
MICROSECOND ELECTRON BEAM DIODE CLOSURE EXPERIMENTS * 

R. M. Gilgenbach, L. D. Horton, R. F. Lucey, Jr, 
s. Bidwell, M. Cuneo, J. Miller, and L. Smutek 

Intense Energy Beam Interaction Laboratory 
Nuclear Engineering Department 

The University of Michigan 
Ann Arbor, Michigan 48109 

Abstract 

Experiments have been conducted on the 
Michigan Electron Long Beam Accelerator 
(MELBA) to explore diode closure and voltage 
compensation during collapsing diode 
impedance. MELBA operates with parameters: 
Voltage = - 0.6 to -1.0 MV; Current < 60 kA; 
and Pulselengths exceeding 1 ps. A reverse 
charged ringing circuit compensates the Marx 
generator output voltage to within : 7 % 
(! 10%) for pulselengths of 1 ps (1.4 ps) in 
a 127 ohm resistive load. Electron beam 
generation experiments have utilized two 
types of field emission cathodes: carbon 
brush and velvet cloth. Total electron beam 
pulselengths of 4 ps have been achieved. 
Voltage compensation is limited by current 
spikes to !13% (!5%) over the first 
1 ps (0.7 ps). Diode impedance and perveance 
have been characterized as a function of time 
at several A-K gap spacings. Current 
densities

2
have been in the range from 10 to 

200 A/em • The current shows an initial 
step with a rapid increase at 0.6 to 0.8 ps 
followed by either current runaway or a 
return to Child-Langmuir. Apertured electron 
beam current shows a similar behavior with 
large amplitude beam fluctuations during 
enhanced current. Apparent plasma closure 
velocities inferred from diode impedance 
data indicate closure velocities from 3.3 to 
6.2 cm/ps dependent upon the cathode type. 
The effective closure velocity, defined by 
the time required to short circuit the A-K 
gap, ranges from 2.1 to 4.1 cm/ps. Electron 
beam uniformity and beam dynamics have been 
investigated by means of apertured anodes 
with lucite plate diagnostics. Voltage 
compensation has been tested by comparing 
experimental voltage traces to transient 
circuit computer codes with empirical 
impedance profiles. 

Introduction 

Most research concerning intense, pulsed 
electron beams has utilized pulselengths in 
the range from tens to hundreds of ns. This 
was due in part to specific applications, 
(such as inertial confinement fusion), which 
require short, intense, pulses of energy. 

Accelerator size and cost can be reduced 
when large delivered energies are generated 
by increasing the beam pulselength rather 
than the voltage and current. Earlier 
experiments [1-8] have generated intense, 
microsecond electron beams by means of Marx 
generators with pulse forming lines (PFL) or 
pulse forming networks (PFN). In this article 
we demonstrate microsecond electron beam 
generation and voltage compensation with a 
Marx generator coupled to an Abramyan type 
RLC ringing, reverse-charged stage [9, 10]. 
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The advantages of the Abramyan circuit 
over Marx generators with PFLs or PFNs are: 
1) It requires fewer circuit elements, thus 

providing more compact, less expensive 
generators, 

2) Compensation for different load 
impedances can be changed by adjusting the 
relative charging voltages rather than by 
changing PFN circuit elements, 

3) The Marx generator directly drives the 
load, so the voltage requirement is 
lowered. 

Intense electron beams with pulselengths 
exceeding 1 ps have a number of important 
applications: 
1) Pumping of lasers in the visible, uv, and 

(possibly) x-ray regime [4,10], 
2) High power microwave and millimeter wave 

generators and free electron lasers [11], 
3) Fusion plasma startup, heating, 

and stabilization, 
4) Pulsed X-ray radiography, and 
5) Rapid heating of materials and gases. 

Each of these applications imposes different 
constraints on the cathode current density 
and voltage flatness. Electron beam pumped 
lasers might require

2
a current density on 

the order of 30 A/em , whereas high power 
microwave generators operating i~ the 
collective regime may need kA/cm • 

Explosive emission cathodes [1-16] have 
generally been employed in these applications 
because of their high current densities and 
immunity to the hostile plasma chemistry en­
vironment which poisons thermionic cathodes. 
This presents a problem in the generation of 
microsecond electron beams because of the 
rapid closure of the anode-cathode (A-K) gap 
by the cathode plasma. According to the 
Child-Langmuir current scaling, this gap 
closure causes an increase in the elec~2on 
current density by the factor (d - ut) ; 
where d is the initial A-K gap spacing and 
u is the closure velocity. Another problem 
intricately related to this increasing 
current is the maintainance of a flat output 
voltage throughout theps pulse. Constancy 
of the beam voltage is particularly important 
for microwave generators which must satisfy 
resonance conditions. The plasma closure 
velocity is therefore crucial in determining 
diode impedance collapse, voltage droop, and 
A-K gap shorting. 

MELBA Design and Performance 

The Michigan Electron Long Beam Acceler­
ator (MELBA) was designed [17] to generate 
10 kA, 1 MV electron beams into a collapsing 
diode impedance for 1 ps pulselengths. The 
design utilizes an electrical voltage compen­
sation circuit first proposed by Abramyan [9] 
and later by Smith [10]. This circuit 
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employs a Marx generator coupled to a ringing 
RLC circuit. 

Fig. 1. Simplified schematic of the 
Abramyan circuit with all spark gap 
switches closed [9,10). Not shown 
are the Marx/switch resistances. 

The MELBA design also includes a small RC 
filter circuit on the output. The ringing 
stage (RS) is charged to initially deliver 
a voltage of the opposite polarity from the 
Marx output. At a later time, the polarity 
of the RS is in the same sense as the Marx 
output. Separate charging supplies are 
utilized for the Marx generator and the 
ringing stage. This allows the amount of 
voltage compensation to be changed by choos­
ing the relative charging voltage of the Marx 
versus the ringing stage. The spark gap 
switches in the Marx generator and the RS are 
independently triggered: in these experiments 
the two circuits were triggered simultan­
eously. MELBA utilizes 14 capacitors in the 
Marx generator and 2 capacitors in the RS, 
one third the number of capacitors used in 
other microsecond electron beam generators 
[2 '3) • 

Data in Fig. 2 represent a -1 MV out­
put voltage from the MELBA machine into a low 
inductance 127 ohm resistive load: also shown 
is the output of the SPICE transient circuit 
analysis code [18) to illustrate the effect 
of the ringing, reverse-charged stage. 
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Fig. 2. MELBA output voltage into 127 ohm 

resistive load. 
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From the above data it can be seen that the 
experimental voltage remains flat to within 
: 7 % (:10 %) over pulselengths of 1 ps 
(1.4 ps). The transient circuit code gives 
excellent agreement with experimental data. 
It should also be noted from the computer 
model that without the ringing stage, the 
voltage would not be flat but would exhibit 
the RC decay characteristic of Marx 
rundown circuits. 

The generator was constructed with a 
triggered, high pressure SFfi crowbar switch 
to short circuit the generator output after 
the design pulselength of 1 ps. The crowbar 
switch removed 90% of the generator voltage 
in about 40 ns. Figure 3 gives the output 
voltage and current into a resistive load 
without crowbar firing. 

Fig. 3. Voltage (upper, 400 kV/div) and cur­
rent (lower) into 127 ohm resistive 
load without crowbar firing 
(lps/div). Charging voltages: 

V = + 56 kV: V = + 54 kV. 
The data o~ Fig. 3 demon§trate the 
effectiveness of the RS in generating flat 
voltage out to 1. 4 ps. The fact that 
voltage remains on the load for about 
10 ps into a resistive load is important for 
comparison with the electron beam diode 
closure experiments. The resistor in series 
with the cathode (Fig. 1) dissipates the 
stored generator energy in the event of a 
crowbar or A-K short circui't. This feature 
permitted experiments to be performed without 
firing the crowbar in order to investigate 
plasma closure and shorting with multimicro­
second pulselengths. 

Cathode - Anode Configuration 

The anode-cathode geometry is d~picted 
in Fig. 4. 

VACUUM 
REGION 

RETURN 
CURRENT 

PATH~ 

TOTAL 
CURRENT 

!8:1 ~MONITOR 

Fig. 4. Anode-cathode configuration. 



Since the objective of these experiments 
was to investigate high current electron 
beams with multimicrosecond pulselengths, the 
anode-cathode spacings were relatively large: 
10 em for most shots, although 8 em and 6 em 
were also used. In order to extract multi­
kiloampere currents, two types of large area 
field emission cathodes were employed in 
these experiments: 
1) carbon brush cathode, and 
2) velvet cloth cathode. 

The brush cathode was constructed 
following the design of Refs. 4 and 11. 
Carbon string was threaded through a square 
array of holes on 1 em centers in a 7 em 
radius aluminum plate. The outer radius of 
the carbon brush array was 6 em. A smaller 
(2.5 em radius) brush cathode was also 
constructed with recessed CR-39 ion track 
film to detect ions crossing the A-K gap. 

The velvet cathode used in these 
experiments was 65 % cotton and 35 % rayon. 
A 6 em radius circle of this cloth was epox­
ied to a 7 em radius aluminum cathode plate. 

In both cases, the cathode plate was 
threaded to the anodized cathode stalk of 
radius 7 em. Anode-cathode spacings were 
adjusted by installing anodized rings between 
the cathode stalk and the cathode plate. 

An extremely durable anode design was 
required, since the generator was typically 
operated in a noncrowbarred mode in which 
plasma shorting of the A-K gap occurred. For 
this reason it was not possible for foil 
anodes (or even solid molybdenum anodes) to 
survive the high current discharge from the 
capacitor bank after A-K shorting. The 
high current discharge was much more 
damaging to anode materials because high 
current densities deposit energy at the 
surface, removing material in a vacuum arc 
mechanism [19]. It was found that a (3.2 mm 
thick) Poco-graphite anode produced the 
least contamination of the cathode and 
insulators for shorted A-K gaps. 

The anode plate was insulated from the 
vacuum tank and up to 6 current transformers 
were utilized to monitor total return current 
which passed through low inductance straps. 
Current signals were summed in the Faraday 
cage by ferrite adders. Electron beam 
current was sampled by an array of small 
(1.6 mm) holes in the graphite anode plate. 

A beam collector and current transformer 
permitted measurements of apertured electron 
beam current. Energy discrimination of 
apertured electron beam current could be per­
formed by installing foil between the carbon 
anode and the beam collector. For studies of 
electron beam uniformity and beam dynamics 
the electron beam collector was replaced by a 
lucite plate. The inside of this plate 
was coated by an opaque layer of Aerodag 
graphite spray~ the outside of this plate 
was viewed by either an open shutter or 
streak camera. 

Electron Beam Generation Experiments 

Brush cathode turn-on data is presented 
in the voltage and current traces of Figure 5. 
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Fig. 5. cathode turn-on data 
with 10 em A-K gap. 
Upper trace: Voltage 
Lower trace: current 

for carbon brush 
(100 ns/div) 
(160 kV/div) 
(2.28 kA/div) 

The initial detectable current always 
coincided with the knee (at about 30 ns) 
during the rise of generator voltage. Rapid 
current fluctuations were measured for both 
types of cathodes. The spiky nature of the 
current agrees with the NRL induction linac 
results in which a similar brush cathode was 
compared with a thermionic cathode [11]. 
The cause of the current fluctuations could 
be nonsimultaneity in the explosive emission 
from the multiple tufts of carbon string. 
Voltage compensation at early times is 
seen to be excellent, with flat voltage 
(:!: 5 %) over a 0. 7 ps pulse. 

Electron beam uniformity was measured 
by means of the lucite plate diagnostic. 
Figure 6 gives an open shutter photograph of 
the lucite plate for a MELBA pulse which 
crowbarred at 0. 5 ps. 

1 cm/dlv 

Fig. 6. Open shutter photograph of lucite 
plate for 0.5 ps electron beam pulse. 
Brush cathode with 10 em A-K gap. 

The lucite plate data indicates that the 
electron beam has good uniformity over the 
full cathode diameter. For longer electron 
beam pulses, the large electrostatic charge 
deposited in the lucite caused arcing 
between the apertured beamlets, obscuring 
the data and damaging the lucite. 

Diagnostic data for two noncrowbarred 
electron beam pulses from MELBA are presented 
in Fig. 7. 



Fig. 7 MELBA electron beam pulse without 
crowbar, upper data represent Type A 
shot~ lower data set represents Type 
B shot. 
a) Voltage (160 kV/div~ 0.2 ps/div) 
b) Current 

(5.3 kA/div~ 0.2 ps/div) 
c) Voltage (160 kV/div~0.5 ps/div) 
d) Current (6.2 kA/div~ 0.5 ps/div) 
e) Hard x-rays (0.5 ps/div) 
f) Apertured e-beam current 

(20 A/div,0.5 ps/div), no foil. 
Parameters: Brush cathode on 7 em 
radius plate, A-K gap of 10 em. 
Charging voltages: 
V = + 56 kV and V = + 56 kV 

Two typesmof current behavlor -were ob­
served: 'Type A with flat or decreasing 
current late in the pulse, and Type B with 
current continually increasing throughout the 
pulse. For brush and velvet cathodes, the 
voltage flatness was limited by large cur­
rent spikes and the rapid increase which 
typically occurred. 
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Large current spikes are believed to be 
cathode flares from individual tips and were 
also observed in lower current density Soviet 
experiments. The apertured e-beam signal 
exhibited large fluctuations during enhanced 
current. These large current fluctuations 
could be caused by a streaming instability. 
[20] 

Diode Closure Velocities 

For purposes of this research it is 
useful to define two closure velocities: 
1) The effective closure velocity v, is 
defined by the shorting time of the A-K gap. 
2) Apparent closure velocity u, is that which 
is defined in terms of the Child-Langmuir 
current with a closing A-K gapr 1 ~2 is 
obtained from the slope of (P) , where 
P is the perveance. 

The data of the Type A shot in Fig. 7 
shows that the voltage, hard X-rays, and 
apertured e-beam current persist for 3.7 
ps with a 10 em A-K gap~ this yields an 
effective closure velocity of 2.7 cm/ps. 

Figure 8 gives the_r~~e history of the 
diode impedance and (P) , for the same 
two shots given in Fig. 7. 
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Figure 8. Temporal evolution of data from 
Fig. 7: a) Impedance profile for 
type A shot (solid points) ~£92 type B shots {open points), b) P 



Note that type A shots gave a flat impedance 
(50 ohms) after about 0.8 ps whereas type B 
shots gave continually droopin~1 ~2pedance. In type A shots the slope of P appears to 
change at about 0.8 ps. This has been 
interpreted by others as an actual slowing of 
the cathode plasma velocity by "electric 
pressure" [21] or by the beam magnetic fie~d 
[22]. For a 10 kA beam current the magnet1c 
pressure is much less than the kinetic 
pressure of typical cathode plasma. 
However, the relativistic Child-Langmuir 
analysis of the next section shows that the 
type A current can be modeled by a constant 
closure velocity at early and late times. 

Table 1 summarizes the apparent and 
effective diode closure velocities for brush 
and velvet cathodes at different A-K gap 
spacings. 

Table 1 

summary of Diode Closure Velocities (cm/ps) 

BRUSH VELVET 
A-K gap(cm) 10 8 10 8 

Apparent 
Type A 3.3 ±-4 3.3 None 

(3) (1) 
Type B 5.3 ±-4 6 6.1 

(2) (1) (1) 

Effective 
Type A 3 ± .7 2.1 ±.3 None 

(3) (7) 
Type B 3.5 ±.6 2.6 3 .±-6 

(4) (1) (4) 

(Numbers in parentheses indicate shots 
averaged) 

6.2 
(1) 

4.1.±.3 
(5) 

It should be noted that the velvet 
cathodes always gave continually increasing 
current (type B) behavior. In spite of the 
higher electric field a number of brush 
cathode shots with d k = 8 em demonstrated 
lower closure velocit1es than the same 
cathode with dak = 10 em. 

Diode Current Data and Modeling 

Our model for current flow from a 
moving source plasma in the diode employs 
a fully relativistic version of the Child­
Langmuir current density which can be 
modified by the inclusion of ion flow [23]. 
Following the technique of Poukey, we perform 
a Romberg integration solution for the 
current density corresponding to space charge 
potentials in a planar diode gap. For our 
model we have also included closure of the A­
K gap by the cathode plasma with velocity u 
and ion flow of variable magnitude [23-25]. 
Edge emission was modeled by the technique of 
Parker [26]. 

Two types of temporal current behavior 
were observed in these experiments. Figure 9 
compares type A and type B current traces 
with theoretical models. 
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Fig.9 a) Experimental current data (points) 
from type A shot compared with constant 
closure velocity model (u = 2.6 cm/ps) 
for Child-Langmuir (CL) current and 
bipolar flow (BP) turned on linearly 
from 0.45 ps to 0. 7 ps. 

b) Experimental current data from type 
B shot compared to Child-Langmuir (CL) 
with closure velocity of 3.1 cm/ps and 
bipolar (BP) flow turned on linearly 
from 0.38 ps to 0.87 ps with constant 
closure velocity. 

c) Experimental current data from type 
B shot compared to Child-Langmuir (CL) 
with a constant closure velocity of·5 
cm/ps and bipolar flow (BP) turned on at 
0.87ps. 



Note from Fig. 9a that the experimental 
current agrees with the Child-Langmuir model 
from 0 to 0.45 psec and from 1.2 ps to 1.9 
ps. However, between 0. 45 ps and 0. 7 ps, a 
linear transition to bipolar flow models the 
data very well. A physical explanation for 
the type A current behavior is that at early 
times (less than 0.45 psl the cathode emits 
the Child-Langmuir current. Between 0.6 ps 
and 0.7 ps ions from the a~gde or the 
background gas (3 - 8 x 10 Torr) are 
sufficient to support bipolar flow. At later 
times (greater than 0.7 ps) "ion starvation" 
causes the current to return to Child­
Langmuir flow. 

In type B shots the early time behavior 
is similar to type A. The type B shots, 
however, exhibit continually increasing 
current throughout the pulse. Figure 9b 
shows that even a transition to bipolar flow 
(at constant closure velocity) cannot model 
this rapid current increase. An increased 
closure velocity of 5 cm/ps, modeled in 
Fig. 9c, would provide a physical mechanism 
for the rapid current increase. This agrees 
with Ref. 27 in which the authors conclude 
that for cases in which a threshold energy 
dose rate is exceeded, the anode plasma 
gives both a transition to bipolar flow and 
an increased diode closure velocity. It 
should be noted that the energy density to 
the anode in our experiments is near 
the required 400-600J/g dose for graphite 
[27]. The longer pulselengths in our 
experiments may reduce the threshold 
energy for anode plasma production. For 
microsecond pulselengths it is also possible 
that background gases play a role ion 
production. 

The interpretation of enhanced current 
in terms of anode plasmas is supported by the 
observation that the apertured e-beam signal 
always showed enhanced fluctuation levels 
during the period of increasing current. 
These large fluctuations could be indicative 
of a streaming interaction between the beam 
and the anode plasma [20]. Etching of the 
CR-39 track film embedded in a cathode gave a 
crater over the entire exposed area 
suggesting a large flux of low energy ions 
backstreaming to the cathode. 

Some additional observations concern the 
conditions under which type A and type B 
currents were measured. Velvet cathodes 
always gave type B current. For 8 em A-K 
gaps the brush cathode was more likely to 
give type A behavior (7 out of 8 shots). 

Brush cathode experiments with 10 em A-K 
gaps showed that on the first several shots 
after opening the diode to air, a type A shot 
was more likely1 on later shots a type B 
shot was more likely. Apparently the cathode 
current density, surface chemistry and 
residual gas play a role in microsecond 
plasma production. 

Transient Circuit Codes and 
Voltage Compensation 

The generator system performance was 
calculated with the SPICE transient circuit 
analysis program. The computational model 
includes stray capacitances, inherent 
inductance loops, effective Marx shunt 
impedance, and the RC filter circuit. The 
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values of the various elements were derived 
by PSI [17] from a combination of 
measurements, experimental data, extrapol­
ations, and calculations. The SPICE cir­
cuit code has been run for fixed resistance 
loads as well as time varying impedances. 
For the time-varying diode impedance, the 
load is modeled in a piecewise linear manner 
using a nonlinear circuit element (typically 
a JFET). 

Current spikes and irreproducibility in 
the diode current made direct experimental 
comparison of different compensating voltages 
difficult on separate shots. 

Figure 10 compares the experimental 
voltage with transient circuit analysis code 
results using the experimental impedance 
profile for two cases: 
1) Actual MELBA circuit and charging 

voltages, and 
2) MELBA circuit but increased charging 

voltage of ringing stage. 
time (ns) 
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Fig. 10. MELBA experimental voltage (points) 
for type A shot compared to SPICE code 

using experimental impedance profile 
with: Actual charging voltages (dark 
line) V = + 56 kV, V = + 56 kV, and, 
increasWd charging vo~tage on the 
reversed stage, VM = !56 kV, VR = !90 kV 

It can be seen that increasing the ringing 
reverse stage charging voltage improves the 
voltage flatness between 0.8 ps and 1.4/s. 
However, the voltage deviations observe in 
these experiments have been caused primarily 
by current spikes and the rapid current 
enhancement starting at 0.45 ps. Current 
spikes may be eliminated by resistively 
ballasting the individual emitters on a 
multitip or brush cathode. 
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