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INTENSE, PULSED, ION-~DIODE SQURCES AND THEIR APPLICATION
* TO MIRROR MACHINES*

D. S. Prono, J. W. Shearer, and R. J. Briggs
Unfversity of California, Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT

Startup conditions for future mirror fusion experiments require a
rapidly formed target plasma of ~0.5 coulomb of ions with energy of 50
to 100 keV. Theory suggests that very intense ion-flux emission
satisfying these requirements can be extracted from a pulsed iun diode.
Developing such sources would be an ideal CTR application of the
high-power, single-shot capability of pulsed power technology. Recent
experimental results are reviewed in which ~2 kA/cm2 of D+ at ~50 keV
was extracted. In the experiment, an intense relativistic electron beam
undergoes many transits through a salid but range-ihin anode foil. With
each transit the electrons lose energy, causing their trajectories to
collapse toward the anode surface. In so doing, the increased space
charge extracts an intense ion flux from the anode foil's-plasma.
Observations are reported on the importance of diode stability. The
general agreement between theoretical scaling laws and experimental

results are also presented.

—
Work performed under the auspices of the U.S. Energy Research and
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I. INTRODUCTION
Recent theories have indicated that significant ion curreﬁts can
flow within the diode of a relativistic electron-beam generator.
Basically, there are two diode operational modes that yield enhanced ion
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flow: pinched electron flow and a reflex diode with collapsing

electron trajectories due to beam energy loss with successive transits of

4 In the first case, electron flow is prevented by the beam's

the foil.
self-magnetic field; in the latter, electron flow is restricted by the
electrostatic fields of a virtual cathode created by the nonpropagating
beam. In both cases, the increased electron space charge across the
anode surface is neutralized by the extraction of intense ion flow from
the anode plasma. This paper presents recent experimental resq]ts
investigating the second of these intense ion-flux generators. In brief,
a relativistic electron-beam (REB) diode, (which normaliy operated at a
peak diode voltage of 850 kV and peak electron dfode current of 350 kA)

was converted to an operational mode of ~50-kV diode voltage and a total

dinde current of 750 kA, of which 36 kA was ot jons.,-
1I. APPLICATIGN OF ION DIODES TO CTR MAGNETIC MIRRCR CONFINEMENT

Intense ion beams from pulsed diodes could be useful in the initial
formation of a mirror-confined fusion plasma. As an example, consider
the proposed parameters of the next generation confinement experiment,

MFX (Mirror Fusion Experiment), shown in Table 1.
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Table I. MFX Parameters.

Central magnetic field ~ 20 k@ “ho~3x 10]3 cm'3
8 2 0.5 ' T, ~ 50 kev
nT o~ 10]2 Volume ~ 105 cm3

This plasma could be maintained by modest currents from long pulse
length {or D.C.) neutralibeams; however, the "startup" sequence is
critical since many low density states of mirror plasmas are not
sufficiently stab'le.5 A number of possible approaches are being
considered at present, such as the creation of a target plasma by laser
irradiation of a pellet as being studied in the present Baseball II
facility. The attractive feature of the ion diode approach is the short
time scale of the jon injection (~200 ns). Instabilities of the
intermediate density and temperature states of the plasma are of Tittle
concern with such a fast injection process. In c;qtrast, buildup with
D.C. sources requires on the order of a millisecond with the 1500-A,
60-keV sources being considered for MFX. -

To begin assessing the feasibility of this alternative startup
approach, we performed an experiment to investigate the phenomena of

intense ion currents in REB diodes.

III. THE EXPERIMENT
The REB generator used was the Physics International OWL II machine;
a schematic of the experiment is shown in Figure 1. The cathode stalk
was hollow to house ion diagnostics. These diagnostics included a radial

array of Faraday cups {located at r = 0, 1.5 and 3.0 cm) and a large
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Faraday cup located 15 or‘25 cm in back of the radial array. Each
Faraday-cup collector was equipped with a thermister, which thus gave
% calorimetric information. The 15~ to 25-cm staggered Faraday éup gave
ion energy by time-of-flight analysis. A planar circular cathode of
45 cnf was used; small holes on the cathode allowed ion flow to reach the
Faraday-cup calorimeter detectors. The cathode's surface was made of
deuterated titanium with a 24% loading {~1 D2 molecule for every 4
titanium atoms). A ”tran;it-time-iso1ator," developed by Physics
International, enabled Faraday-cup and calorimetric signals to be brought
from the cathode even though the cathode was pulsed to a high negative

potentiai. The concentric angde stalk was equipped with two Rogowskii

belts to monitor cathode current, one at the anode base and the other
1 cm from the anode foil. In all cases, both Rogcwskii belts gave equal
readings, indicating no cathode shank emission.

The circular anode foils (102 cm2) were of varying material and
thickness: 1- and 0.5-mil titanium (11.4 and 5.7 mg/cmz), and 1~, 0.25~,
and 0.1-mil aluminized Mylar {3.4, 0.86, and 0.34 mg/cmz). The cathode
side of the anode f0il was covered with a Tight layer of pump 0il when
proton flow was sought, and with 2 D.1- to D.2-mi) layer of CD2
(deuterated polyetheiene) when a deuterium ion current was desired. In
the latter case, the deuterium ions accelerated onto the deuterated
cathode surface furnished a D-D reaction yielding neutrons. These
neutrons were detected externally by a geiger tube and a silver-activated
scintillation counter, thereby furnishing another means of diagnosing ion
flux. Downstream of the anode foil was a circular metallic drift tube in
which the virtual cathude was formed; this drift tube, 1 m long by

. 177 cmz, was 'in contact with the anode extension near the anode foil

BTt mem e
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Tocation. External field coils supplied a uniform 16-kG field over the
entire anode-cathode extension and also along the drift tube.

Three key features uniquely characterize this experimentai
arrangement from other similar experiments. First, the ion diagnostics
are located in the diode, not downstream of the anode. This is critical
because with a virtual cathode, the electron flow is asymmetric. That
is, there is a high electron flow from the real cathode to anode, but no
net electron flow from thé virtual cathade to anode-~this asymmetry also
affects ion flow. Second, the function of the long drift tube is that no
physical barrier should be within severa) diameters of the anode, else
the field topology is altered and a virtual cathode will not be formed.
Third, the high currents (2750 kA) flowfng from the cathode produce a
self-field of ~40 kG on beam edge, and this field is only partjal]y
balanced by the externally applied 16 kG field. Therefore, the
experiment was midway between a pinched-flow modg and an axially uniform
flow. ‘

It is important to summarize our basic diagnostics:

1)}  The total dicde current, ID’ was monitored by Rogowskii belts.

2)  The tube voltage, VT, was detected by a capacitive vqltage monitor.

3)  The time derivative of the net diode current was sensed by a
nonintegrated induction Toop giving a Be signal; this signal was
electronically added to VT to give the "corrected diode voltage,"

Ve.

4) Vc, the actual voltage appearing across the diode, is the tube
veltage minus the inductive component (Vc = VT - LID = VT - Kée,
where K is a constant depending on geometry).

§)  The neutron diagnostics determine total deuterium current flow.




6) The calorimeters give total energy onte the cathade Faraday-cup
collectors. .

7}  The radial array of Faraday cups gives ion-current density (current
through small holes in the cathode) as a function of radius.

8) The axially staggered Faraday cup gives ion energy {by

time-of-flight), which is compared to Vc'
IV. EXPERIMENTAL RESULTS

The essence of the experiment was to observe diode behavior and ion
flow as a function of foil thickness when a virtual cathode is present.
The thecry proposed in Ref. 4 indicates that Qhen the foil thickness
decreases, the average number of transits, n, that a beam electron makes
through the anode foil should increase. Increases in n thus cause an
increase in electron space charge across the anode and correspondingly
increase both electron and ion currvent. }he average number of anode

transits is defined as

k). ' 0

where p is the anode density, t is the anode foil thickness, and R is the
residua'l'range.6 The 1/3 factor is suggested by the data of Ref. 6 as
being the correction required to convert residual range into a median
range.

In Figure 2 we show how diode characteristics, ID and Vc‘ change
when a virtual cathode is present and the anode foil thickness is varied.
Infinite anode thickness implies a condition where n = 1 (i.e., normal
diode behaviqr). We note that there is a general increase in diode

current and decrease in diode voltage. Figures 3a and 3b show actual

——



oscilloscope traces of ID’ VC, and Faraday-cup signals for cases of angde

foil being 0.5-mil titanium with a pump 0il coating (H+ ion flow) and

0.1-mi1 aluminized Mylar with a CD2 coating (D+ ion flow}. The

v = 1.5 cm Faraday cup" signal comes from the sensor located directly

behind the cathade plate; "staggered Faraday cup” signals come from the

sensor that is 25 cm behind the “r = 1.5 cm" detector. Important points
to note on these traces are:

1} There is a 40- to 50;ns early transition phase during which the
diode behaves normally. The termination of this transition is
marked by a sharp drop in Vc and an increase in the slope of ID'

The transition phase is that time required to deposit sufficient
energy into the anode foil such that the anode plasma can freely
supply space-charge-limited ion flow. )

2) Following the transition period, VC remains roughly constant at a
value that is characteristic of foil thickness.

3} Ion flow initiates at the termination of thé transition phase.

4) Energy analysis {assuming appropriate H" or 0" species) of the
time-of-flight between “near" and “far" Faraday-cups gives ion
energy in good agreement with Vc. .

5) There is structure on the Faraday cup signals which probably results
from energy modulation apparent on Vc and/or heavy fon impurities.
At this time our diagnostics cannot discriminate between these two
possibilities.

The data of Figure 2 is compared to the theory (Ref. 4) in Figure 4.

Je. the electron-current density, was determined as (IU - I+)/A, whare ID

is the observed peak total diode current, I, is the measured ion current,

2

and A is the '45-cm” cathode area (we assume uniform flow). Jgs the




oscilloscope traces of ID’ Vc, and Faraday-cup signals for cases of anode

foil being 0.5-mi1 titanium with a pump oil coating (H+ jon flow) and

0.1-mi1 aluninized Mylar with a CD2 coating (D+ ion flow). The

"» = 1.5 cm Faraday cup" signal comes from the sensor located directly

behind the cathode plate; "staggered Faraday cup" signals come from the

sensor that is 25 cm behind the “r = 1.5 cm" detector. Important peints
to note on these traces are:

1) There is a 40~ to Sd-ns early transition phase during which the
diode behaves normally. The termination of this transition is
marked by a sharp drop in Vc and an increase in the slope of ID‘

The transition phase is that time required to deposit sufficient
energy into the anode foil such that thebanode plasma can freely
supply space-charge-limited ion flow. )

2}  Following the transition period, Vc remains roughly constant at a
value that is characteristic of foil thickness.

3) Ion flow initiates at tbe termination of th; transition phase,

4) Energy analysis (assuming appropriate H orD* species) of the
time-of-flight between "near" and "far” Faraday-cups gives ion
energy in good agreement with Vc' .

§) There is structure on the Faraday cup signals which probably results
from energy modulation apparent on Vc and/or heavy ion impurities,
At this tim’. our diagnostics cannot discriminate between these two
possibilities.

The data of Figure 2 is compared to the theory (Ref. 4) in Figure 4.

Je’ the electron-current density, was determined as (ID - 1.)/A, where 5

is the observed peak total diode current, I, is the measured ion current,

and A is the d45-cr cathode area (we assume uniform flow). Jgs the

- . e e i e e A~




-8~

Child-Langmuire current, was calculated using the average Vc value after
the transition phase and assuming a gap spacing 0.5 times the initial A-K
gap of 0.95 cm (the 0.5 factor accounts for diode closure). If we assume
a likely energy spectrum of the reflected electrons within the diode gap,
the theory in Ref. 4 suggests a Je/Jo vs. n dependence shown as the solid
Tine in Figure 4. The dashed lines encircle data points characterizing
machine performance for a given foil thickness. For low n values there
is a large discrepancy bétween theory and experiment. At present, we
believe this discrepancy is due to an cver-simpiified theoretical model.
One possible modification is that whereas the theoretical model is based
on a continuous electron energy spectrum extending from zero te full
diode voltage, in reality the spectrum is probab]y truncated at both
extremes. However, as tha simplified theory sugyests, the data shows a
pronounced steeping of Je/J0 vs. n as n approaches a critical value.
Ion-current density dependen-az on n'is showq in Figure 5.
Conditions of K™ and D% ion flow are denoted by different symbols.
Again, the dashed lines encircle data for a given foil thickness;
hovever, this time the 0.5-mil titanium and 0.25-mil- aluminized Mylar
shots are divided into an upper and lower region. The Tower regions
characterized ion flow when digde instability was present,
Experimentally, the observed features of diode instability were:
1) Dicde voltage, V., showed h.f. oscillations in the 100- to 300-MHz
band.
2) The oscillation frequency was correlated to anode foil thicknessv
(f=d).
3) Intense ion flow only occurred when h.f. oscillations were

quiescent.
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4) The ion flux detected during the instability showed severe energy
modulation (the staggered time-of-flight Faraday cup showed a
temporally broadened pulse). '

Diode instability occurred whanever the virtual cathode was formed
in vacuum, vegardless of foil materials (although for thicker foils with
low n values, the instability was less pronounced). In retrospect, diode
instability for vacuum diodes should have been anticipated.7
Experimentally, we fnund.that significant suppression of the instability
occurred when the virtual cathode was formed in a very low pressure gas
(~20 microns of hydrogen). The gas pressure tannot be higher because
then the beam ionization time would be short compared to pulse length
(i.e., the virtual cathode would be “shorted out" by the plasma and beam
propagation would result). We do not understand at present whx a slight
gas fill around the virtual cathode causes stabilization, but ore
possible effect is that a virtual cathod; partiatly neutralized by ions
vould be less likely to exhibit fast spatial fluctuations.

For conditions whera CD, coated the cathode side of the anode foil,
we are able to compare the measurements of ion flow as given by r
Faraday-cup, calorimetry, and neutron diagnostics. This Eomparison is
given below in Table I1. The effective area assumed for deducing ion

2, and an ion pulse

current dersity from the neutron count was 30 cw
duration of 30 ns was used. Because of the arode debris blcw-off, the
calorimeters usually give abnormally high signals, but for the thinnest
foils used this effect was less pronounced. In general, the agreement

between the various diagnostics is within a factrr of 2. However, the

L IR

neutron court estimates are still very preliminary and have a large

possible error.




Table II. Comparison of Diagnostics Measuring 0" Current Density.

A/cm2 as d%agnosed by .

Anode Faraday Neutron Calorimeter
foil cup detection

0.9 -mil Ti 15 25 -

0.5 -mil Ti 30 52 -

T -mil Mylar - 140 98 -

0.25-mi1 Mylar 460 340 -

0.1 -mil Mylar 1150 900 to 1280 3380

0.1 -mil Mylar 1380 850 to 1206 2230

A final aspect of the experimental results was that the iop-current
density, as diagnosed by the radiai array of Faraday cups immediately
behind the cathode, was observe” o be annular, n?t uniform. For thicker
foils, whether the virtual cathode was in vacuumvon gas, the Faraday cup
at 1.5-cm radius read 2 to § times higher than the r= 0 orr= 3 cm
cups. For the thii ~st foils, this degree of nonunifermity increased to
more than an order of magnitude. Again, we do not have a complete
explanation for this observation, but some possible candidates are as
7ollows. Perhaps our electron-curreat emission across the cathode was
not uniform but peaked at larger radii due to electrons emitted along the
cathode shank and carried into the diode region ai-ng Bz lines. The
partial pinching due to high self-fields would thus cause the peak
electron fluence to be located at some radius Tess than the cathode
radius. An analogue to this condition would be electron fiow frow a

hollow cathode. A second possible explanation involves a partially
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pinched but uniform beam and return-current heating of the anode plamsa.

If ions are emitted only from that area of the anode plasma that has been
sufficiently heated by radial return currents, then the eptimuﬁ region of
heating would be at the radius of the partial pinch and not in the center

or at the cathode radius.

V. SUMMARY AND CONCLUSIONS

In our experiment, an REB diode was made to operate in an extremely
low-voltage, high-current mode. Electron currents in excess of 80 times
Childs-law current (space-charge-limited flow) were observed. Deuterium
currents densities of 0.05 Je were monitored;-this exceeds by a factor of
3 the normal Langmuir value of 0.0165 Je. ‘A1though this is only a
modest increase, we feel that more serious attention to anode-foil
fabrication will minimize impurities cau%ing heavy ion currents and
significantly increase ot flow. Having already achieved D+ current
densities > 1 kA/cm2 is in itself a promising step.

The qualitative features of sinple theory4 have been substantiated.
Both electron and ion flow increase sharply as n approaches a critical
value. A disruptive diode instability that quenches ion flow was
observed and found to be stabilized by adding lgw~pressure gas in tha
virtual cathode region. Why the presence of this gas and its associated
tenvous plasma afford stabilization is not known. Equally unexplained is

the annular radial profile of jon flow.
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Figure 3a:
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FIGURE CAPTIONS
Schematic of experimental arrangement as described in the
text. Components are: 1) cathode stalk, 2) anode stalk, 3)
Rogowskii belts, 4) anode foil, 5) deuterated-titanium cathode
tip with small holes to pass ion flow, 6) radially located
Faraday cups with calorimeters, 7) axially staggered Fararay
cup with caioéimeter, 8) drift tube, 9) external BZ coils, and
10) transit time isolator.
Characteristic diode voltage and current caused by variations
of anode foil thickness when a virtual cathode is formed.
Oscilloscope waveforms of diode current, diode voltage,
r = 1.5 cm Faraday cup, and staggered Faraday cup. The anode
foil is 0.5-mil titanium coated with pump oil for H* emiscion.
The drift tube is filled with, ~20 microns of hydrogen.
Oscilloscope waveforms of diode curreﬁt! diode voltage,
r = 1.5 cm Faraday cup, and staggered Faraday cup. The anode
foil is 0,1-mil aluminized Mylar coated with C02 for D+
emission, The drift tube is filled with ~20 Ticrons of
hydrogen.
Je/J0 vs. n. The dashed lines enclose data points
characterizing equal thickness foils and the solid curve is
from the simple theory given in Ref. 4.
Ion-current, density, Ji’ vs. N. Anode foils covered with pump
01l yielding H" emission are denoted by - data points; anode

foils covered with CD2 for D¥ emission are denoted by o data
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points. Dashed lines again enclose data for anode foils of
equal thickness, but here we indicate which shots were with

the virtual cathode in vacuum, resulting in diode instability.
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