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THE USE OF FINITE is FOR INCREASING THE
ION EFFICIENCY OF HIGH IMPEDANCE DIODES

1. INTRODUCTION

The efficient generation of intense beams of energetic light ions is a central objective of the NRL

Light Ion Fusion Research Program.' Over the past several years, focused ion current densities of over

100 kA/cm 2 from terrawatt-level beams have been achieved with magnetically insulated radial diodes at

Sandia National Laboratories 2 as well as with pinch-reflex axial diodes at the Naval Research Labora-

tory.3 Using diodes of below 2 ohm impedance, ion beam efficiencies of over 70% were achieved in

both of the above configurations4' 5 (i.e., - over 70% of the power travelling through the diodes was

carried by the light ions generated therein). The question of ion efficiency is critical to the goal of a

practical light ion driven inertial confinement fusion (ICF) reactor. As much as possible of a given

pulsed power generator's energy must be imparted to the ion beam exiting the diode in order to minim-

ize the number of beam sources necessary for successful pellet ignition as well as to maximize the

overall reactor efficiency. These efficiency considerations are well met by the low impedance diodes.

Unfortunately, the high current densities of the ion beams produced by low impedance diodes are

not compatible with the focusing and transport systems presently under study for bringing the beams to

bear on the proposed fusion targets.6 in addition, there are strong arguments in favor of the use of

high impedance generators in present reactor scenarios.7 High impedance diodes must be matched to

such generators to ensure efficient power transmission but these diodes are plagued by relatively low

ion production efficiencies. These low efficiencies are a direct consequence of established diode theory.

It has been found semiempirically s that the total current flowing through a pinched-beam diode may be

approximated by

Manuscript submitted January 28, 1982.
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- +  1 9 ( . - 1 ) 1/ 2 - I I e V 11 2 (1 )

where - + V(inMV) R - cathode radius, D - axial anode-cathode (A -K) gap, V - diode
0.511 R

voltage, and mi = ion (proton) mass. Implicit in this formula is an ion-co-electron current ratio given

by

> 0. 5 i2R
C D (2)

where v, is the mean ion velocity. 9 Thus, for a fixed voltage, increasing the diode impedance translates

to decreasing the aspect ratio, RID. That, in turn, results in a decrease of the current ratio I,/l, and a

lowering of the ion production efficiency, I/(/ + 1i). This is the crux of the problem addressed by this

research. Stated in other terms, Eq. (2) expresses the inverse dependence of the specie current ratio

on the ratio of respective species lifetimes in the A -K gap. By increasing the relative electron lifetime

over the standard parapotential flow model'0° " through some modification of the diode field structures,

one can hope to significantly beat the RID limit. The modification studied herein involves the intro-

duction of finite azimuthal current flow in the cathode shank which gives rise to strong tangential mag-

netic fields along the electron-emitting shank surface. For the J, values tested, this technique produced

positive results in increasing the effective ion efficiency, Tj,, of a 40 diode. The same J0 values tested

in a 25f0 diode did not substantially effect its -7, but did modify the density profile of the resultant ion

beam. The rationale underlying the finite .J techniques as well as the results of the cases tested are

presented below.

11. THEORY AND NUMERICAL IMPLEMENTATION

The theories quoted in the previous section assume a predominantly radial flow of electrons cas-

cading from the cathode face at radius, R, down toward the center of the anode. For diode potentials

in excess of I MV, electrons are quickly accelerated to very near the speed of light, c. Their gap life-

times, 7,, are thus on the order of Ric. On the other hand, due to their much greater mass, protons

experience little deflection from an axial trajectory across the A-K gap of width, D. They have life-

2
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times, T,, of about D/, where , is the average ion velocity. Allowing for oscillations in the electron

flow yields a pessimistic electron-to-ion -r ratio equal to the current ratio of Eq. (2). In order to

increase this ratio, a thin hydrogen-rich foil may be substituted in place of a solid anode. The thickness

of the foil is such as to allow an electron to pass through it without excessive energy loss. Behind the

foil, a virtual cathode and/or a strong B acts to reflect the electrons back into the A-K gap.' 2
.1

3 In

such a case, T,, increases with N, the number of reflections through the foil experienced by a typical

electron. That is the essence of the pinch reflex diode (PRD) (see Figure 1) pioneered by NRL.

Alternately, the entire diode may be reconfigured from an axial to a radial A-K gap geometry as in

Figure 2. In such a diode a combination of imposed B: and self-generated B, magnetic fields constrain

electron flow to form an azimuthally symmetric negative space-charge cloud stretching some distance

from the cathode into the radial gap. Given the proper choice of operating voltage and other parame-

ters, few electrons will reach the anode (7,. - oo) and virtually all of the current in this "radial diode"

will be carried by the ions in their near-radial trajectories across the gap.14 1
5

With reference to the previously mentioned problem of low ion production efficiency in high

impedance diodes, it was reasoned that a possible solution might be to combine the Te enhancement

created by the electron reflexing anode foil with that arising from the electron flow constraints imposed

by the magnetic fields such as those found in a radial diode. Specifically, the standard axial pinch-reflex

geometry of Figure I might be retained while imposing an azimuthal current density, J0, in the tip of

the cathode shank.' 6 Experimentally, this could be achieved by cutting an azimuthally symmetric pat-

tern of spiral gaps into the shank tip.' 7 Increasing the pitch and/or the density of the spirals would

increase the effective 1, component of the net cathode current. This 1. would give rise to a strong B,

along the intense electron emission region at the tip of the cathode which field would impart a finite

angular momentum to those electrons. Several consequences can be expected. First of all, depending

upon the strength of (Br)CATHODE , net electron emission along the cathode tip will be reduced due to

tangential magnetic field effects (longer electron space-charge retention near the emitting surface)." If

the impedance remains fixed, this would demand an increase in the ion efficiency. Secondly, finite

3
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BARKER AND GOLDSTEIN

angular momentum will prohibit electrons from reaching R - 0 and thus will inhibit the formation of

large electron space-charge accumulations along the diode's central axis. (Such a ,'barge build-up is

common in pinch-reflex diodes),' 9 This should depress the ion emission peak at the center of the anode

and likewise limit the growth of the anode plasma "pimple" at zero radius, 20 thus lowering the average

divergence of the ion beam. Thirdly, the additional degree of freedom in the electron motion neces-

sarily complicates the particle's trajectory through the A -K gap. Convoluted figure-eight electron

orbits have been observed to increase rE. in conventional PRD's;21 the effect should be much more pro-

nounced here. Finally, there is a possibility of noticable magnetic insulation of the electron flow near

the anode plasma surface due a combination of electron diamagnetic effects and foil flux exclusion.

The resultant formation of an electron charge layer near the ion-emitting surface is a key mechanism

for efficient ion production in radial diodes. 22 There are thus four reasons for optimism over this pro-

posed modification for high impedance axial diode design.

NRL's DIODE2D computer code was employed to numerically simulate the steady-state operating

conditions for such a J,-diode (JTD) for various sets of parameters. The details of the code may be

found elsewhere. 23 It is sufficient here to point out that DIODE2D calculates equilibrium electric and

magnetic field strengths over an NZ x NR mesh of discrete data points on a pre-determined computa-

tional region corresponding to an arbitrary R- Z planar cross-section passing through the diode's center-

line. Complete azimuthal symmetry is assumed. A finite number of macro-electrons and macro-

protons having correct, physical charge-to-mass ratios are advanced timestep-by-timestep across the

mesh in a relativistically covariant manner. A steady-state solution is sought both for field structures as

well as for particle flows. No time-dependent phenomena are actually treated.

The dimensions of the diode numerically modeled here come from actual experimental apparatus

designed by NRL personnel for light ion beam research on the AURORA and PBFA-I pulsed power

generators. At the U.S. Army's Harry Diamond Laboratories (HDL), one of the four 50-ohm lines of

the AURORA machine was fitted with a custom designed PRD.24 The experimental arrangement is

depicted en Figure 3. Details of the diode structure at the tip of the device are shown in Figure 4. All

6
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Fig. 3 - The NRL-AURORA ion diode experiment
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radial dimensions are gi" cn in centimeters. Of the three, variable axial dimensions indicated, the most

significant is Do. the anode-cathode (A-K) gap. For a fixed cathode radius of five centimeters, the

value of D1 essentially determines the diode impedance and efficiency for a given applied voltage via

Eqs. (I) and (2). It may be further noted that the diode of Figure 4 is in a "negative polarity"

configuration corresponding to the early experimental runs on AURORA. The cathode is the central

conductor of the coaxial line and the resultant ion beam is accelerated toward the machine, making

beam diagnostics very difficult and beam transport impossible. In more recent experiments, the central

conductor was switched to positive polarity 2l and the anode foil and cathode appropriately reversed.

Such a change in polarity can be expected to significantly modify the source-free electric field structure

only at large radii and probably have little impact on the dynamics of particle flows in the active A-K

gap below five centimeters radius. This relative isolation of the active particle flow region from the

large radius field structure similarly encouraged the use of the same diode structure of Figure 4 to

model the 4-6 ohm PRD being designed by NRL for use on the individual lines of PBFA-I at Sandia

Labs. Only the diode voltage and axial dimensions were changed. Specifically, the AURORA simula-

tions were conducted with Do = 3.3 cm at 5.0 MV while those for PBFA-l were with Do = 0.66 cm at

2.0 MV.

The volume that must be simulated using the DIODE 2D code extends radially from the central

axis to the inner radius of the anode shell and axially from the plane corresponding to the recessed foil

face of the cathode out to the inner plane surface of the vacuum vessel, anode shell. Since it presumes

azimuthal symmetry, the computer code only deals with a single R-Z planar cross-section extending

out from the centerline. This computational region is presented in Figure 5. The grid points are shown

as dots and correspond to the center of their respective rectangular data cells. Given the monolayer of

guard cells completely surrounding the entire region in which particles are "allowed," a total of

(NZ + 2) x (NR + 2) = 66 x 52 - 3,432 mesh points are used. The bottom boundary corresponds

to the central axis (R - 0) of the diode. The right and upper boundaries represent the anode shell and

are maintained at the full anode potential. The left boundary is kept at zero voltage up to cell 22 and

9
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then increased logarithmically up to the anode voltage. Perfectly conducting cathode and anode sur-

faces are included in the computational region as shown in Figure 5. They are treated numerically via a

capacitance matrix technique described elsewhere (see Ref. 26). On the order of 104 macroelectrons

and 104 macroprotons participate in the simulation at steady state. These macroparticles are emitted at

their respective electrodes along the heavy-lined surfaces. Axial currents in the cathode shank and in

the anode stalk are treated rigorously as a function of z in order to ensure an accurate distribution of 8,

throughout the diode. The results of these numerical simulations as well as a summary of the conclu-

sions which could be drawn from them are presented in the following two sections.

III. RESULTS

I. AURORA

The first diode modeled was one appropriate for use on the AURORA machine. The diode volt-

age was fixed at 5 MV. The axial spacing between grid points was set to AZ = 0.15 cm, yielding an

A-K gap, Do, of 3.3 cm (see Figure 4). For a cathode radius of 5.0 cm, Eq. (1) predicts a diode

current of 156.7 kA yielding an impedance of 32 ohms. Equation (2) predicts an ion efficiency, -q,, of

only 0.0725 /, , These predictions fall far short of observed results. A diode with the above

geometry and voltage was tested experimentally and computationally by NRL and the results were just

recently published. 27 The numerical simulation quoted in that paper found a steady-state diode current

of 205 kA of which 40 kA were carried by protons. This amounts to a diode impedance of 24 ohms

and an ion efficiency, 7,, of about 0.195. The average experimental results reported in the same paper

were /diode 250 kA (20 ohms) and 71, :- 0.20. It should be noted that the experiment started with an

A-K gap of 4.9 cm but that gap closure due to electrode plasma expansion was expected to have nar-

rowed that to about 3.3 cm by the time of peak current in the power pulse. Those findings clearly con-

tradict Eqs. (1) and (2). High impedance operation gives rise to new diode phenomena not properly

treated in that earlier analysis. The need for a more complete theoretical treatment still exists. Until

one is found, numerical simulation is the best nonexperimental tool available for analysis.

II
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As an additional "benchmark" for the results to be reported here, a numerical simulation was car-

ried out on the same diode but in positive polarity. The results were: 1, - 182 kA, It - 56 kA, &dioe

= 238 kA, Z - 21 ohms, and qj, - 0.235. This is in agreement with the negative polarity experiment

indicating that changes in the electric field configuration along the far boundaries of the diode have lit-

tie effect on the physics of the A-K pp. Higher currents were achieved here than in the negative

polarity simulation probably because no electron emission along the cathode shank had been permitted

in that earlier run. The electron particle plot of Figure 6 shows very significant electron flow from the

shank. To test the effects of J. in the shank, a negative polarity was again assumed in the diode to

conform to the quoted experiments.

The azimuthal current was imposed in the cathode shank in a very straightforward manner.

Referring back to Figure 5, a constant, predetermined value of A, was assumed in each of the data cells

in the rectangular region stretching from IZ - 6 through IZ - 21 and from IR - 18 through IR = 21

(i.e., -a cross-sectional area of 2.4 cm 2). As a first test for the idea, a value of J. - I kA/cm2 was

arbitrarily chosen giving 2.4 kA of azimuthal current flowing through the shank. The effect of this

small /& was quite pronounced. In a simulation of electron-only flow, a net current of 209 kA was

achieved (diode impedance of 24 ohms). A sampling of electron positions in the steady state for that

case is presented in Figure 7. The shaping of the electron flow by the shank's B-field is clearly discern-

able. Notice, in particular the intense stream of electrons from the top rear of the shank arcing up and

across the gap along the field lines. There also seem to be electrons that are emitted from the inside

shank surface and then flung upward behind the foil. The net effect is an increase in the mean radius

of electron impact on the anode foil. Thereafter in the simulation, proton emission was turned on

along the entire front face of the anode foil. The new equilibrium with both species present yielded the

following: 1, - 244 kA, I, - 41 kA, -e - 285 kA, Z - 17.5 ohms, and "q, - 0.144. Thus, the ion

production efficiency decreased by 0.091 or almost 40% while the impedance dropped by about 17%

compared to the .4 - 0, "benchmark" case. This was unexpected but an examination of the sample

particle plots of Figure 8 suggests two causes. First of all, the electron stream is illuminating only a

12
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relatively small area of the anode. This is lowering -q,. Secondly, the shank magnetic field is still

enhancing the net shank electron emission by keeping large numbers of electrons emitted in the rear of

the shank from hitting the forward portions of the shank and lowering emission there as is normally the

case. This "layering" of the shank electron flow can be seen in Figure 8.

In order to remedy this situation, a better choice for J, was sought. The simulation code was

reset to the electrons only equilibrium and J0 was set to 10 kA/cm2 or a total azimuthal shank current

of about 24 kA. The results can be seen in Figure 9. This case was not run to equilibrium. The net

effects were in a beneficial direction albeit to an extreme. The mean radius of electron impact on the

anode foil was indeed increased. In addition, although emission on the outer surface of the shank was

again enhanced, emission on both the inner surface as well as along the cathode tip was greatly cur-

tailed due to direct magnetic insulation. The net electron current fell to about 60 kA.

As a reasonable intermediate choice J, was taken as 4 kA/cm2 yielding & = 4.8 kA. This case

was run and again both the impedance and the efficiency dropped. Specifically, the observed steady-

state currents were I - 257 kA, I, - 34 kA, and /dode - 291 kA giving an impedance of 17.2 ohms

and an ion efficiency of 0.117. As shown in Figure 10, the cause of the problem seems to be very simi-

lar to that for the A, = I kA/cm2 case. Once again although the shank B-field is reducing emission at

the shank tip, it is also preventing much of the normal self-suppression of electron emission over the

bulk of the outer shank surface. One improvement is the larger average radius of electron impact on

the anode foil. This confirms the ability of the shank J, to radially direct the A-K gap electron flow.

Still, the anode foil area illuminated by the electrons is rather narrow and most electrons appear to tran-

sit immediately to the solid anode surface in the rear without reflexing again through the foil. This

tightly restricted nature of the electron flow and resultant ion flow is illustrated by the plots in Figure

i. These radial profiles of ion current density collected at the cathode show distinct regions of

enhancement. All three curves show peaks near the central axis due to the strong flow of tightly

pinched electrons emitted from the rear cathode foil surface inside the shank. All three likewise have

peaks between R - 4 cm and R - 5 cm corresponding to ions collected by the protruding cathode

15
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shank. However, in terms of net ion current collected at the various radii, the J, = 4 kA/cm2 profile

indicates that most of the ion current is flowing in a hollow cylindrical shell. This capability to shape

the ion current density emerging from the diode may prove useful for future applications. Unfor-

tunately it is clear that whatever other benefits (J,),hnk may offer for the AURORA diode, an improve-

ment in ion production efficiency does not appear to be among them.

2. PBFA-!

Much of the on-site experimental effort of the NRL Light Ion Fusion Group has been dedicated

to the design of an ion-efficient, 3-5 0 diode for use on individual modules of the PBFA-i pulse power

generator at Sandia National Laboratories. This work has been conducted on the GAMBLE-Il machine

at NRL.28 A typical diode configuration used in that research is illustrated in Figure 12. The outer

radius of the cathode shank was 3 cm while its thickness varied between 4 and 8 mm. An A- K gap of

approximately 5 mm was maintained although electrode plasma expansion gap closure at a normal rate

of 3 cm/Msec over the 40 ns power pulse probably created an effective A-K gap of 3.8 mm The

effective diode voltage was about 1.8 MV. For these parameters and a gap of 5 mm, Eqs. (1) and (2)

predict an impedance of 7.1 ohms and an ion efficiency, -9i, of 0.186. An effective gap of 3.8 mm

changes these to 5.1 ohms and -, -= 0.245 respectively. Experimentally, the diode ran at from 3 to 5

ohms and achieved 0.25 to 0.35 ion efficiencies in 40% of the shots (see Figure 13). The theoretical

predictions using Do = 3.8 mm were quite close. Numerical simulations were conducted for a similar 4

ohm diode at 1.8 MV and a -q, of about 0.40 was observed. 29 Therefore, theory, experiment, and

numerical simdlation all call for between 0.25 and 0.40 ion efficiency.

To numerically test the effects of a shank A, on diode performance in this lower impedance

regime of 3-5 ohms, the same model diode as that used for the AURORA simulations (see Figure 4)

was employed except that the voltage was lowered to 2 MV and DA, Do , and D4 were set equal to

0.60., 0.66, and 0.57 cm respectively. For those parameters, theory predicts 4.9-ohm operation and an

"q, of at least 0.247. The experimental and numerical results from the actual GAMBLE-l1 diode would

20
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Fig. 12 - The high impedance Gamble 11 Test Diode for PBFA-1 (courtesy of G.J. Stefanakis and D. Mosher).
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indicate that those predictions are pessimistic. The computational results which follow will use the

numerical run cited in the previous paragraph as a J. = 0 "benchmark."

The total simulation was run in such a way as to sequentially test the following cases: (a) J,, = 0

with only electrons, (b) J,, = 2 kA/cm2 with only electrons, (c) J, = 2 kA/cm2 with ions and elec-

trons, and (d) A, = 4 kA/cm2 with ions and electrons. The traces of the electron and ion currents col-

lected by the opposing electrodes during this run are plotted in Figure 14. The near-steady state at T =

400 for electron flow in the J. = 0 case was used as the starting point for the imposed J. tests. This

azimuthal current density was again imposed on the numerical mesh points in the rectangular cathode

shank cross-section extending from IZ = 6 through IZ = 21 and from IR = 18 through IR = 21.

With the new axial grid spacing of A Z = 0.03 cm, this amounts to an area of 0.48 cm 2. The first test

case, with J, = 2 kA/cm2, therefore amounts to a net azimuthal current of 0.96 kA. This shank

current component was "turned on" at T = 400. At T = 600, ion emission was initiated along the

front anode surface. The test for this particular value of J. was terminated a: T = 1200, wvll before a

steady state had been achieved. The reason for the early terminat , -.at the Y.- -. development of the

electron flow pattern in the diode. This is illustrated by the sequence of sample electron position

snapshots shown in Figure 15. The first shot depicts the electrons-only flow for J, = 0 at T = 400. A

substantial amount of reflexing through the anode foil is apparent as is a significant loss of electrons

directly to the solid anode surface behind the foil. A stream of electrons emitted from the recessed

cathode foil inside the shank can also be seen. Note that the electron mainstream initially impacts the

anode foil almost exactly opposite the cathode shank face (i.e.-between 4.0 and 5.0 cm in radius). The

electrons-only flow with J, - 2 kA/cm2 in the second shot of the series embodies the same electron

flow characteristics as the A, - 0 case but with significantly more radial pinching. Few electrons are

impacting the anode foil opposite the shank face. In fact, a distinct gap has opened in the flow above a

radius of 4.2 cm within a millimeter of the foil surface. Finally, in the last of the three segments of

Figure 15, the electron flow is shown at a time when the main ion flow has traveled about halfway

toward the recessed cathode foil. Only the anode foil below 3.0 cm in radius is bei!,g illuminated by
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electron impacts. This translates to no enhancement of ion emission over the large anode foil areas at

larger radii.

In order to remedy the electron flow pattern problem, the beneficial effects of elevated J, are

recalled (see Figure 9). At T = 1200, the azimuthal shank current density was doubled to 4.0 kA/cm 2.

When equilibrium was reached at T - 2600, the sample electron and ion flow appeared as shown in

Figure 16. There is a definite improvement of anode illumination by electrons compared with the J.,

2 kA/cm2 case as indicated by Figure 17 which provides radial profiles of accumulated numbers of elec-

iron hits (not necessarily absorptions) across the face of the anode foil. The numbers given are relative

and may be normalized to the total electron current in each case if so desired. For the purposes of this

comparison, take I,, to be the same for each case. The 4 = 4 kA/cm2 profile yields the most sharply

peaked hollow electron beam at the highest mean radius. The sharpness of the profile is not unlike that

observed in hollow cathode diodes having strong applied axial magnetic fields.30 The equilibrium total

currents were 4, - 322 kA and I, = 232 kA yielding an impedance of 3.6 ohms and an ion production

efficiency of 0.42 compared to the J, - 0 benchmark of 4.0 ohms and 1, = 0.40.

The observed gain in net ion efficiency of 0.02 is insignificant, especially when taken in combina-

tion with the 0.4 ohm drop in diode impedance. There is a difference, however, between the total ion

current flowing in a diode and the net ion current which can be extracted from a diode through the hol-

low cathode shank. Only the latter is useful from a practical, experimental standpoint. This distinction

is crucial in judging the merits of the J-theta diode. Plotted in Figure 18 are the radial profiles of ion

current density striking the cathode for both the J, = 0 case (a l/r profile with a central plateau

corresponding to the location of the anode foil support button) and for the J = 4 kA/cm2 case. For

., = 0, a full 22% of the total ion current is lost to the cathode shank. This reduces the effective ratio

of useful (extractable) ion current to total diode current to 0.31, in good agreement with the previously

mentioned experimental observation of 0.25 to 0.35 ion efficiencies in 40% of the 40l shots actually

conducted on GAMBLE-l. In comparison, for J, - 4 kA/cm 2, only 11% of the total ion current is

lost to the shank, leaving an effective ion efficiency of 0.374. This amounts to an improvement of over
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20% in (Th)efeciive and thereby recommends this JA-diode for experimental testing on GAMBLE-11 for

possible use on PBFA.

In addition to this favorable result regarding enhanced effective ion production, several other

results merit mention. Comparison of Figure 18 to the corresponding AURORA J, profiles of Figure

II show a hollowing of the ion beam. The central axis current density peak dissappears. Since shank

electrons with their finite angular momentum cannot reach R = 0, this indicates that significantly more

electrons are being emitted from the recessed cathode foil on the AURORA diode. These can reach R

= 0 and enhance ion emission there. Another difference between the two impedance regimes is the

nature of the cathode shank electron flow. On AURORA, the imposition of J,, actually enhanced elec-

tron emission on the shank by lifting the flow away from the surface. This phenomenon does not man-

ifest itself in the 4fI runs. Finally, there was some question whether any actual magnetic insulation of

the electron flow from the anode foil was taking place. The answer was obtained by measuring the

strength of the radial component of the magnetic field one-half data cell (0.015 cm) from the

magnetic-flux-excluding surface of the anode foil. Figure 19 shows that, as expected, very high fields

are to be found over large areas of the foil. This is typical of the diamagnetic field enhancement

observed in magnetically insulated radial diodes.3'

IV. CONCLUSIONS

The major results of all of the above computer simulations are summarized in Table 1. The

imposition of a relatively small azimuthal current in the hollow cathode shank of a 4-ohm axial diode

has been numerically shown to increase the e/Je¢zhve ion production efficiency of the diode by over 20%.

This positive result recommends the further study of the new concept both theoretically and experi-

mentally. Additional simulations should be conducted to examine diode equilibria for other values of

J,. Experimentally, an actual Jo-diode has been constructed as shown in Figure 20. Its cathode shank

is approximately six centimeters in diameter with 48 slots 3/8 inch deep, 0.045 inch wide, and angled at

200 cut around its periphery in order to generate a J, by spiraling the current flowing through the
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Fig. 20 - The experimental i-Theta Diode (JTD) for testing
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shank. Three shots were conducted using this diode on GAMBLE-l but diagnostic difficulties

prevented the gathering of enough useful information for proper evaluation. Additional shots will be

attempted as circumstances permit.

For diodes with impedances in the neighborhood of twenty ohms, no evidence of ion efficiency

boosting via a shank J, has been obtained. However, even for that case the azimuthal current com-

ponent does significantly modify the radial profile of the extractable ion current density. Such a capabil-

ity to change the shape of the ion beam which emerges from the diode may prove useful in the future

for optimizing this beam for transport away from the diode through plasma channels.
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