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LONG PULSE E-BEAM CONTROLLED SWITCH:
DESCRIPTION OF APPARATUS AND INITIAL RESULTS

I. INTRODUCTION

i>There exists an interest in the application of externally controlled high

pressure, volume discharges to high power switching. i 4,e applications--of

particular importance -involve opening switches for both single and

repetitively pulsed, high power, inductive generators.1  Such discharges have

great potential for these applications because they can recover rapidly to the

original highly resistive state of the gas once the external ionizing agent is

removed.

Several authors2- 9  have reported on experiments and tneoretical

investigations in which an electron beam (e-beam) is used as the external

agent to sustain the diffuse discharge. -The concept as it might be used in an

opening switch application is illustrated in Fig. 1. The accelerated e-beam

is injected through a thin foil (that serves as a vacuum interface) into a

chamber filled with a non-attaching base gas along with a small

admixture (- 1%) of an attaching gas at a pressure of 1 - 10 atm. The gas

resistivity at any time is determined by a competition between ionization
provided by the e-beam and the various recombination and attaching processes

characteristic of the specific gas mixture, pressure, and applied electric

field. This, along with the volume discharge property, allows the gas to

return to its original nonconducting state very quickly once the source of

ionization is removed. The particular advantages of this switching scheme

are: 1) the intrinsic switching can be made very fast 7 ( 1 ns), 2) there is

a potential for repetitive operation at > 10 kHz in a burst mode,7 and 3) the

Manuscript approved May 31, 1985.
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Fig. 1. Illustration of an opening switch application for an e-beam
controlled diffuse discharge.
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switch inductance, mechanical shock, and electrode wear can be minimized

because of the diffuse nature of the discharge.

Most of the work with e-beam controlled switches (EBCS) has been done at

either low switch currents ( - mA) or short switch conduction times

( - 100 ns). In this report we describe the design of a system for studying

the switch behavior in the = 1-us conduction time regime and at a switch

current of = 10 kA. Figure 2 is a drawing of the entire system illustrating

the relative positions of the components. Section II contains a detailed

description of the circuitry and triggering for the e-beam generator. The

generator produces several kiloamps of e-beam current at = 300 kV for variable

pulse lengths of 0.5 - 5.0 us. The e-beam diode and experiments aimed at

characterizing the diode and e-beam behavior are described in Sec. III.

Design of the e-beam controlled switch (EBCS) along with results from initial

switching experiments are discussed in Sec. IV. The EBCS, operated with 1%

C2F6 and 99% CH4 conducted current provided by a capacitor (originally charged

to = 26 kV ) for = 0.7 uswhile energizing an = 1.5 uHinductor. It then

opened on command at a current of = 10 kA, generating a voltage pulse of

= 280-kV amplitude and - 60- ns full width at half maximum (FWHM). This was

accomplished with an open circuit load. In Sec. V we make suggestions for

future work.

I. E-Beam Generator

To provide a power source for extending the conduction time of the EBCS

to = us , a variety of power supplies to drive a vacuum e-beam diode were

considered. The requirements were determined from a self-consistent design

procedure1 . The diode needed to provide 300 kV for up to 1.5 usec at a

current of 1 kA. The generator had to be constructed with no new major

3
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procurement. The diode required a cathode area of- 700 cm2 and an anode-

cathode (AK) gap adjustable from 5 to 15 cm. The voltage on the diode was

applied as a pulse with a rise time not exceeding 0.2 usec and a decay time no

longer than 0.07 visec. The droop of the pulse is determined by the stored

energy and this in turn was determined by cost and space limitations.

Taking all of the above requirements into account, a variety of potential

generators for driving such a diode were analyzed using the BERTHA10 code.

This study resulted in the decision to build a Marx type generator consisting

of six stages of 0.5-IF, 50-kV capacitors. The results of the modeling for

such a generator driving an e-beam diode assuming a closure speed of 2

cm!ps were obtained. The voltage and current from these results for indicated

times after the start of current flow in the diode are compared for three

initial AK spacings in Table I.

A. High Voltage Generator

A six stage oil insulated generator using an n = 2 Marx configuration was

selected for the pulse generator. The Marx circuit diagram, along with a

schematic layout of the triggering system is shown in Fig. 3. To simplify

triggering and provide fast, low jitter erection a switch column having a

single trigger electrode rather than individual triggered switches was used.

It has been our experience that the beneficial effects of the uv illumination

obtained from the switch column clearly outweigh any maintenance problems when

used on a small, 5 or 6 stage machine. The use of a column with single stage

triggering alsi reduces the complexity of the trigger generator. To assure

reliable triggering and permit the use of some existing components, a 5:1

step-up transformer was used to boost the output of the available standard 20-

kV trigger pulse amplifier (TPA) to 100 kV.

5



Converting the conventional Marx output to one with an adjustable width,

rectangular pulse was accomplished by adding two switches -- the first switch

(S-2 of Fig. 3) provided an untriggered Marx output and the second switch (S-3

of Fig. 3) provided the divert function to control (clip) the length of the

pulse.

Table I - Marx Voltage (VM)

and Marx Current (I ) Produced by a Six Stagem

Marx Pulse Generator (.5 1F/Stage)

Time after
current initiation (ps) 0.5 1.0 1.5 2.0

V M(kV) 279 270 266 261

AK = 14 cm

Im(A) 660 647 737 848

Vm(kV) 272 267 261 254

AK = 12 cm

Im(A) 827 878 1020 1200

Vm(kV) 271 262 253 242

AK = 10

I m(A) 1190 1250 1490 1800

6
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B. Output Switch

To provide the fast risetime (0.2 psec) of the voltage pulse applied to

the e-beam diode a simple two-electrode, gas-insulated switch was used (S-2 of

Fig. 3). Depending on the insulating gas, this switch is useful to over 500

kV when operated in a pulse charged system. This is illustrated in Fig. 4,

which is a plot of the self-breakdown voltage of the output switch as a

function of the switch gas pressure for various gas mixtures. Since the

switch has an overall body length of only six inches it must be operated in an

insulating medium such as oil or water.

C. Divert Switch

This switch has the requirements of: 1) withstanding a 300 kV pulse, 2)

being triggered satisfactorily by the 50-kV TPA that was available, and 3)

having low jitter. The trigatron type switch, when operated at greater than

80% of its self-break voltage has very low jitter. In addition, the trigger

circuit for this type switch is operated at ground potential. To meet the

voltage requirements, a trigatron that was developed some years earlier11 for

100 kV DC service was modified and used. A drawing of this switch is shown in

Fig. 5. The necessary modification was to increase the switch body length by

1.25 cm so that the electrode gap would increase from 1.65 cm to 2.9 cm. The

self-breakdown voltage was then measured as a function of pressure up to 300

kV as shown in Fig. 6, using as an insulating gas a mixture of 90% N2 with 10%

SF6.

0. Divert Switch Trigger Circuit

A timing signal to trigger the divert switch (S-3 of Fig. 3) must be

taken from the Marx circuit at a point that permits the overall jitter of the

8
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in- 70% transmitting brass screen anode and a 25-cm diam aluminum cathode.

[he AK spacing could be adjusted from 0 - 20 cm. The anode plate for the e-

)eam diode was drilled with 0.47-cm diam holes within a 25-cm diam such that

:he fraction of open area was 0.68. A 5xlO- 3-cm thick (2 mil) mylar sheet

;erved as the vacuum-switch interface. The energy loss of a 250-keV electron

in the mylar is = 18 keV. The e-beam current in the switch, 1b, was measured

qith a Rogowski coil (see Fig. 13).

The switch housing was fabricated from cast plastic. The entire switch

qas designed to be pressurized to < 20 atm. Originally the switch was

surrounded by air. However, because of the high voltage generated, the switch

qas eventually submerged in oil.

Diagnostics used included calibrated Rogowski coils, magnetic probes, and

i calibrated voltage divider. An attempt was made to calibrate the Rogowski

:oils against a known monitor at frequencies comparable with the fastest

)bserved in the experiment. The Rogowski coils (one commercial and one

iomemade) showed signs of poor response for the signals with characteristic

,isetimes of < 15 ns. The problem associated with this diagnostic is the

lifficulty in building a loop of sufficient sensitivity to the slowly varying

)art of the current, yet with low enough inductance to follow the rapidly

iarying part of the current as well. Because of limitations on laboratory

:ime resultiny from budget constraints, the magnetic probes could not be

;uccessfully implemented.

The switch dimensions, gas mixture, gas pressure, and e-beam generator

-equirements were all self-consistently determined using the design procedure

Jescribed ir, Ref. 1. This technique combines the switch physics with the

Jesired switching performance to analytically estimate the switch area,

length, gas mixture and pressure, and the e-beam generator requirements.

22
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Fig. 12. Schematic depiction of EBCS and associated circuit.
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SCINTILLATOR

(a)

I E-BEAM CATHODE

:31113' DIODE

FRAMING
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SCREEN ANODE
PLATE AND
VACUMM
INTERFACE

(b) (c)
200ns EXPOSURE
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.1 V 25cm
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-5004

100 400
Svm()' 
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Fig. 11. Illustration of e-beam uniformity measurements: (a) Schematic
showing relative positions of framing camera, scintillator, anode
plate and e-beam diode; (b) typical data taken with framing camera;
(c) Marx voltage, Vm, and e-beam current, 1b, incident on
scintillator, as functions of time. Arrows indicate times at which
framing camera exposures were made.
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at t 0.6 os is a result of the oscillation in V " at that time. A likely

cause for this oscillation may be the ringing frequency of the Marx

capacitance and diode inductance through the diode stray capacitance to

ground.

We assumed the radial electric field associated with the beam is

effectively shorted at the anode surface so that beam expansion was considered

to be an unimportant effect. This will be the case to the extent that the

cathode diameter (30.5 cm) is much larger than the AK gap spacing

( < 10 cm for the work reported here).

C. E-Beam Uniformity

The uniformity of the electron beam entering the switch region (see Fig.

2) was studied as illustrated in Fig. 11. The light generated from the e-beam

incident on a 25 cm-diam, 0.16-cm thick (62 mills) piece of NE 102A plastic

scintillator (2.4-ns decay time) was photographed using a fast framing

camera. The range of a 250-keV electron in plastic is = 0.08 cm.

As can be seen from the data [Fig. 11(b)], the beam is fairly uniform

(the dark horizontal lines are an artifact associated with the camera). The

light intensity on the scintillator will depend on the power deposited by the

electrons, i.e., on both Vm and Ib .  The film/camera sensitivity was not

determi ned.

IV. EBCS - Design and Initial Results

A. Experimental Setup

A schematic representation of the EBCS and associated circuit is shown in

Fig. 12. The switch hardware is illustrated in Fig. 13. It consists of

19
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This situation could be improved by shaping the cathode shank on the vacuum

side of the lucite insulator.

Carbon felt was chosen as the cathode material. This choice was made to

minimize the AK gap plasma closure velocity and for potential repetitive pulse

work.13

B. Diode Electrical Characteristics

The Marx current, Im, and voltage, Vm, are plotted in Fig. 10 as a

function of time for an AK gap of 5.7 cm. With AK gaps greater than this, no

obvious diode closure was observed during the pulse. The initial Marx

charging voltage was Vm(O) = 30 kV. Also shown is the calculated diode

impedance ZD VD/ID VdIm where VC and ID are the voltage across and

current through the diode, respectively, Note that Vm was measured using a

calibrated resistive voltage divider on the oil side of the lucite vacuum/oil

interface, (see Figs. 9 and 2) so that the diode voltage VD = Vm - LDdIm/dt,

where LD is the inductance between the voltage divider and the diode. For

this system LD < 200 nH and from Fig. 10 dlm/dt < 2x10 10A. Thus, during the

time of interest, the correction term, LDdIm/dt, is small( < 4 kV ) compared

with Vm ( 200 kV) and has been neglected, i.e., VD = Vm Also, we assumed

ID = Im where ID is the diode current. Note, the e-beam current that actually

enters the switch is < ID as a result of attenuation through the anode

plate/vacuum window structure (see Figs. 1 and 2).

The diode impedance calculated in this way is 2511 <Z < 35 il between

t - 0.8 and t = 2.5 us, where t is the time measured from the diode voltage

initiation. At t = 2.75 us, ZD begins to decrease sharply. Chosing this as

time at which the electrode plasma closes the AK gap gives an average AK gap

closure speed of v 2.1 cm/us. The small relative decrease in ZD

16



-7.' -7 . -~h . 7 . .7..- N . . 7 % 7. i ~.7 ( ' -Q*-J - -

o

the self-closing output switch does show some jitter. This has been improved

by providing a small gas flow in the output switch rather than the static

pressurizing system used in this test. The maximum controlled pulse width is

determined by the voltage decay across the divert switch because once below a

minimum voltage the switch will not fire.

III. E-Beam Diode

A. Diode Design

The diode is directly connected to the Marx generator as shown in Fig.

2. It has a rather large emitting surface area (730 cm2 ) and has the

requirement that the AK gap be variable from 5 cm to 15 cm. The diode chamber

is relatively large to minimize emission to areas other than the anode. To

help in this and other diode design problems an electrostatic field plotting

code12 was used to optimize the three critical areas of diode designs: the

shape of the front surface of the cathode, minimizing emission to areas other

than to the anode, and the field grading of the lucite insulator between the

oil in the Marx generator and the diode vacuum. The overall field plot of the

diode is shown in Fig. 7. The first two of the three objectives were achieved

but in doing so the third - that of optimizing the field grading on the lucite

insulator - was only partially achieved. As can be seen from the field plot

the grading of voltage across the vacuum-lucite interface is reasonably

uniform across the surface but in doing this the angle the field lines make

with the insulator surface is close to 900. This condition is not optimum for

suppressing electron multiplication or other types of streamer growth and is

only acceptable in this case because of the relatively low voltage involved.

15
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WITHOUT DIVERT SWITCH

(a)

200 KV

OUTPUT VOLTAGE
0.5is/DIV

WITH DIVERT SWITCH
(b)

200KV

OUTPUT VOLTAGE
0.25Ls/DIV

Fig. B. (a) Output voltage of e-beam generator into a 100 a dummy load with
no divert switch. (b) Output voltage of e-beam generator-into a
100 0 dummy load with divert switch set to minimum pulse-width.
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RI ClTRIGGER FROM
- FZL . PULSPAK I0

VV 0- 50 kV D.C.

C2

OUTPUT TO DIVERT
SWITCH S3
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RI R2 - 100 Meg OHMS
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C -- 2.5/F, 40 kV
C2 - .05,uF 50 kV [HIGH ENERGY #MLIOI]

.-- SW 50K

HEAVY LINE DENOTES MINIMUM INDUCTANCE WIRING

Fig. 7. Circuit diagram of 50 kV TPA for triggering the divert switch.
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divert system to be less than 10% of the minimum output pulse width.

Fortunately the Marx erection circuit exhibits very low jitter so that a

signal can be taken from the output of the 20 kV TPA triggering the Marx.

Picking up the trigger signal this early in the Marx erection time increases

the minimum internal delay required of the divert switch triggering circuit.

The timing signal is then passed through a standard low level delay generator

after which it must be amplified to the 50 kV level to provide the divert

switch trigger. The first stage in this amplification is the Pulspak 10 -- a

commercial generator (Physics International Company) that operates from a 10-V

input signal to provide a 10-kV output pulse into 50 a with a throughput delay

of 70 ns and a shot-to-shot jitter of ± 1 ns. The Pulspak output is used to

trigger a 50-kV TPA, illustrated in Fig. 7, that was designed for this task.

This TPA, when driven by the Pulspak, increases the throughput delay to 80 ns

* and does not measurably change the shot-to-shot jitter of ± 1 ns. The total

- delay of the divert switching circuit is, neglecting cable delays, less than

100 ns and the overall jitter including the Marx generator is less than + 10

ns.

E. System Test

The Marx, with the output switch and the adjustable delayed divert

switch, was operated with a 100- Q resistive load in place of the diode to

check system operation. The system was first operated with the output switch

* installed but without the divert circuit functioning. A typical waveform for

. this is shown in Fig. 8(a). Next, the divert circuit was operated providing

. the minimum width output pulse shown in Fig. 8(b). Displayed in Fig. 8(b) is

a five shot exposure showing that, at the oscilloscope sweep speed chosen

(0.2 us /div), there was no measurable jitter of the fall of the pulse while

12
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Fig. 5. Schematic drawing of divert switch.
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B. Initial Results

An equivalent circuit for the switch/inductive store system is

illustrated in Fig. 14. The circuit equation is

VC"" C dt SW SW =0 , (1)

*- where C is the capacitance of the capacitor used as the current source, I =

ISW + Ib is the total current measured in the switch circuit, ISW is the

* switch current, L is the value of the storage inductance, Vc(O) is the initial

voltage across the capacitance C, and RSW is the EBCS resistance. For all

' data shown here I = I Also, in all cases the switch polarity is such as. SW"

to accelerate the injected e-beam electrons. The first two terms in Eq.(1)

represent the instantaneous voltage across the capacitor, Vc. The third term

is the voltage across the storage inductance. The voltage across the switch

is VSW = IswRsw. By making RSW large very quickly, large negative values of

- dIsw/dt can be ohtained, leading to high voltage across the switch. Because

* we are using an open circuit as a load, the output voltage V0 = VSW.

Results using a 5-atm mixture of 99% methane (CH4 ) as a base gas and 1%

2
* hexafluoroethane (C2F6 ) as an attacher in a switch of area A = 500 cm and

electrode separation 9 = 2 cm with an e-beam AK = 7.8 cm are shown in Fig.

15. In this figure the switch voltage, VSW [determined from the measured ISW

and Eq. (1)], along with ISW and lb are plotted as a function of time. Also

indicated is the initial charging voltage Vc(O) = 26 kV on the

- capacitor C = 1 uF. For this shot the Marx charging voltage was Vm (0) =

* 35 kV giving a peak e-beam energy of 210 keV. The storage inductance

was L = 1.5 uH.

For these conditions, the ratio of the peak switch current to peak e-beam
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current, or current gain, was e 10, the peak switch current density was

2bAc 2 a and the peak voltage generated was V 280 kV. Thus we have

obtained a voltage gain of V w/YO) = 10 with a similar pulse compression

ratio (time to energize inductor/FWHM of output pulse). These parameters are

well within a factor of two of the simple analytic predictions. 1  Note that

the switch area is fairly uncertain because of e-beam profile effects. The

*peak switch current is only = 10 kA because the divert switch on the Marx was

triggered too early. The quarter period of the inductive store circuit

(L = 1.5 PH, C = 1.0 ijF)is = 2 Ps, while the conduction phase lasts only

- 0.7 vs. The maximum switch resistance was computed using Eq. (1) and

is = 0.7 Q , which is comparable with /I-7C-= 1.2 9. Note that Rsw could be

smaller if the switch were to conduct longer.

In summary, the switch worked as predicted from the analytic analysis. A

voltage pulse of approximately 280-kV amplitude and 60-ns FWHM was generated

against an open circuit load. The voltage amplification factor and pulse

compression ratio were both = 10. The results illustrated in Fig. 15 are

from the first shots. No attempt was made either to optimize this data or

make systematic variations in the parameters because of insufficient funds to

continue the work.

V. Proposal for Future Work

Future work in the area of EBCS should concentrate on three main areas:

1) switch gas optimitization, 2) load considerations, and 3) repetitive

operation.

In the first area, the effects of using attaching gases as well as

behavior of the base gas must be quantitatively understood so that a low

switch resistance during conduction together with a fast opening can be
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obtained. That is, in principle, some gas or gas combination exists for which

current gains of e = 102-103 (10_102 times higher than demonstrated in this

work) are possible at e-beam currents of Ib 1 1 kA and with the same rapid

recovery demonstrated in Fig. 15. This would require careful and systematic

- parameter variation with comparisons to calculations. The experiments should

be done with a > 1 us single pulse experiment to avoid complexity. In this

and longer conduction time regimes both macroscopic breakdown and microscopic

discharge stability should be investigated, as well as effects of gas

decomposition.

The second area of work would determine how efficiently an inductive

system employing an EBCS can be made to work. Again, this could be done in a

single pulse mode, possibly at higher currents (> 100 kA), and with a variety

of relevant loads (e.g., e-beam diode or imploding plasma). This would also

require developing an appropriate e-beam source.

Finally one should consider how a repetitive system could be designed.

In general, repetitive inductive store systems have not been considered in

detail within the context of a given problem, although some elementary

analyses utilizing the EBCS have been performed.7 ,14 This is an area that

must be addressed (if for no other reason than) to identify potential problem

areas.
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