the measured total currents, currents which 
attach to the anode aperture holder, and the currents measured by sets of B-dot coils at 
two axial locations for typical discharges at TAK = 5.0 jasec. The same configuration as 
was used for Figure 3-55 was used, with no mesh across the 2.54 cm diameter anode 
aperture and with a B-dot probe radius of 9.8 cm. Also shown are the calculated x and 
y displacements of the current channel centroids. The differences between the 
measured currents from the different locations show that there was current attachment 
between the diagnostics. The Rogowski on the anode aperture holder showed an 
identical signal to the total current for ~250 nsec, at which time the anode Rogowski 
showed a signal characteristic of an opening event, while the total current had only a 
small inflection. Current which was attached to the anode aperture holder was 
commutated to other sections of the anode hardware. The data from the B-dot probes 
at 7 cm shows similar agreement with the total current until the current was commutated 
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Figure 3-56. Current measurements with a B-dot probe at two different radii, and 
a Rogowski coil around the anode aperture holder. 
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Figure 3-57. Current measurements with B-dot probes 7 cm and 17.2 cm from cathode. 

126 



away from the anode aperture holder. The current inferred from the B-dot probes 
showed closer agreement to the total current than the anode Rogowski, and it diverged 
from the total current 50 to 100 nsec later than the anode current signal did. The 
discrepancy between the B-dot signals and the total current was current attaching 
somewhere across the short gap which was present at large diameter in this 
configuration. Clearly this difference only accounted for a small portion of the current 
which was commutated. In addition, the timing of when the signals diverged from the 
total current implies that the current channel was expanding radially outward, with the 
first difference appearing on the anode Rogowski and later appearing on the B-dot 
probes. The probes 17.2 cm from the cathode were located just beyond the location of 
the anode aperture, and any difference between them and the anode Rogowski must 
have been due to current flowing along side the anode aperture holder and attaching to 
the back plate. The difference between the B-dot probe signals and the total current 
was slightly greater at this location than at the B-dot coils 7 cm from the cathode, 
implying that there was some current attaching along the walls between the two sets of 
probes, although most of the current was commutated to the back plate. The current 
flowing across the short 6 cm gap was typically less than 10% of the total current, and 
didn't flow in that location until after current began to flow to the back plate. The 
currents measured by the two sets of B-dot probes diverged from the total current at 
nearly the same time. If the plasma column was expanding radially, it would be 
expected that these signals would diverge near the same time, as they were at the 
same radius. 

The centroid motion in both positions of the B-dot arrays was very small until current 
bites appeared on the anode Rogowski monitor. The current channel should have been 
stable to MHD kink motion at the times of the current bites if the channel radius was >2 
cm according to the Kruskal-Schafranov (K-S) criterion. Since the total current diverged 
from the anode monitor at the time of the bites, the channel radius was ~5 cm, although 
the current density within the channel was not necessarily uniform as assumed in K-S 
calculations. The anode Rogowski current bites in these figures are largely consistent 
with a ~5 cm channel radius moving transversely with amplitudes of -1 cm in the x and 
y directions, as indicated by the centroid plots. 

Data from discharges with a -14x14 line-per-cm tungsten mesh across the anode 
aperture, but otherwise identical conditions to the discharges in Figures 3-57 are given 
in Figure 3-58. The B-dot coils 7 cm from the cathode showed that there was basically 
no current flowing across the 6 cm gap up to and slightly past the first 1/4 period of the 
bank current, so all of the difference between the anode Rogowski and the total current 
was due to current flowing to the back plate. The B-dots 17.2 cm from the cathode 
showed similar traces. It is clear from the B-dot probes that nearly all of the difference 
between the anode Rogowski and the total current was due to current flowing to the 
back plate, and that less than 10% of the difference was flowing to the side walls. 
Almost no current was flowing in the 6 cm gap, even after 4 |asec and the full peak in the 
current. 
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Figure 3-58. Current measurements with B-dot probes 7 cm and 17.2 cm from cathode 
(with mesh). 
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The discharges were stable to kink growth during the current rise and opening 
according to the K-S criterion. During the opened times of nearly 1.0 |j.sec the centroid 
motion plots were noisy and unreliable probably due to fluctuating electrostatic 
field/charge pickup. During the conduction and actual opening with the anode mesh 
present the current bite appears as a drop in current at the radius of the anode 
Rogowski without appreciable centroid motion, whereas without the mesh, transverse 
oscillation cannot be ruled out as the source of the anode current bite. 

A more detailed diagnosis of the current distribution was made in the coaxial system 
with the large bank and flashboard and a 20.5 cm AK gap. The large flashboard was 40 
cm from the anode mesh and the applied field was 2.5 kG. Of particular interest in this 
configuration were the B-dot probe arrays 19.5 cm from the cathode at radii of 6.35 cm, 
11.43 cm and 16.51 cm. With the large 7.62 cm radius aperture, the inner-most set of 
B-dot probes was 1.27 cm inside the edge of the plasma column. With these sets of B- 
dot arrays, the radial distribution of the current to the anode was mapped throughout the 
discharge. Shown in Figure 3-59 are B-dot probe data from three shots, each shot 
using a B-dot array at a different radius. For the data presented in Figure 3-59 there 
was little shot-to-shot variation in the total current. The total current shown is the 
measured total current from the shot with the B-dot probe array at r = 16.5 cm. The 
calculated average current densities in the annular areas between the B-dot probes are 
shown, and compared with the calculated average current density assuming the total 
current was confined to the original aperture area. The probes at r = 6.4 cm showed 
that most of the current started inside that radius, with a very small amount outside for 
-400 nsec, indicating that the ion source current did not fill the anode aperture initially. 
The probe data at the several radii clearly showed expansion of the current channel 
before the opening event was apparent on the total current. The expansion was rapid, 
but the average current density of the expanded portion of the current channel was not 
large, < 50 A/cm2 as compared to a peak of ~350 A/cm2 calculated for the on-axis 
current density before the impedance drop. 

The current in the annulus with inner radius of 6.4 cm and outer radius 16.5 cm 
continued to grow over ~300 nsec from the start of the current bite observed at a radius 
of 6.3 cm. At the peak of the total current 10-15 kA was flowing in both the 6.4 < r 
< 11.4 cm and 11.4 < r < 16.5 cm annuli, and the total current bite started with nearly all 
the current drop occurring within the 6.4 cm radius. Near the current minimum however, 
the current flow in the 6.4 < r < 11.4 cm annulus dropped to nearly zero as did the 
current flow in the 11.4<r<16.5 cm annulus, although at a slightly earlier time. After the 
current minimum the bulk of the current increase as the impedance decreased was due 
to current flowing in the 6.4 < r < 11.4 cm annulus; the r<6.4 cm current stayed roughly 
flat at about the value (40 kA) at the time of the start of the current bite. 

The current bite of the shots of Figure 3-59 was too slow for a good opening, and the 
current density profiles show that the time delays in shutting off current in the outer 
current channel annuli was the cause of the relatively slow opening. Comparing this 
data with the opening of Figure 3-34, which had a fast opening, shows the likely effect 
of the higher Bz field (6.4 kG vs. 2.5 kG) in retarding current channel expansion.   It is 
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also noteworthy that the bulk of the increase in current in Figure 3-59 during the 
impedance drop occurred in the annulus 6.4 < r < 11.4 cm which included a 1.27 cm 
wide annulus within the anode aperture. 
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Figure 3-59. Measured currents and inferred average current densities from three 
shots with the 15.24 cm diameter anode aperture and the large 
area flashboard. 

3.3.9  Scaling with the Applied Magnetic Field. 

The magnetic field amplitude for a given spatial profile affected the on-axis ion source 
time profiles and the expansion of the current channel. The latter effect in turn 
influenced the opening time and rate of current decrease in an opening current bite. In 
this section some data are given showing the effect of magnetic field level on the ion 
source time profiles for both the small flashboard and cable gun in the coaxial system. 
Data with the small flashboard and small anode aperture is also included illustrating the 
differences in enclosed currents at the anode Rogowski monitor and B-dot probes at 
radius of 9.8 cm as the magnetic field increased from 1 to 6 kG. 
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The ion source data was taken in the configuration shown in Figure 3-6, with a 16 cm 
AK gap. The flashboard was 38 cm from the cathode, and there was a 14x14 line-per- 
cm mesh across the 2.54 cm diameter anode aperture. Figure 3-60 shows the 
measured ion current behind the cathode mesh at 1, 2, 4 and 6 kG applied fields. The 
ion current for the 6 kG data was reduced because of damage to the flashboard 
insulator. 
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Figure 3-60. Measured ion current behind the cathode mesh at four applied fields. 

With the cable gun source there were also changes in the ion current as the applied 
magnetic field was increased. Shown in Figure 3-61 is the measured on-axis ion 
current density with the cable gun 15 cm from the anode mesh, a gun charge voltage of 
17.5 kV, and applied magnetic fields of 6.4 kG, 2.6 kG, and 1.3 kG. The electrode 
configuration is shown in Figure 3-12. Increasing the field both increased the peak ion 
current density on-axis and changed the waveform so that there was proportionately 
more plasma later in time. 
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Figure 3-61. Measured ion current from the cable guns at three guiding magnetic 
field strengths. 

In Figures 3-62 (a) through (d) are shown discharges with the mesh on the anode at 
applied fields of 1, 2, 4, and 6 kG respectively with TAK = 5.0 ixsec. The driver bank 
inductance was 480 nH, the capacitance was 1.4 |iF, and the other parameters were as 
for Figure 3-60. The time until the opening increased from -100 to ~200 nsec with field 
increasing from 1 to 4 kG. The reduced ion current due to the damaged insulator was 
likely the reason the time to opening did not continue to increase at 6 kG. The increase 
in the time to the opening from 1 to 4 kG correlate with the higher opening current at 
4 kG due to the higher ion current density. Increasing the field improved agreement 
between the diagnostics, particularly near the time of current decrease. In the 2 kG 
case the total current after peak current decreased before the current measured by the 
anode Rogowski or the B-dot probes. This data implies that there was a region with 
trapped Be flux which decayed over time. For Be flux to be trapped between the anode 
Rogowski and the total current Rogowski, there must have been plasmas at large radii 
connecting the different sections of the anode hardware. At 6 kG this trapped flux was 
practically absent, implying that the increased field hindered the plasmas from forming 
at or expanding to larger radii. 

132 



a) 
Shot 8363, Coil  1, z= 7.0 cm 

'j^A^^^V^rrK'- '^/J^r-ni^jj^i /. 

c) 
Shot 2369, Coil  1, z= 7.0 cm 

Probes  
Anode Current ■ 

- Total Current - 

4.0 

b) 
Shot  2336.  Coil   1, z= 7.0 cm 

;5 
- x — 

0 1          = XAt ;i";; :>„ **■ 
c c; 

-fi 

:   T^  ^ V" ~^~         ^ 

Shot 2376, Coil  1. z=  7.0 cm 

v 
Probes  

Anode Current   
-_ Total Current  

| ■ i ■■■■'•■■■' ■ 

4.0 

Figure 3-62. Shots with a mesh on the anode and an applied field of (a) 1 kG, (b) 2 kG, 
(c) 4 kG, and (d) 6 kG. 

The probe data at 2 kG evidenced anomalous centroid motion. The centroid plots are 
initially noisy and after the opening the current inferred from the probe signals showed a 
sudden "jump" corresponding with a change in the x centroid of the current channel. 
The degree of the "jump" varied on a shot-to-shot basis. The current channels of these 
shots were unstable to kink motion at the peak current before opening for field levels 
below 3 kG, assuming the channel radius of the anode aperture. 

3.3.10 Current Flow Through the Anode Aperture. 

The experiments discussed so far showed measurements of the current inside the AK 
gap. The erosion of the flashboard and other evidence implied that appreciable 
currents were flowing through the anode aperture into the anode to source region. To 
measure that current, a Rogowski was placed inside the anode aperture holder. The 
surface of the Rogowski was protected from the plasma by an insulating ring. The ring 
also limited the possible current paths for return currents.   Measurements were taken 

133 



with anode apertures of 2.54 cm and 5.08 cm in diameter, and both with and without a 
~14x14 line-per-cm tungsten mesh across the aperture. The inner diameter of the 
annular insulator used to shield the Rogowski was the same as the diameter of the 
aperture used. 

Without a mesh, electron current from the AK gap can flow through the aperture without 
making direct electrical contact except at the edge of the aperture, and the measured 
current can be reduced by a coexisting return current. This return current can be 
provided by electrons from the background plasma in the anode to source region driven 
by the inductive field of the rising current from the AK gap if the aperture effectively 
shields the plasma from the applied electric field of the AK gap. With the anode mesh 
present, the plasma return currents can flow inside the current channel downstream of 
the aperture and terminate at ground on the mesh. Without a mesh, the plasma return 
currents can flow to ground outside the channel in the larger diameter plasma from the 
flashboard, and any plasma electron return current within the channel proper must 
either diffuse radially outward to ground in the AK gap region or flow back into the gap 
along field lines until reflected by the external electric field. These "injected" plasma 
electrons can delay the formation of a potential hump or reduce its amplitude and may 
be related to the observation that the aperture without a mesh typically conducted -30% 
longer than with a mesh before opening. 

Shown in Figures 3-63 (a) and (b) are high impedance shots at TAK = 3.0 jasec with a 5 
cm diameter aperture without and with a mesh. The large driver bank with C = 10.5 jaF, 
and L = 300 nH was used. The plasma source used was the small flashboard, 38 cm 
from the cathode. The -2.5 kG guiding field across the 15 cm AK gap was provided by 
the large field coils. The experimental configuration is shown in Figure 3-8. The radius 
of the B-dot array was 11.4 cm. Without the mesh the measured current inside the 
anode was <50% of the anode aperture current for the first several hundred nsec and 
less thereafter. Occlusion of A-K current at larger diameters than the anode aperture 
may have contributed to a reduction in the percentage of the total current measured 
inside the anode as the total current rose. 

The addition of the mesh clearly reduced the measured current inside the anode to 
negligible levels over the first 0.5 jisec and the reduction was particularly noticeable 
during times of increasing total current. The mesh acted to collect a greater portion of 
the current during the rise than was collected without the mesh, and it also supplied a 
path to ground for any induced return current in the plasma on the flashboard side of the 
aperture. 

In Figures 3-64 (a) and (b) are shown shots at TAK = 5.0 ^sec with 2.54 cm and 5.08 cm 
diameter apertures with a mesh. The other conditions are the same as in Figure 3-63. 
The diagnostics shown are the total current, the current which attaches to the aperture 
holder, the current inside a B-dot probe array at a radius of 11.4 cm, and the measured 
current inside the anode aperture holder. Again the mesh essentially resulted in nearly 
complete current neutralization throughout the discharge, indicating that the mesh was 
a good electrical termination for the current flow in the AK gap. 
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Figure 3-63. High impedance shots at TAK = 3.0 (is with a 5 cm diameter aperture with 
and without a mesh. 
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Shot 2846 

Figure 3-64. Shots at XAK = 5.0 \is with a 2.54 and 5.08 cm diameter apertures with 
a mesh. 

3.3.11 Scaling with Aperture Area. 

In this section the scaling of total current with area of injected ion current is presented. 
The scaling with aperture area was tested in both the high and low impedance modes. 
Area scaling experiments were performed with anode apertures of 1.6 cm and 2.54 cm 
in diameter, for areas of injected ion current of 2.0 and 5.1 cm , respectively, and a 
seven hole anode aperture with circular holes in a hexagonal-close-pack arrangement 
and an open area of 11.2 cm . The experiments which increased the anode aperture 
up to 15.24 cm in diameter found increases in the total current at opening, but the 
current scaling was not found to scale proportionally with the aperture area with areas 
over ~5 cm in diameter. The differences from the expected area scaling were due to 
source non-uniformities over the large areas (see Figure 3-59 , Section 3.3.8).   For the 
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tests with the three anode apertures there were no meshes on the apertures. The small 
flashboard was 38 cm from the cathode, and the electrode configuration is shown in 
Figure 3-6. The guiding magnetic field in the 16 cm AK gap was ~2.5 kG. 

The measured ion current densities on-axis for the three anode conditions are shown in 
Figure 3-65. The ion current was measured behind the cathode mesh, which reduced 
the signal by approximately a factor of two. In all of the conditions the measured ion 
current rose to between 30 and 40 A/cm2 about 6 jasec after the flashboard trigger. 
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Figure 3-65. Measured ion current densities for three anode apertures. 

In Figures 3-66 (a) through (c) high impedance shots with -30 kV applied to the AK gap 
3.0 |j.sec after the trigger to the flashboard are shown for the three anode apertures 
tested. The driver bank consisted of two 0.7 ^F capacitors with a total inductance of 
480 nH. In all three cases, analyses of the current from the B-dot probe data showed 
the centroid to be less than 2 cm off axis up to the peak in current. During the first ~500 
nsec of conduction, the voltage across the gap was approximately the full -30 kV charge 
voltage in all three conditions. The current during this time clearly increased with larger 
aperture area. Shown in Table 3-3 are the measured ion current densities without 
applied AK voltage as measured without correction for cathode mesh transparency, and 
the measured currents at two times with the voltage applied. The currents after 250 
nsec of conduction were 0.6, 1.3 and 5.0 kA for the 2.0, 5.1 and 11.2 cm2 apertures, 
respectively. The increase in current from the 5.1 cm2 to the 11.2 cm2 aperture was 
more than the increase in area. After 1.5 jisec from turn-on of the voltage, the currents 
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a) 
Shot 2430 

b) 

Figure 3-66. (a) Discharge with a 2.0 cm2 aperture, (b) with a 5.1 cm2 aperture, and (c) 
with a 7 hole aperture, with an open area of 11.2 cm2. 
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Table 3-3. Measured ion current densities without applied AK voltage for three anode 
apertures. 

2.0 cm2 5.1 cm2 11.2 cm2 

Jj without voltage at 
T = 3.25 |isec 

3 A/cm2 3 A/cm2 3 A/cm2 

Jj without voltage at 
x = 4.50 usec 

16 A/cm2 16 A/cm2 24 A/cm2 

Total current at x = 3.25 
usec 

0.6 kA 1.3 kA 5.0 kA 

Total current at x = 4.50 
(isec 

5kA 10 kA 28 kA 

were 5, 10 and 28 kA for the 2.0, 5.1 and 11.2 cm apertures, reflecting an area scaling 
between the 2 and 11 cm2 apertures within 14% and an area scaling between the 2 and 
5 cm2 apertures within ~28%. These are reasonable area scalings considering non- 
uniformities of ion current in radius, flashboard variation, and current channel expansion 
due to the low magnetic field and absence of a mesh across the anode aperture. 

Similar results hold for the low impedance mode. In Figures 3-67 (a) through (c) shots 
with -30 kV applied to the AK gap 5.0 usec after the trigger to the flashboard are shown 
for the three anode apertures. There was good agreement between the three current 
diagnostics during the initial rise in current until there was an abrupt change in the total 
current rate of rise and a current commutation typical of behavior without an anode 
mesh. At the time of this event, the anode Rogowski and the B-dot probes showed a 
rapid reduction in measured current, while the total current Rogowski showed only a 
change in the rate of rise in the total current. Table 3-4 summarizes the time xc, at 
which the total current slope changes, and currents for the three apertures. The current 
commutation occurred when the total currents were at 9, 15 and 30 kA for the 2.0, 5.1 
and 11.2 cm2 apertures respectively, showing that the total current conducted until the 
current commutation scaled fairly well with the aperture area up to apertures of 11 cm . 
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Again, the data was unfortunately compromised by non-uniformities in the ion source, 
flashboard variation, and current channel expansion. 
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Figure 3-67. (a) Discharge with a 2.0 cm2 aperture, (b) with a 5.1 cm2 aperture, and (c) 
with a 7 hole aperture with an open area of 11.2 cm2. 
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Table 3-4. Summary of time (TC) at which the total current slope changes. 

2.0 cm2 5.1 cm2 11.2 cm2 

Ji without voltage at 
T = 5.0 jasec 

28 A/cm2 28 A/cm2 33 A/cm2 

Tc 
185 nsec 250 nsec 510 nsec 

Total current x = TC 
9kA 15kA 30 kA 

3.3.12 Scaling with AK Gap Length. 

The effect of the AK gap length on the conduction time for an opening mode and on the 
time of the start of the impedance drop are important issues for scaling of switch 
operation. One-dimensional simulations were carried out to investigate the length 
scaling of peak current before opening with a low density plasma (3.8x10 /cm ) and an 
injected ion current density of ~0.8 A/cm2 (see Section 4). Gap lengths of 2, 6 and 12 
cm were used with the gaps initially filled with plasma; i.e. with conduction giving a low 
initial impedance, and with space charge limited electron emission from the anode not 
allowed. The conduction times were approximately 30, 40 and 60 nsec, respectively, 
for the three gaps and the peak current were -450, -550 and -525 A. The conduction 
times and peak current clearly did not scale with length, nor with the square root of the 
length. The total electron charge transferred before opening did however scale roughly 
with the square root of the length. 

Experimentally it was observed that the conduction time for opening and the time to the 
start of the impedance drop did not scale with the length of the gap for the low 
impedance modes, but the time to the start of the drop in impedance did roughly scale 
with length in the case of the high impedance modes. A length scaling for the time to 
the start of impedance drop can be interpreted in two ways. Electrode plasma motion at 
nearly constant velocity would of course give a linear length dependence. Impedance 
drop due to current channel expansion can also scale with length since the ion 
background density must build up essentially across the whole gap to allow the 
observed electron current densities. If channel expansion is due to ion pumping from 
an interior channel caused by the radial electric field associated with a potential hump, 
as suggested by simulations, the pumping will occur around localized potential humps 
or preferentially near the center of the gap if the hump extends symmetrically across the 
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gap because of the effects of the conducting boundaries, 
itudinally accelerated towards the electrodes. 

The ions are then long- 

The first high impedance data presented was obtained from the coaxial system with the 
large magnetic field coils, large flashboard, and the large driver bank. The large 
flashboard was 38 cm from the cathode and AK gap lengths were 5.5, 10.5, 15.5 and 
20.5 cm. The external magnetic field was 3.3 kG and a 5.08 cm diameter anode 
aperture was used without a mesh. Figure 3-68 shows the current profiles for the 
different gap lengths. There is no correlation between the switch length and the 
conduction current before the start of the impedance drop. The times from the start of 
conduction to the start of the impedance drop were 1.7, 1.4, 1.0 and 0.7 |j.sec for the 
20.5, 15.5, 10.5 and 5.5 cm gaps respectively. These times correspond to effective 
closure speeds of 4 to 6 cm/nsec/electrode - very large values for any thermally driven 
electrode plasma motion. 
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Figure 3-68. Shots at 3300 G applied field and four gap lengths with TAK = 5 |isec. 

A second set of data for the high impedance mode was taken with the glass cross 
hardware and small flashboard without the bend using a 2.54 cm diameter anode 
aperture with a mesh. AK gap lengths were 13.6, 8.6 and 3.6 cm and TAK was 3.5 jisec. 
An effective closure velocity of ~4 cm/^sec/electrode was observed. 
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Figure 3-69 shows two current profiles for low impedance opening modes obtained with 
the same glass cross hardware as above at TAK = 5.0 ^sec. Current and voltage traces 
are shown for AK gap lengths of 8.6 and 13.6 cm; a 3.6 cm gap length showed no 
opening and a low impedance behavior throughout the current profile. The conduction 
time for the 8.6 cm gap was -400 nsec which was -15% longer than with the 13.6 cm 
gap, a variation within the reproducibility of the flashboard. The time to start of the 
impedance drop was essentially the same for both lengths (-675 nsec). It is noteworthy 
that the 8.6 cm gap was not shorted after -1.75 jasec of conduction as a "resistive" 
voltage of 20 kV appeared across the gap when the current rise flattened. 
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Figure 3-69. (a) Shot in the glass cross with a mesh and an AK gap of 13.6 cm; (b) with 
an AK gap of 8.6 cm. 

3.3.13 Scaling with Charge Voltage and External Inductance. 

The scaling of the conduction current with the bank charge voltage and the external 
inductance was checked in the coaxial hardware with the small driver bank, C = 1.4 \if. 
The electrode configuration for the 16 cm AK gap is shown in Figure 3-6, and the anode 
aperture used was 2.54 cm in diameter. The applied magnetic field was 2.5 kG. With 
the small bank it was possible to vary the external inductance, and a range of the total 
inductance from 480 nH to 2500 nH was tested.   Figure 3-70 shows the conduction 
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current, conduction time, and charge transfer for discharges with 480, 1400 and 2500 
nH of inductance and driver bank voltage of -30 kV. Increasing the external inductance 
decreased the conduction current somewhat, but had a stronger effect on the 
conduction time. The decrease in conduction current can be attributed to the drop in 
the ion source current over the longer conduction times of the higher inductance cases. 
[The ion source current profile measured without applied voltage for these experiments 
is given in Figure 3-39.] The injected ion current, e.g., dropped by ~33% as the 
conduction time increased from the 480 nH value to the value for 2500 nH. The 
increase in the conduction time was large enough that the charge transfer increased 
slightly with the external inductance. The charge transfer would show a larger increase 
with inductance if the conduction current is adjusted for the drop-off in ion source 
current. 
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Figure 3-70. Discharges with 480, 1400, and 2500 nH of total inductance with and 
without mesh across the anode aperture. The voltage was applied 
5 jasec after the trigger to the flashboard. 

144 



As with increased inductance, reduction of the charge voltage decreased the conduction 
current, as can be seen in Figure 3-71. The decrease in conduction current is again 
attributable to the drop in the ion source current over the longer conduction times of the 
cases with lower charging voltage. There was an expected increase in the conduction 
time as the voltage was reduced. However, in this case, the charge transfer appeared 
to decrease as the charge voltage was reduced. Scaling the conduction current for 
nearly constant ion source current would give an increased charge transfer with 
decreasing voltage. 
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Figure 3-71.   Discharges with 2500 nH of total inductance at three charge 
voltages. The voltage was applied 5 psec after the trigger to 
the flashboard. 

The results of these experiments are in agreement with the conduction time scaling of 
Section 3.3.2 if the conduction current levels are adjusted to account for the decrease in 
ion source current as the conduction time is increased. 
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SECTION 4 

SIMULATION AND THEORY OF DENSITY CONTROLLED 
OPENING SWITCH 

4.1      INTRODUCTION. 

To obtain some insight into the behavior of the Density-Controlled Opening Switch 
(DCOS) experiments, we have used numerical simulations and analytic models. The 
21/4D (2 spatial coordinates + 3 velocity coordinates) simulation code IVORY is used in 
the numerical work. Most of the experiments were carried out with long (16-25 cm) AK 
gaps and simulation of such long gaps is impractical for us even in one dimension 
because the Debye length determines the spatial resolution required. The longest gap 
we attempt to simulate is a 12 cm gap in 1-D. 

In general, we observe that the electrons emitted from the cathode cause substantial 
heating of the injected plasma. Since the heated plasma is (in most of the simulations) 
in contact with the grounded anode electrode, the plasma rises to a positive potential 
relative to ground. If the plasma is sufficiently hot, this potential shuts off the inflow of 
ions, so that the gap "self-opens" when the existing ion population becomes depleted. 

Two types of heating mechanisms can be distinguished in the simulations. If the gap 
is initially filled, there is a low-impedance phase during which the current rises linearly. 
Strongly nonlinear bunching of the beam and plasma electrons heats the plasma. 
Behavior of this type was previously investigated by Kares(1). On the other hand, if the 
gap is partially or completely empty when voltage is applied, then the AK voltage starts 
out large. In this regime, which we call the "high impedance" regime, the beam-plasma 
(two-stream) instability is observed to heat the plasma. (Two-stream heating may be 
involved in the low-impedance regime also, but it is difficult to separate it from other 
nonlinear phenomena.) 

In the experiments two types of behavior are observed depending on the relative 
timing of the applied voltage and the injected plasma pulse. When the capacitor is 
fired soon after the first plasma reaches the cathode electrode ("early voltage"), then 
the AK voltage rises to approximately the capacitor voltage, and an almost flat current 
pulse lasting for 1 p.sec or longer is produced. When the capacitor is fired later in the 
plasma pulse ("delayed voltage"), the AK voltage is significantly lower than the bank 
voltage for a period. During this time the current rises to a higher level than the "early 
voltage" case, and then drops sharply to a lower value which persists for about 1 \isec. 
In either case, the current rises gradually after 1 \isec to short-circuit levels due, 
presumably, to gap closure. 

It is natural to attempt to relate the two simulation regimes to the two regimes seen in 
the experiment. We believe that the opening seen in the "delayed voltage" case is in 
fact due to the same mechanism that produces opening in the filled-gap simulations. 
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We have not, however, been able to reproduce the quasi steady-state experimental 
results for the "early voltage" case. At the experimentally measured current levels, the 
simulations invariably show periodic behavior of conduction followed by opening (cf. 
Fig. 4-10). The experiment behaves as though there were no interruption of the 
injected ion flow. This basic discrepancy is disturbing. It may be due to the expanding 
electrode plasmas which eventually short the gap. 

Several effects aimed at stabilizing the two-stream instability, or reducing its effects, 
were investigated, including density gradients, energy spread on the beam, and 
changing the particle boundary conditions at the anode. The latter, which involves 
reflecting some particles instead of allowing them to freely pass to ground, had the 
most significant impact on the system, but did not result in the desired behavior. 

Two-dimensional simulations show the same qualitative features as those in one 
dimension for both completely and partially filled gaps. Some intrinsically 2-D effects 
are observed. With a partially filled gap and low density, the cathode sheath is wide 
and there is significant radial spreading of the ions as they stream across it. In two- 
dimensional 
simulations of a dense plasma, we see substantial hollowing of the radial current 
density. Some of the experimental data show a hollow light intensity profile which may 
be related to this effect. 

We were able to find simulation parameters for which the plasma does not self-open. If 
the potentials which develop in the plasma are smaller than the injected ion energy, 
then the ion flow is not interrupted. This requires that the current ratio jt/jj be 
substantially lower than the bipolar ratio 4Mlm, making it less attractive for 
controlling large electron currents. We have obtained criteria for keeping the 
potentials sufficiently small in both the low-impedance and high-impedance regimes. 
Additionally, if the AK gap is sufficiently short in the high-impedance regime, the two- 
stream instability cannot grow and a quiescent bipolar sheath forms. 

We have re-examined the analytic model of Kares in connection with the low- 
impedance regime, and that of Creedon in connection with electron reflexing at the 
anode. The two models are closely related. Using a modification of the Kares theory, 
we find improved agreement between the model and 1-D simulations. We have 
generalized the Creedon model for bipolar flow by including non-zero initial ion energy. 
The model shows that trapped electrons result in an electron-to-ion current density 
ratio smaller than the bipolar ratio of ^MIm, and that the ratio decreases with 
increasing temperature of the trapped electrons. 

In Section 4.2, we describe one-dimensional electrostatic simulations, including the 
effects of density gradients, velocity spread, and modified anode boundary conditions. 
In Section 4.3 we show the results of 2-D electromagnetic simulations. Analytic theory 
supporting the simulations is given in Section 4.4. 
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4.2.     1-D ELECTROSTATIC SIMULATIONS. 

One-dimensional electrostatic simulations have commonly been used to model 
plasma-filled diodes and similar devices(1~3). Until the plasma density increases to the 
point where the collisionless skin depth c/cop (where ©p is the plasma frequency) 
becomes small compared to the plasma radius, the electrostatic approximation is 
justified in treating the entire system. For experiments where the plasma radius a is 
about 1.27 cm, and the plasma flow velocity is on the order of 10 cm/jj.sec, a (singly 
charged) ion current density of 1 A/cm2 has a c/®p value of about half the beam radius. 
Most of our simulations are near this regime. Note that even if c/cop is small compared 
to the dimensions of the plasma, the electrostatic approximation still applies to the 
small-scale physics of the plasma heating, even though inductive effects are important 
on a larger scale. 

The simulation configuration is shown in Figure 4-1. The gridded region constitutes 
the AK gap. Plasma ions and electrons are injected at the right and the cathode at 
the left can emit space-charge-limited electrons. The simulation region is attached to 
an external RLC circuit in the manner described by Lawson(2). At the start of the 
simulation, the capacitor is charged to the desired voltage and the simulation region 
may or may not be preloaded with moving plasma. The capacitor then proceeds to 
discharge through the inductor, resistor, and the plasma. 
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Figure 4-1. Schematic of setup for 1 -D simulations. 
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4.2.1  Low Impedance Regime. 

The simulations show different behavior depending on whether plasma initially fills the 
gap or not. When the gap is prefilled, the plasma initially behaves like a short circuit. 
The gap has low-impedance for a period during which the plasma heats rapidly. This 
is followed by an opening during which the voltage spikes up. A typical example of this 
is shown in Figure 4-2. The parameters for this simulation, given in Table 4-1, 
correspond to a low-density injected plasma used in initial DCOS experiments . The 
initial linear current rise in Figure 4-2 is determined by the external inductor; the 
plasma resistance is low. The longitudinal phase-space near the peak of the current is 
shown in Figure 4-3. At the time shown, the plasma has heated strongly and ions are 
being accelerated towards both the cathode and anode. Injection of new plasma is 
continuing, but the ions are immediately turned around and leave the simulation. This 
is essentially the same behavior observed by Kares(1) in 1-D simulations for a much 
shorter (1 mm) AK gap. The mechanism for heating the plasma involves strongly 
nonlinear beam bunching associated with virtual cathode formation(1). The theory of 
this regime is discussed in more detail in Section 4.1. 
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Figure 4-2. Voltage and current vs. time for initially filled AK gap. Parameters are 
given in Table 4-1 (IVORY run 53). 
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Table 4-1. Parameters for low-density simulation in Figures 4-2 and 4-3. 

Circuit: Simulation: 
External inductance 1.47 nH Number of cells 800 
Bank capacitance 1.4 nF Cell size 0.0075 cm 
Initial bank voltage 30 kV Timestep/c 0.05 cm 
External resistance 12.8 Q Initial no. of particles 20,000 (per species) 

Plasma: 
Injection area 5 cm2 

AK gap length 6 cm 
Injected plasma density 3.8x1011cm"3(H+ + e) 
Injected ion velocity 13cm/(isec 
Injected ion current density 0.8 A/cm2 

Cathode SCL emission On 
Anode SCL emission Off 
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Figure 4-3. Plots of (a) longitudinal phase-space for ions and (b) cathode-emitted 
electrons near peak current in Figure 4-2 (IVORY run 53). 
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Carrying out simulations with shorter (2 cm) and longer (12 cm) gaps gives the current 
traces shown in Figure 4-4. The main difference between these and the 6 cm case is 
in the time for which the gap can supply high current. In each case, the gap is almost 
completely depleted of ions after the conduction phase. The gap then slowly refills 
with plasma. 
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Figure 4-4. Current versus time for initially filled (a) 2 cm gap and (b) 12 cm gap. 
Other parameters as in Table 4-1 (IVORY runs 56, 54). 

4.2.2 High Impedance Regime. 

The behavior of the gaps as they refill is not the same as for an initially completely 
filled gap. The electrons emitted from the cathode are accelerated to essentially the 
full AK voltage (30 kV in these examples) in the space between the cathode and the 
advancing plasma. Thus their density inside the plasma is considerably lower, and 
velocity higher, than during the initial low-impedance phase. We call this the "high- 
impedance" regime. The mechanism for heating the plasma in this regime is the 
beam-plasma two-stream instability^55. The wavelength of this instability is approx. 
vb/wp « 2.5 cm, where Vb is the beam velocity.   For the 2 cm gap, the instability is 
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unable to develop, and a quiescent bipolar sheath develops, as shown in Figure 4-5. 
For the 6 and 12 cm gaps, however, the two-stream instability develops strongly as the 
current rises, and the gap opens, as shown in Figure 4-6. (For this simulation, the AK 
gap was initially empty; 
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Figure 4-5. Longitudinal phase space when quiescent bipolar sheath has developed in 
2 cm gap. Other parameters as in Table 4-1 (IVORY run 37). 
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Figure 4-6. Voltage and current versus time for initially empty 6 cm gap. Other para- 
meters as in Table 4-1 (IVORY run 52). 
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simulations where the gap was initially full and subsequently refilled show similar 
behavior during refill.) In the experiment which these simulations were attempting to 
model(4), the current rose to about 100 A and stayed at about that level for about 1 
usec. This current is considerably less than the peak current shown in Figures 4-2, 4-4 
and Figure 4-6. We considered the possibility that the experimental current was 
source-limited to around 20 A/cm2 (100 A total) and that this low value might reduce 
the plasma heating. The simulation in Figure 4-6 was rerun with a 20 A/cm emission 
limit. The result in Figure 4-7 shows that opening still occurs. The phase-space plot in 
Figure 4-8 shows the beam-trapping which is typical at nonlinear levels of the two- 
stream instability. 
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Figure 4-7. Current and voltage for initially empty 6 cm AK gap and current limit of 
100 A.   (IVORY run 60). 
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Figure 4-8. Longitudinal phase-space for cathode-emitted electrons, anode-emitted 
electrons, and ions at t = 500 nsec in Figure 7 (IVORY run 60). 

4.2.3 Similarity To Experimentally Observed Opening. 

Experimental data for the "delayed voltage" case typically shows opening events 
similar to those in Figures 4-2 and 4-4. In shot 2336, for example, which has a 16 cm 
AK gap, the current rises linearly for about 130 nsec, reaching a peak of 7.5 kA. The 
current flattens out and then begins to fall. At 300 nsec, the current has dropped to 
about 2 kA. The ion flux, which is measured on a separate shot with no applied AK 
voltage, is about 10 A/cm2. This includes an estimated 50% attenuation due to the 
anode mesh present in shot 2336. 

A simulation with a 6 cm AK gap and 6 A/cm2 of injected C+ ions is shown in Figure 4- 
9 (parameters are given in Table 4-2). The peak current reached is about 4.6 kA, and 
the impedance starts to climb after 100 nsec. 
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Figure 4-9. Current vs. time for filled-gap simulation of 6 A/cm2 C+ ions. (IVORY run 73k) 
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Table 4-2. Parameters for simulation in Figure 4-9. 

Circuit: Simulation: 
External inductance 0.48 \iH                           Number of cells 1600 
Bank capacitance 1.4 nF                             Cell size 0.00375 cm 
Initial bank voltage 30 kV                              Timestep/c 0.02 cm 
External resistance 35 milliO                          Initial no. of particles 20,000 (per species) 
Plasma: 
Injection area 5 cm2 

AK gap length 6 cm 
Injected plasma density 3.8x1012 cm-3 (C+ + e) 
Injected ion velocity 13cm/nsec 
Injected ion current density 6.3 A/cm2 

Debye length 0.0017 cm (for 15 eV 
plasma 

Cathode SCL emission On 
Anode SCL emission Off 

From the simulations in Figures 4-2 and 4-4, we see that the main effect of a longer 
AK gap is to increase the time for which high current is conducted. This, together with 
the fact that the peak electron current is roughly proportional to the plasma density, 
makes it plausible that the simulation and the experiment are exhibiting the same 
phenomenon. To increase one's confidence that this is the case, it would be desirable 
to identify the dominant plasma ion species, and to measure the rise in plasma 
temperature, which in the simulation reaches several kV. 

4.2.4  Two-stream Instability Stabilizing Effects. 

4.2.4.1 Beam Velocity Spread. In the "high-impedance" simulations above, the two- 
stream instability is in the hydrodynamic regime, in which the phase velocities of the 
unstable waves lie outside the beam velocity distribution. When this is not the case, 
the instability becomes kinetic and growth is considerably weakened(6). This requires 

vthb 

»b 
» 

r    V/3 

V    PJ 
(4.1) 

where vthb is the beam velocity spread and nb, np are the beam and plasma densities, 
respectively. For the case in Figure 4-8, this requires vthb » 0.3 vb ~ 0.1c. A thermal 
velocity of 0.1c corresponds to a temperature of 5 kV. We carried out a simulation 
with this temperature, obtaining the results shown in Figure 4-10. Comparing this 
figure with Figures 4-7, 4-8 shows that marginally satisfying the inequality in Equation 
4.1 does not have much effect on the instability. A large longitudinal velocity spread 
could develop if the emitting surface had bumps comparable in scale to the bipolar 
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cathode sheath thickness, which is about 0.85 cm for the parameters here.  This might 
occur if a dense, non-uniform, expanding plasma formed on the cathode. 
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Figure 4-10. Simulation with 5 kV beam temperature showing (a) current versus time 
and (b) longitudinal phase-space at t = 400 ns. Otherwise parameters 
are the same as for Figure 4-8 (IVORY run 61). 

4.2.4.2 Electron-Neutral Collisions. In the simulations, it is assumed that the plasma 
electrons which are injected with ions into the AK gap are collisionless. It is well 
known that two-stream instability is reduced when collective plasma oscillations are 
damped by electron-neutral collisions. The condition for a significant effect is (6) 

CO, 

(      V/3 

n„ 
(4.2) 

where vc is the collision frequency and cop is the electron plasma frequency. I/Q     IO     LI 1^    OWIIIOIWI I     MCV^UCHUy     »HU    \Xßp     I«J     »»^    VIV/WUUH     ^luwniu     ii^vjuvnujr. POT 

electron energies in the range of 1 -10 eV, the collision frequency is of order 5 x 1012 

sec"1 atm"1 (Ref. 7). Applying Equation 4.2 to low-density parameters (cop = 3.5 x 
1010, (nb/np)1/3 « 0.32), yields an estimate of about 2 Torr for the required neutral 
pressure.    This is orders of magnitude larger than the measured experimental 
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pressure of 1.5 x 10"6 Torr (Ref. 5). Therefore, the collisions are not expected to have 
any significant effect on the instability. 

4.2.4.3 Density Gradients. Longitudinal gradients have been shown to have a 
stabilizing effect on the two-stream instabilitiy(8"10). Based on ion time-of-flight 
velocities and ion current measurements, we estimate that the plasma density can 
vary by a factor of two or more over a 6 cm AK gap. 

In Figure 4-11 we compare a case with a flat plasma density profile to a case where 
the density increases by a factor of two from the anode to the cathode. To initialize 
these simulations, we filled the AK gap with plasma almost to the cathode. 

-502 . 
0.0 25.0 5O.0 75.0 100.0 

-94. - 
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-375. 
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TIME= 2999.93750 

Figure 4-11.   Current vs. time comparing case with (a) density gradient (density 
doubles from cathode to anode across 6 cm gap) and (b) case with 
no density gradient. Ion current density at cathode is same 
(0.8 A/cm2 H+) in each case. (IVORY run 73b and 73c). 

A gap approximately equal to the bipolar gap width (about 1.25 cm) was left empty. 
This allows us to get into the two-stream unstable ("high-impedance") regime without 
first going through the low-impedance phase followed by plasma blow-out followed by 
refill which occurs when the gap is completely filled initially (see e.g. Figure 4-2). The 
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results show that the case with the density gradient takes longer to open than the flat 
case, and that the peak current is higher. At comparable electron currents, the case 
with a gradient appears to be less unstable than the case without. However, the 
gradient does not quench the instability sufficiently to prevent heating. At the end of 
the density gradient simulation, the ion phase-space resembles that in Figure 4-3: ions 
are accelerating towards both the cathode and anode and opening is inevitable. 

A simulation with a factor of three density gradient also opened in the same manner. 

4.2.4.4 Anode Reflexina of Electrons. From the 1-D simulations described above, 
and the 2-D simulations in the Section 4.3, it is difficult to see how strong heating of 
the plasma can be avoided. This led us to consider conditions under which this heating 
does not prevent ions from entering the plasma. Schematically, if the shape of the AK 
potential can be changed from that in Figure 4-12(a) to that in Figure 4-12b), then ions 
can continue to be drawn in. Figure 4-12(b) is typical of the potentials in the reflex 
triode(11~12) (see Section 4.2). The essential feature is that hot electrons cannot 
immediately leave the plasma, creating a layer of ions. Indeed, there is a net excess of 
electrons in the sheath which forms at the anode. To be consistent, we must assume 
that the ion source is space-charge-emission from the anode surface, rather than 
injected plasma. In the experiment, this situation might develop if the plasma source 
were not electrically connected to the anode. In that case electrons would be reflected 
from the source as the source potential became depressed. This would also prevent 
ions from leaving the source. 

(a) Absorbing Anode (b) Reflexing Anode 

Figure 4-12.   Schematic of potential for hot plasma contact. 

In order to draw current, some electron have to get to the anode. To simulate this, we 
set the boundary condition at the anode to absorb some fraction of the electrons 
striking it, and reflect others (such as might happen with an anode grid). Results for 
5% absorption are shown in Figure 4-13. Simulation parameters are given in Table 4- 
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Table 4-3. The simulations are started with a plasma filling the AK gap, leaving a 0.3 
cm gap (the estimated bipolar gap) at the cathode. As the current rises, the plasma 
heats strongly. The ion current at the cathode rises to 15-20 A/cm , and the cathode 
sheath widens since this ion current is larger than the supplied current. The ion loss is 
essentially one-sided, to the cathode. The ion and electron phase spaces near the end 
of the run, shown in Figure 4-14, show a wide sheath at the anode which is drawing in 

130. 

97. 130. 

TIME=  3893.93750 

Figure 4-13. Voltage and current vs. time for reflexing simulation with 5% absorption 
at anode. Parameters are given in Table 4-3 (IVORY run 77). 

Table 4-3. Parameters for simulation in Figure 4-13. 

Circuit: Simulation: 
External inductance 0.48 jiH Number of cells 800 
Bank capacitance 1.4 [iF Cell size 0.00375 cm 
Initial bank voltage 30 kV Timestep/c 0.01 cm 
External resistance 35 millifi Initial no. of particles 20,000 (per species) 

Plasma: 
Injection area 5 cm2 

AK gap length 3 cm 
Injected plasma density 1.5x101zcm- !(H+ + e) 
Initial ion velocity 13cm/usec 
Initial ion current density 3.1 A/cm2 

Debye length 0.0024 cm (for 15 eV 
plasma 

Cathode SCL emission On 
Anode SCL emission On 
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a space-charge-limited ion (H+) current. However, the cathode sheath is too wide to 
generate significant electron current in steady state. 

jo-1 
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0.00 0.75 1 .50 

3.00 

2.25 3.00 
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Figure 4-14. Longitudinal phase-space for (a) electrons and (b) ions at t = 120 ns for 
reflexing simulation in Figure 13 (IVORY run 77). 

4.2.5 Regimes Where Plasma Injection Is Not Shut Off. 

4.2.5.1 Low Impedance Regime. In their model of a plasma-filled diode with an 
immobile ion background13, Kares et al. give an expression for the maximum 
amplitude of a stationary potential well in an AK gap with a uniform ion background 
and space-charge-limited emission of electrons from the cathode (see Section 4.1): 

2m 
0max =  

e 

( i Y Jb d+r)2 (4.3) 
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where jb is the electron current density, nj is the ion density, and y is a parameter 
which takes account of the effect of trapped electrons. For the flat energy distribution 
assumed by Kares et al., y ranges between 0 and 1 (y = 0 means there are no trapped 
electrons). We can plausibly use $max as an upper bound for the positive potential the 
plasma can float to as a result of beam heating mechanisms. If the ion kinetic energy 
is such that for the "worst case" of y = 1 we have 

^max =« \MV] (4.4) 

where M is the ion mass and Vj is the ion injection velocity, then plasma injection 
should not be shut off, regardless of how unstable the plasma is. Note that application 
of Equation 4.4 is self-consistent in that when it is satisfied, the velocity (and therefore 
the density) of the injected plasma will be approximately uniform, which is one of the 
assumptions used to 

(4.5) 

For y = 1, this jb/jj « -yJM/m gives which is a considerable reduction from the 

classical bipolar ratio of ^M/m . 

We ran some simulations to test how far the inequality in Equation 4.5 can be pushed 
to increase jb/jj. Based on this limited set of results, it appears that one can have y\\ 
which approximately satisfies equality, i.e., 

Ä „ I JK (4.6) 
Ji      4 V m 

We find that under this condition, the ion flow is strongly affected by the plasma 
potential, but injection is not shut off. These results are for a short AK gap of 1 cm, and 
the gap is completely filled at the start of the simulation. Other parameters are given 
in Table 4-4. Figure 4-15, for which the injected ion current density is 10 A/cm2, shows 
that the current initially follows the short-circuit current density and then levels off at a 
level given roughly by Equation 4.6. In Figure 4-16, the ion velocity is doubled to give 
an injection current density of 20 A/cm2, and the level-off current density rises 
correspondingly. 

The phase-space plots in Figure 4-17 show that the ions are strongly perturbed by the 
plasma potentials. Thus, the calculation which leads to Equation 4.6 is not fully self- 
consistent, since it assumes a uniform ion density. The actual average ion density is 
larger, due to the slowing down of the ions in the turbulent potentials. 
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Table 4-4. Parameters for runs in Figures 4-15 to 4-17. 

External inductance 1.47 ^iH 
Bank capacitance 1.4 jiF 
Initial bank voltage 1 kV 
External resistance 0.1 Cl 

Injected plasma density 5x1012crrr3(H+ + e) 
Injected electron temperature 15 eV 
Injected ion temperature 0 
Injection area 1 cm2 

AK gap length 1 cm 

Cathode SCL emission On 
Anode SCL emission On 
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Figure 4-15. Plots of (a) voltage and (b) current vs. time for parameters in Table 4-4 
and ion (H+) energy of 88 eV (IVORY run 42). 
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Figure 4-16. Voltage and current vs. time for parameters in Table 4-4 and ion (H+) 
energy of 352 eV (IVORY run 39). 
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Figure 4-17. Longitudinal phase space of ions at three successive times for simulation 
in Figure 16 (IVORY run 39). 

If the capacitor voltage is raised to 5 kV, (vs. 1 kV in the above simulations), then the 
electron current drawn exceeds that given by Equation 4.6, and the current has large 
oscillations about that value, as shown in Figure 4-18. 

O 
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100.0 200.0 
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Figure 4-18. Current vs. time for simulation with bank voltage of 5 kV. Other para- 
meters as in Table 4 (IVORY run 34). 
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If the voltage is raised to the 30 kV used in most of the DCOS experiments, then the 
initial plasma is essentially completely depleted by the end of the low-impedance 
phase, and the gap must refill with new plasma before significant current can flow 
again. 

42 5 2 Hiah Impedance Regime. The plasma potential generated by the two- 
stream instability can be estimated from the published expressions for the two-stream 
saturation amplitude. This can be used to obtain a condition analogous to Equation 
4.5 for the two-stream unstable regime. 

The energy lost by the beam is equipartitioned between field energy and oscillation 
energy of the background plasma. For the latter, we have an energy density of 

Ep « 0.2Snbybmc
2 <4-7> 

where nb is the beam density, ne is the background plasma density, and S = 

ß2yb(nb/2ne)
l/3\s the "strength parameter" of Thode and Sudan. We equate this 

deposited energy to the thermal energy of the plasma to get a temperature 

1      ,T      77 (4-8) -ne kTeff Ep, 

and use this to get a rough estimate of the floating potential of the plasma: 

irT (4-9) 
9sheath * kleff 

The criterion for the injected ion energy to exceed <j>Sheath is 

x4/3 

E   ^LMvf >0.64 P V*r <4-10> 

where VAK is the AK potential (which is assumed to be equal to the beam energy in 
the plasma). If we assume ne « ni, then this can be written 

^- < 1.25 
Ji 

(      ^3 (4.11) 

A qeneral expression for jt/j, in a bipolar sheath which takes the injected ion energy E| 
14 

into account is 
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Et-JE; (4.12) 

Note that for fixed AK voltage and ion energy, the condition Equation 4.10 is 
independent of ion density, since the beam and plasma electron densities scale with jj, 
keeping the ratio nb/ne fixed. This means that if self-opening can be prevented for 
particular VAK and Ej, then higher electron current can be obtained by increasing the 
injected ion density. 

In Figure 4-19(a), we graph the condition Equation 4.10 vs. ion energy (ne « nj was not 
assumed in these plots). Figure 4-19(b) shows the corresponding jt/ii ratio from 
Equation 4.11. We see that lower AK voltages and higher ion energies are favorable, 
and both of these push one towards lower y\\ ratios. 
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Figure 4-19. Plot shows effect of ion energy Ej on the ratios (a) fSheath/Ei and (b) jb/jj. 
Avoidance of self-opening requires fSheath/Ei < 1 • 
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For a simulation which obeys Equation 4.10 we chose an injected ion energy of 2 keV, 
and an applied (constant) voltage of 2.5 kV. Other parameters are in Table 4-5. For 
these parameters, the thermal sheath is estimated to have an amplitude of about 0.93 
kV. The results in Figure 4-20 show that the ion current at the injection point is 
relatively constant, indicating, in agreement with the prediction, that the thermal sheath 
potential is lower than the ion energy. However, ion current reaching the cathode is 
strongly modulated by the fields in the plasma. The ion current variations are reflected 
in the conduction current, as shown in Figure 4-21. The ratio of conduction current to 
ion current is about 20, consistent with Figure 4-19. The results show that avoiding 
shutoff of the injected ion current does not by itself guarantee a steady conduction 
current. 

Table 4-5. Parameters for high energy ion injection in Figures 
4-20, and 4-21. 

Injected plasma density 
Injected ion velocity 
Injected ion current density 
AK gap length 
Cathode SCL emission 
Anode SCL emission 

2.4x1012cm'3(H+ + e) 
62 cm/nsec (2 keV) 
23.8 A/cm2 

1 cm 
On 
On 
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Figure 4-20. Ion current density versus time for 2 keV injection energy (a) near 
cathode and (b) near injection point (anode). Parameters in Table 
4-5 (IVORY run 55). 
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Figure 4-21. Voltage and total current density versus time for 2 keV ion injection. 
Parameters in Table 4-5 (IVORY run 55). 

4.3     2-D ELECTROMAGNETIC SIMULATIONS. 

A limited number of 2-D simulations were carried out as a check on the 1-D results, 
and to look at intrinsically 2-D effects. Because the DCOS opens on the ion motion 
timescale, but essential physics happens on the time scale of electron oscillations, 
even 1-D simulations are quite time-consuming. The 2-D simulations are 
electromagnetic, which further slows them because the time step is then determined 
by the electromagnetic Courant condition At < A x ijlc , where Ax is the mesh size. To 
partially offset this, we used a coarser mesh in 2-D. Also, since the simulation 
particles are relatively slow-moving compared to c, we subcycle on the field-solver, 
i.e., the fields are advanced several steps for every particle step. 

The setup for the 2-D simulations is shown in Figure 4-22. A capacitor discharges into 
a short transmission line which is connected to the top of the radial line in Figure 4-22. 
As in 1-D, plasma is injected from the right and electrons are emitted from a space- 
charge-limited region on the left conductor. 
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Figure 4-22. Schematic of setup for 2-D simulations. 

4.3.1 Low Impedance Regime. 

To simulate the low impedance regime where the gap is initially filled with plasma, we 
used the parameters in Table 4-1, except that the AK gap was 2 cm and the "wall" 
radius (the boundary where the simulation region connects to the radial transmission 
line in Figure 4-22) was 3 cm. The current and voltage are plotted on top of the 1 -D 
results (also for a 2 cm gap) in Figure 4-23. The low-impedance phase is about 20 
nsec in each case, after which the voltage rises sharply. At this point the 1-D and 2-D 
results deviate. The spatial resolution of the 2-D run is about 10 times lower than the 
1-D run, and we believe that numerical instabilities cause the 2-D run to fail as the 
voltage rises. For both 2-D and 1-D, the current rises to a value several times larger 
than measured in the low-density experiments. 

4.3.2 Effect Of High Density On Radial Current Profile. 

Initially, we tried unsuccessfully to simulate a higher density plasma, 4.8 x 10 cm" , 
with the same grid resolution used to do low-density 2-D simulations, viz. 0.025 x 
0.025 cm cells. These simulations exhibited rapid numerical heating which we believe 
is caused by an "aliasing" instability which has a peak growth rate when the cell size is 
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J5 about 10 times larger than the plasma Debye length   .  To avoid this instability it is 
necessary to increase the resolution, with a consequent increase in running time. 
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Figure 4-23. Voltage and current versus time for 2-D and 1-D simulation of low- 
density plasma (IVORY runs 56 and 3b). 

A high-resolution (0.004 x 0.004 cm cells) 2-D simulation of the early development of a 
4.8 x 1012 cm"3 plasma is shown in Figure 4-24. With an injection velocity of 10 
cm/u.sec, this corresponds to a current density of 7.8 A/cm2. The AK gap of 1 cm is 
completely filled here, so the plasma enters a low-impedance phase, as in Figure 23. 
The external circuit is as in Table 4-2. Because of computer time limitations, we were 
only able to run the simulation to about 6 nsec. For this plasma, c/cop ~ 0.25 cm, and 
we were interested in observing what radial current density profile develops. We find 
that the cathode emits all across its surface, and generates a hollow current density 
profile, shown in Figure 4-25. Some gated photographs show what appears to be a 
hollow light-emitting cylinder of about the plasma radius. This may be related to the 
formation of a hollow density profile. 
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Figure 4-24. Spatial particle plots at t = 4.5 ns of (a) preloaded electrons, (b) pre- 
loaded ions, (c) cathode-emitted electrons, (d) anode-emitted 
electrons for dense plasma simulations (IVORY run 74). 
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Figure 4-25. Radial current density profile at t = 4.5 ns for dense plasma simulation in 
Figure 4-24. Units are normalized code units; total current at this time is 
~ 400 A (IVORY run 74). 
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4.3.3 High Impedance Regime. 

To initialize two-stream simulations of the two-stream unstable ("high impedance") 
regime, the AK gap is prefilled with plasma, leaving a gap of 1.25 cm (the bipolar 
sheath thickness). An axial magnetic field of about 2 kG is applied. The simulation in 
Figure 4-26 is for the same parameters as the 1-D simulation in Figure 4-11. We see 
that the peak electron current is more than a factor of two lower than the 1-D case. 
The two-stream instability strength may be reduced due to the fact that its wavelength 
(about 1.8 cm) is of the order of the plasma column radius (1.27 cm), so that the fields 
caused by beam bunching are not purely longitudinal. In addition, there is consider- 
able radial motion of the ions in the bipolar sheath (see Figure 4-27(a)) which reduces 
the ion space-charge density in the sheath, and thence the space-charge-limited 
electron current density. 

Qualitatively, the behavior of the 2-D case is similar to 1-D. The electron beam phase 
space in Figure 4-27(d) shows the same coherent bunching as the 1-D simulations. 

c 

Ü 
-200.0 

0.0 

200.0 

50.0 100.0 
t(ns) 

150.0 200.0 

Figure 4-26.   Voltage and current obtained from 2-D simulation of low-density para- 
meters, cf Figure 4-11 (IVORY run 65). 
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Figure 4-27.   Particle plots for ions (a,c) and electrons (b,d) near t = 27 ns in Figure 
4-26. Top plots show spatial (r-z) positions, bottom plots show 
longitudinal phase space (IVORY run 65). 

4.3.4 Effect Of Magnetic Mirror Field. 

The electron loss which leads to charging of the plasma could potentially be inhibited 
by a magnetic mirror field. We tried one case where the magnetic field increased by a 
factor of two, from 1.3 kG at the cathode to 2.6 kG at the anode. We compare this 
with results for a flat 2 kG field in Figure 4-28. In these simulations, the ion beam 
current density was 0.6 A/cm2, the plasma density was 3.8 x 1011 cm"3, and the AK 
gap was 6 cm. We see that there is little difference in the current traces between the 
two runs. This is probably because most heating occurs towards the anode, and 
particles heated there see a mirror ratio B(z)/Bmax which is close to unity. 

4.3.5 Effect of Increased Emission Region. 

The radial expansion of ions noted in Figure 4-27(a) may lead to cathode tum-on 
outside the region initially struck by the plasma coming through the anode aperture. 
This effect is modeled in the simulation shown in Figure 4-29. As the ions expand, we 
allow the area which they strike to start emitting electrons. These electrons cross the 
AK gap on the 2 kG field lines and strike the anode, where we in turn allow ion 
emission. These emission regions outside the plasma column contribute ~ 50% of the 
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total current (cf Figures 4-26 and 4-30). As seen from the voltage and current plots in 
Figure 4-30, there is no significant effect on the opening of the switch caused by 
plasma heating. 

(a) Mirror Magnetic 

(b)   Flat Magnetic Field 

150. 200. 

TIME=   7499.87500 

Figure 4-28. Current versus time for 2-D simulation. 

TIME= 1600.00000 

Figure 4-29. Particle plots of (a) spatial (r-z) positions and (b) longitudinal phase- 
space near t = 53 ns for ions and electrons for case where emission 
outside channel is allowed (IVORY run 70). 
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Figure 4-30. Voltage and current for simulation in Figure 4-29 (IVORY run 70). 

4.4.    ANAL YTIC THEORY OF THE PLASMA-FILLED DIODE. 

4.4.1  Space-Charge Limited Electron Beam with Immobile Ions. 

Kares1 recently carried out a series of 1-D particle-in-cell (PIC) simulations to study the 
operating characteristics of a plasma-filled, cold-cathode planar diode (PFD). For the 
case of space-charge-limited (SCL) electron emission from the cathode, this work 
revealed a variety of phenomena not included in the standard bipolar erosion model. 
PFD simulations with a spatially uniform background of immobile ions were typically 
characterized by a low voltage conduction phase (with length determined primarily by 
the ion density), followed by an opening phase in which a large diode voltage 
develops. Dynamics of the beam-plasma interaction initially give rise to a series of 
small potential humps in the diode gap. Trapping of some fraction of electron current 
emitted from the cathode occurs primarily at the right hand side of the hump nearest 
the cathode. As the beam current and the trapping fraction increase during the 
conduction phase, the potential hump continues to grow in magnitude, and the position 
of the potential maximum moves steadily away from the cathode. Eventually, the 
potential hump nearest the cathode spans the full width of the gap, and the opening 
phase of PFD operation begins with a significant voltage developing across the diode 
in time. 
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In an effort to better understand the dynamics of the conduction and opening phases 
of PFD operation, Kares et al. developed an analytic theory presented in a 
companion paper to Reference 1. This theory considers the time-independent 
problem of an SCL electron beam in a fixed, spatially uniform background of positive 
charge (the immobile ion limit). In addition, it explicitly includes the space-charge 
contribution due to the trapped electrons, following a treatment of the reflex triode 

12 17 problem developed by Creedon et al. ' This treatment assumes that at each instant 
of time the system may be treated as if it is in a steady-state, and that once an 
electron is trapped it reflexes back and forth inside the potential hump with constant 
energy. Therefore, a potential <j)(x) is accessible to a trapped electron with total energy 
Eif 

1     ? 
-mvz = E + e<f>(x) > 0 (4.13) 

These assumptions lead to the following expression for the density of trapped 
electrons at (j>(x): 

l 

nt=lf      *L 
' >-e<t>   dE 

-(E + e<£) 
m 

dE (4.14) 

where the factor of two in front of the integral accounts for required balance between 
the negative- and positive-going flux in steady-state. In Equation 4.14, df/dE is the 
energy spectrum of the trapped electrons at x = xm (the position of the maximum of the 
potential hump <j)m), and is determined by the details of the trapping process. Below 
we consider two possible shapes for the spectral distribution and discuss their effect 
on agreement between the analytic theory and the PFD simulations. 

Energy and current conservation yield the usual expression for the density of beam 
electrons (current density jt,): 

nb 
^ 

v2e. 

1/2 

#' 
-1/2 (4-15) 

Substituting from Equations 4.14 and 4.15 into Poisson's equation gives 

d2(f> 

dx2 

rh^ 
K£o J 

fm\Xl2 
m 

v2e, <t> -1/2 "'•%*Lf^1/2  J°     (E + efrW^dE 
s0 ^2 -etp dE 

(4.16) 

where nj is the spatially uniform background ion density.   In order to proceed further, 
we assume a spectral distribution of the form 
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dE 
= C 

-E 
e<t>m) 

(4.17) 

with the proportionality constant C determined by the normalization condition 

-e<j>m dE e 
(4.18) 

where ft is the fraction of the total electron current that is trapped. One integration of 
Equation 4.16 together with the boundary conditions df/dx = 0 at both x = 0 and x = xm 

yields 

2en; 

SoK (i + r) 
-I du 

(4.19) 

with 

4>n 
'2w> f -  ^2 

\ e J 
It 

\enu 
(i + rf 

F(u) = u1'2 -(l + y)u + yu 
3 n + - 

(4.20) 

(4.21) 

where we have introduced the normalized potential y = (j)/<j)m. The constant y in 
Equations 4.19 to 4.21 is proportional to the trapping fraction ft with constant of 
proportionality dependent on the choice of n in Equation 4.17. Equation 4.19 is an 
implicit relation for \j/(x) which depends on the parameters jb (electron current), nj (ion 
density), and ft (trapping fraction). If we set x = xm and y = 1 in Equation 4.19 it 
becomes a relation for the half-width of the potential hump as a function of these same 
parameters. 

In Reference 13, a flat spectral distribution for the trapped electrons (n = 0 in Equation 
4.17) was chosen primarily for analytical simplicity. This choice results in 

4 r r = -ft (4.22) 

and the following expression for the trapped electron density at x = xm: 

179 



"■K)'\w^)'"    ■ (423) 

If we use the electron current and the trapping fraction as a function of time from the 
PFD simulation, Equation 4.19 can provide a prediction from the analytic theory for the 
position of the potential hump as a function of time. The result of such an exercise is 
plotted in Figure 4-6 of Reference 13. Using a flat spectral distribution of trapped 
electrons gives qualitative agreement between the analytic theory and simulation for 
the expansion of the potential hump, but falls substantially short of providing what 
might be called "close" quantitative agreement. 

Improvement of the analytic theory can be accomplished by considering a more 
realistic spectral distribution. Kares13 points out that the actual trapped electron 
distribution observed in the simulation is peaked at its lower energy end at E = -e<j>m 

(zero kinetic energy) and falls off with increasing E. The simplest distribution which 
has this property is obtained by using n = 1 in Equation 4.17 (see also Ref. 12). 
Assumption of this linear distribution results in 

Y = jf // (4.24) 

and 

nt (*«) = r nJ    x "/ (4.25) 
2 2(1 + /) 

From Figure 4-6 of Reference 13, we see that the peak value of the trapping fraction is 
ft ^ 0.3, which, using Equation 4.24, gives a y value of 0.32. Returning to Equation 
4.19 (using n = 1) with this value of y, we now predict a value of xm/Ax of 
approximately 65, much closer to the value observed in the simulation. We conclude 
that the analytic theory, modified to include a trapped electron spectral distribution 
which more closely resembles that observed in the simulations, provides excellent 
agreement for the observed expansion of the potential hump as a function of time. 

4.4.2  Space-Charge Limited Electron Beam with Mobile Ions and Reflexing 
Electrons at the Anode 

In Section 4.2.4.4 we showed 1-D PIC simulations in which reflexing of electrons at the 
anode was used to inhibit the loss of hot electrons from the diode gap. Some insight 
into the results of these simulations can be gained by considering the analytic theory 
of the reflex triode developed by Creedon, et al.12. We generalize this theory to 
include ions injected at the anode with kinetic energy Ej = eVj. We again assume SCL 
electron emission and trapped electrons characterized by a family of spectral 
distributions given by Equation 4.17. Under these assumptions, Poisson's equation 
becomes 
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d2<j> 

dx2 
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\£o ) 

1/2 
-1/2  _ 
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\eoJ Kl*j 
(vi+4>m-t)-V2 (4.26) 

+ 
sAl)       S-*t y J dE 

where §m is the value of the potential at the anode (applied potential). The second 
term on the RHS of Equation 4.26 is the ion density, and the third term is the trapped 
electron density due to reflexing at the anode. Again taking dtyldx = 0 at the cathode (x 
= 0), one integration of Equation 4.26 leads to (with y = (|>/<t>mas before) 

x 

d 
3 
4 

r , \-V2 

Jb 

Jo ) 

f    du 
0  G(u) 

(4.27) 

where 

G(u) = u"2-a 
1/2     f \V2' 

+ yu 
n+\ 

1/2 

(4.28) 

where j0 is the Child-Langmuir current density, 

a = 
Jb m ) 

1/2 
(4.29) 

and d is the width of the diode gap. y again depends on the choice of spectral 
distribution for the trapped electrons (choice of n in Equation 4.17). We see that Vj = 0 
(ions emitted from the anode with zero velocity) corresponds to the limit considered by 
Creedon et al. (see Equation 4.11 of Ref. 17). Finally, Vj -> oo in Equation 4.28 gives 
the immobile ion limit considered in the previous section (constant ion density). 

Equation 4.27 is an implicit relation for the potential in the diode gap as a function of 
distance from the cathode x. For the case in which the ion current is also space- 
charge limited, the parameter a is given by 

a = F 
(i + r) 

i+1 
V/2     f v Al/2 

A \rm J 

(4.30) 
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We use this assumption in the sample calculations presented below. Figure 4-31 
displays the results of three calculations of the potential distribution in the diode gap, 
corresponding to three different assumptions for the trapped electron spectral 
distribution: n = 0 in Equation 4.17 gives a flat spectral distribution; n = 2 a quadratic 
dependence on energy peaked at E = -e$m (or zero kinetic energy); n = 4 a quartic 
dependence more strongly peaked at zero kinetic energy. Increasing the value of n in 
Equation 4.17 decreases the effective temperature of the trapped electron distribution. 
Each curve corresponds to 30 kV applied across a 3 cm gap, H   ions injected with a 

2 
velocity of approximately 13 cm/nsec, and an ion current density of 5 A/cm . The 
corresponding electron current densities are 16, 74, and 99 A/cm2 for the n = 0, 2 and 
4 cases respectively. In each case, the trapped electrons account for nearly 70% of 
the total electron density in the region of flat potential near the center of the diode. 
Note that the ratio of electron to ion current density is always smaller than the bipolar 
ratio yJM/m - 43. Furthermore, the "hotter" the trapped electron distribution (i.e. the 
lower the value of n), the lower the ratio of electron to ion current. Note also that as n 
decreases, a smaller fraction of the total potential drop occurs in the sheath at the 
cathode. 

Figure 4-31.   Potential distributions from Eq. 27 with flat (n = 0), quadratic (n = 2), and 
quartic (n = 4) spectral distributions for trapped electrons. 
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