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A new scheme of the high-voltage pulse generator with a partial discharge of a capacitive energy storage on the
base of the magnetically-controlled opening plasma switch tube is presented and investigated. The high-current
magnetron discharge with the secondary-emission cold cathode in crossed-fields is used in the tube. The particulari-
ty of the generator scheme is the application of the anode voltage to the tube through a voltage divider to decrease
the magnetic control power. The other special feature is the usage of an additional closing switch device (e.g., an
ignitron) which is connected in series with the tube. The latter device is being triggered with some delay relatively
the activation of the plasma switch tube. This technical approach creates conditions for a generation of the load cur-
rent pulses with a minimal jitter due to ignition of a primary (pre-ionization) discharge in the tube before triggering
the closing device. Therefore, the start of the load current pulses is determined by triggering the closing device how-
ever the finish of the same thing is depended on the magnetron discharge switching-off through magnetic field turn-
ing-off in the tube. The new generator provided a stable generation of pulses at the amplitude of up to 200 A, dura-
tion in the range of 15...70 us, the anode voltage of up to 20 kV and the average power of up to 100 kW. The pulse

generator is designed for use in radio electronic and electro physical systems as well as in a plasma technology.

PACS: 52.75.Kq, 52.80.Sm, 84.30.Ng

INTRODUCTION

In techniques of generating high-voltage rectangular
pulses with a duration of tens to hundreds microseconds
at current amplitudes up to several kiloamperes and the
average power of up to 100 kW, gas-discharge (plasma)
closing-type tubes are ordinarily used as switch devices
together with artificial pulse forming lines as an energy
storage [1]. Such technical approach is rather complex,
material-consuming, and requires large cost input. Other
schemes having a partial discharge of a capacitive ener-
gy storage are simpler, however they require the usage
of high-voltage high-current opening devices (tubes-
interrupters) which are able to repetitively switch-off
the current with a frequency up to hundreds hertz [1, 2].

Among the known opening switches, the attractive
one is the magnetically controlled gas discharge tube on
the base of the magnetron discharge in crossed fields
(ExH) which is able to work in pulse generators with
the said above parameters [2, 3]. This tube has a sec-
ondary ion-electron emission cold cathode and a simple
diode electrode structure having the low-voltage drop
(~500 V) during the conductive phase of operation. The
tube does not contain control grids between the cathode
and the anode. The product of pd (p is the gas pressure,
d is the length of the cathode-anode gap in the tube)
corresponds to values which are less than this product
matching the left branch of the Paschen curve. The
mean free path of electrons for ionization collisions at
the given p in the free space is much larger than d, but
the real electron path within the tube equals d. There-
fore, the gas ionization practically does not occur and
the voltage hold-off of the cathode-anode gap without
the magnetron discharge can reach 100 kV. This one is
the so-called opening state of the tube. However, when
the magnetic field crossing with the electric field at the

induction B > B, (B, is the critical induction, see (1)
below) is created in the cathode-anode gap, electrons
are trapped to their long cycloid trajectories by the
magnetic field and are able to effectively ionize the gas.
Then the magnetron discharge and the so-called closing
or conductive state of the ExH tube are being estab-
lished, the current goes through a load of the pulse gen-
erator. The turning-off the magnetic field leads to shut-
ting down the magnetron discharge and the opening
state of the tube is established with the interruption of
the load current. The switch-on and switch-off processes
may be repeated for generation of pulse series.

Also, the magnetron discharge based opening de-
vice, called as “Crossatron”, is well known [1, 2]. It
contains control grids between main electrodes and per-
forms similarly to vacuum electronic tubes having grids
between the cathode and the anode that control the pass-
ing of the electrical current through tubes. However, the
presence of the grids in the “Crossatron” leads to com-
plications relevant to the grids cooling, their thermo-
mechanic shape stability, and arising arc cascades be-
tween electrodes being at high operation power, espe-
cially, at long current pulses of tens to hundreds micro-
seconds. Diode switch tubes are deprived of said com-
plications. It is also worth to note the low-cost of diode
tubes, too.

At the same time there are some disadvantages that ex-
isting for the magnetically controlled diode tubes. The
first issue is dealing with the power-consuming genera-
tion of the control induction B > B, [1, 2]. Indeed, one
can see from the well-known formula for the magnetron
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where e is the charge and m is the mass of electrons; U
is the anode voltage. The value of the critical induction
B., is bigger when U is higher. This issue is of great
importance because the magnetic control needs high-
current/high-power  supply  for  control  coils
(Ber ~ 0.1 T). Also, the higher is the switching voltage,
the greater starting losses in the tube are. The only way
to solve the said problems is a forced decrease of the
anode voltage during the stage of the magnetic initiation
of the magnetron discharge.

The next issue is a relatively large jitter in the begin-
ning of the conductive state in the diode tube and insta-
bility of the anode current pulse duration at the purely
magnetic control. This one is due to the absence of the
initial gas ionization in the gap before the magnetron
discharge ignition. The said problem is stronger when
the pulse generator is used at the average power rating
of tens kilowatt while the complex behavior of gas me-
dium occurs in the tube.

In the present work, a new approach is realized to
solve the above mentioned technical problems in the
high-voltage pulse generator on the base of the diode
tube-interrupter with crossed fields due to the usage of a
modified electrical scheme of the pulse generator and an
additional closing device connected in series with the
tube-interrupter.

1. DESIGN AND TESTING OF THE NEW
SCHEME OF PULSE GENERATOR

Fig. 1 shows the simplified drawing of the ExH tube
and its general view. The electrode system of the tube is
similar to one described in [3].

The gap d between the cylindrical anode (1) and the
cathode (2) is 1 cm. The cathode diameter is 12 cm, the
axis length of the cathode working surface is 19 cm, so
the working cathode surface area is about 716 cm?. Ma-
terial of the electrodes is non-magnetic stainless steel.
Hydrogen filling in the tube is maintained by the hot Ti-
H reservoir (hydrogen generator) (6) at the pressure p in
the range 3...10 Pa. As it is mentioned earlier the prod-
uct pd corresponds to values which are less than this
product matching the left branch of the Paschen curve
for hydrogen. The hot Ti getter (7) stabilizes the compo-
sition of gas medium within the tube. The control coil
(3) consists from four sections, each section has 4 turns.
The coil is supplied by the pulse current from a thyristor
generator. The cathode (2) has the longitudinal slit (8)
for providing fast penetration of the pulse magnetic field
generated by the coil (3) into the gap between the elec-
trodes. The radioactive isotope tablet (5) is used to gen-
erate some primary ionization in the gap and to some-
what decrease the jitter of the primary ExH discharge
arising in the tube. This discharge is one of glow types
and is maintained due to secondary ion-electron emis-
sion of the cold cathode (2).

As it is well known the cold cathode current density
in the ExH discharge may reach tens of A/cm? without
the glow-to-arc transition [2, 3]. This fact is essential
because in case of arcing the discharge can not be shut
down and the tube cannot be opened by switching-off
the control coil.

Fig. 2 shows the simplified electrical scheme of the
pulse generator with the additional closing device con-
nected in series with the ExH tube-interrupter. Fig. 3
shows the simplified operation diagrams illustrating the
work of the pulse generator.
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Fig. 1. Simplified drawing of the ExH tube (a) and its
general view without control coil (b): 1 —anode;
2 — cathode; 3 — control coil; 4 — glass envelope;

5 — radioactive isotope; 6 — Ti-H hydrogen reservoir

(source of H,); 7 — Ti-getter; 8 — slit in the cathode;

9 — anode isolator; 10 — water flow for cooling of the

anode, the upper cathode flange was also provided with
water cooling

At

Fig. 2. Electrical scheme of the pulse generator with the
E xH tube-interrupter (VL1) and the additional closing
device (VL2): Al, A2 — control pulse generators;

C1 - energy storage; R1 — load; R2, R3 — voltage
Divider; L — control coil; R4, C2 — circuit to form
starting pulses for forming the stable primary
low-current discharge in the tube VL1

The capacitor C1 is charged from an external DC
power supplier up to voltage Uc; (see Fig. 3). It serves
as an energy storage/supplier for the load R1 during the
load pulse current generation when both switch devices
VL1 and VL2 are in the closed state. The generator Al
supplies the coil L with current pulses for generation of
the control magnetic field within the tube VL1 and initi-
ation of the ExH discharge as in the modulator tube,
described in [3]. The additional switch VL2 is a high
voltage device of a closing type. It may be either an
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ignitron with liquid Hg cathode (as it is shown in Fig. 2)
or a thyratron with a thermionic or cold cathode, or a
high-voltage thyristor module. In our case, the high-
voltage ignitron IRT-6 is used [4]. The semiconductor
pulse generator A2 is used to start the VL2 device. The
circuit of the pulse generator A2 is similar to that de-
scribed in [5].

The voltage divider R2-R3 applies the voltage U, to
the tube VL1, which is less than the voltage Uc; of the
capacitor C1 before initiation of the primary ExH dis-
charge in the tube VL1 (t < t;) when the device VL2 is in
the non-triggering state. Since U, < Uy, this allows to
4initiate the ExH discharge at lower values of the coil
current, see formula (1). Note the resistance of the load
R1 is much less than the input resistance of the voltage
divider R2-R3. The role of the circuit R4-C2 will be
explained later.
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Fig. 3. Operation diagrams of the pulse generator:

i. — coil current; U, — anode voltage of the tube VL1;
Uc; — voltage on C1; U, — initial anode voltage of the
tube VL1 (on the resistor R3); U, 4 — voltage on the
E xH discharge (on the tube VL1 in the closed state);
i, — load current (current through VL1, VL2, and R1)

2. OPERATION OF THE GENERATOR
AND ITS OPTIMAL WORK CONDITIONS

In the initial state, capacitors C1 and C2 are charged
to voltages Uc; and U,, respectively. The Ug; value is
set by the voltage of an external DC power supplier.
The U,q value is set by the voltage divider R2-R3 or a
voltage drop on R3. The dividing factor is chosen from
the following conditions on U, values.

The minimum permissible voltage drop U, on the
resistor R3 has to be higher than 1 kV at which the dis-
charge in the tube VL1 is reliably ignited. The maximal
voltage U,, should be lower than 5 kV for a notable
reduction of B, as well as the reduction of the control
coil current relatively the values that could be in the
schemer having no additional closing device and work-
ing with purely magnetic control of the tube at our
Uc: = 20 kV. By the way, the purely magnetic control
was used for ExH tube in [3].

Then a current pulse i is applied to the coil L, a
magnetic field is created in the cathode-anode gap of the
tube VL1 initiating the primary low-current ExH dis-
charge in the gap along with transition of the tube to the
conducting state at the time t; (see Fig. 3). After that the

resistor R2 of the voltage divider R2-R3 begins to per-
form the function of the limiting resistor for the primary
ExH discharge in the tube.

Our experiments have demonstrated that the excita-
tion of the stable primary low-current ExH discharge on
the large cathode surface takes place only when a start-
ing short-time pulse is generated with the amplitude I
in the range of (10...40)l,, and the duration of at least
5...20 ps. Herein, I, is the minimum stable glow dis-
charge current in crossed ExH fields. The value of I,
is 10...50 mA in our case. The “stable discharge” means
the relaxation oscillations free one having no misses in
load current pulses. It is known low-pressure glow-type
discharges often oscillate at low currents, especially
when high ballast (current limiting) resistors are used.
The large cathode surface of the VL1 promotes arising
oscillations due to a strong decrease of the mean cath-
ode current density and a possible variation of second-
ary ion-electron emission along the cathode surface.

The starting pulse is formed by the R4-C2 circuit.
The resistance R4 and the capacity C2 are selected with-
in the certain range (see later) to obtain the required
parameters of the starting pulse. From a physical point
of view, the starting pulse is required for a rapid accu-
mulation of a sufficiently large concentration of charged
particles in the cathode-anode gap and the formation of
the stable low-current primary glow ExH discharge.
Unfortunately, no-one exactly knows what is the struc-
ture of this discharge at the low average cathode current
density (< 0.1 mA/cm?). However, we can suggest that
the primary discharge is formed by constricted glow
spots analogously to the normal glow discharge.

After ending the starting pulse, the R2 ballast resistor
current is mainly going through the tube VL1. The mag-
nitude of this current have been chosen at the level of
(1...4)1, in which the storage capacitor C1 is dis-
charged insignificantly. During this period, the tube
anode voltage is equal to the voltage maintaining a low-
current glow ExH discharge, i.e., to Uyq ~ 300 V (see
Fig. 3). This discharge supports the pre-ionization in the
tube and ensures that the tube is ready for a high-current
switching with the minimal jitter in a wide range of op-
erating parameters.

At the t, time (see Fig. 3) a triggering pulse from the
generator A2 is applied to the additional switch device
of the closing type VL2 which enters into the conducting
state and shunts the ballast resistor R2 (at the upper part
of the voltage divider R2-R3). The current through the
load R1 and the tube i, (see Fig. 3) rises sharply to the
nominal value with the jitter of the order of 1 ps.

At the t; time, when the magnetic field of the coil is
becoming less than it is necessary to maintain the ExH
discharge in the tube VL1, the latter turns off and the
current in the load is interrupted. Also, the current in the
device VL2 is terminating and the voltage at the tube is
becoming equal to the residual voltage on the storage
capacitor C1 due to the post-discharge conductivity of
the device VL2. The capacitor C2 is being fastly charged
up to the same voltage — to the voltage on the storage
capacitor C1. Since the device VL2 is deionized, the
capacitor C2 is being slowly discharged to the level
determined by the R2-R3 divider.
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In order to prevent the VL2 device transition into
continuous burning mode the discharge rate of the ca-
pacitor C2 through resistors R3 and R4 is set lower than
the rate of recovery of the device voltage hold-off.

Experimental testing of the new pulse scheme was
carried out with the electrical scheme the simplified
drawing of which is presented in Fig. 2. The generator
has generated rectangular current pulses with an ampli-
tude around 200 A on an active load of 100 Q resistance
and 20 kV voltage. The average power of the generator
was up to 100 kW and the duration of the magnetic field
pulse was 100 ps.

When the generator was built on the base of the sin-
gle ExH tube-interrupter, the power loss for magnetic
control was equal to 16 kW at 400 Hz. The periodic
instability (jitter) of the onset of high-current switching
had reached 17 ps and had been depending on the pulse
rate. The current pulse duration in the load was fluctuat-
ing in the range of 30...55 ps. After the generator power
has been increased above 100 kW the duration of nor-
mal operation was not exceeding 4...5 min and then the
tube-interrupter was operating with instability and a
pulse missing.

The two-device scheme (see Fig. 2) for testing of the
new generator has been built with the described above
ExH tube-interrupter (see Fig. 1) as VL1 and the igni-
tron of IRT-6 type as VL2. The I, value of the tube
was set at 23 mA, the U,, value was set at 5 kV, the
resistances R2 (600 kQ2) and R3 (200 kQ) were chosen
in accordance with the above said criteria for the U,
value selection.

The current i, in the period [ty t,], i.e., during the
low-current primary discharge, was 33 mA. The re-
sistance R4 = 6.8 kQ and the capacitance C2 = 1800 pF
have ensured the display of the discharge constant of
12.2 us and the amplitude of the starting pulse of
I¢ = 730 MA.

As a result, the magnetic control power loss was de-
creased down to 4 kW at the pulse rate of 400 Hz. The
duration of current pulses in the load was smoothly reg-
ulated in the range of 15...70 us by changing the time
moment t, of the ignitron VL2 triggering. The maximum
average power transferred to the load was 112 kW. The
jitter of the start of switching did not exceed 1.5 pus
when operating at 400 Hz up to a half an hour.

When the parameters of the starting pulse were de-
creased, the generator operation was deteriorated.
Moreover, when the capacitor C2 was disconnected the
upper limit of the stable operation in terms of the pulse
rate was only 100 Hz. Increasing the resistance R2 to
1 MQ and above led to an unstable low-current dis-
charge in the ExH tube and also the high-current pulse
misses have occurred. In this case, the upper limit of the
stable operation in the pulse rate range was about 50 Hz.
Decreasing the resistance R3 below the selected value of
200 kQ (in particular, down to 50 kQ) led to the transi-
tion of the ignitron IRT-6 to the unstable recovery of its
voltage hold-off.

There could be some modifications of the pulse gen-
erator on the base of two switching devices connected in
series. Some of them address methods for creating a
pre-ionization in the ExH tube. In the first modification
having no voltage divider, the pre-ionization may be

realized by a low-current primary magnetron discharge
maintained by a DC power source (voltage ~ 1 kV)
connected to the tube through a high-voltage isolating
diode (e.g., kenotron). In the second modification, the
starting pulse may be formed by a separate generator.
The latter modification must include a high voltage iso-
lating electronic element, too. Obviously, it is more
convenient and simpler to introduce a stable preliminary
ionization with the R2-R3 voltage divider and the R4-C2
circuit.

Decreasing the voltage on the ExH tube prior to the
magnetron discharge initiation can be made not only
using the voltage divider R2-R3. This also could be
made using the second closing switching device (a hy-
drogen thyratron is better) connected in parallel to the
tube VL1 through the capacitor C, instead of the device
VL2, connected in series as it is shown in Fig. 2. Using
the latter approach the ignition of the magnetron dis-
charge in the tube was occurred when the capacitor C,
was charging from the zero voltage. Our experiments
have confirmed the possibility of the realization of this
technical approach, however the absence of the pre-
ionization in the tube and the complexity of providing
generator operation stability, since the increase of the
jitter, made this approach less preferable than the one
that was presented in Fig. 2.

Also, another experiment with two switching devices
connected in series has been carried out. The low-
current magnetron discharge in the ExH tube was con-
tinuously sustained in the magnetic field of a permanent
magnet with applying the voltage of 1 kV to the tube
from a DC power supply through the isolating electronic
element. This discharge provided the continuous pre-
ionization in the tube. The triggering of the second
(VL2) device (ignitron IRT-6) has provided the start of
the high-current pulse in the load with the jitter of ~us’s
instability. The switching-off the magnetic field in the
tube has led for finishing the current pulse in the load.
In order to shutdown the magnetic field in the tube we
used the compensation of the permanent magnetic field
by a pulse magnetic field generated with the control
coil. However, it was technically difficult to compensate
ideally the magnetic fields in the large tube and we were
not able to maintain the stable work of the tube-
interrupter in the said above range of parameters. There-
fore, the latter modification was also not preferable than
the one which was presented in Fig. 2 and described
earlier in the paper.

CONCLUSIONS

A new scheme of the high-voltage pulse generator
with a partial discharge of a capacitive energy storage
on the base of the magnetically-controlled opening
plasma switch tube with the secondary-emission
crossed-fields cold cathode in crossed-fields has been
described. A high-current inverted magnetron discharge
was used in the ExH tube. The particularity of the gen-
erator scheme is the application of the anode voltage to
the ExH tube through a voltage divider to decrease the
magnetic control power. The other special feature is the
usage of an additional closing switch device (e.g., an
ignitron) which is connected in series with the ExH
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tube working as a current interrupter. The closing de- REFERENCES
vice defines the starting moment of the load current
pulse while the ExH tube-interrupter determines the
finishing of the current pulse in the load.

Our experiments have confirmed the effectiveness of
the new proposed two-device scheme for the pulse gen-
erator with a partial discharge of capacitive energy stor-
age. As a result, the magnetic control power has been
decreased by a few times. The proposed generator oper-
ation mode provides pre-ionization in the tube due to
ignition of the primary discharge before triggering the
closing device. That decreases the jitter and stabilizes
the work of the generator in general. Some complexity
of the generator electrical scheme due to imposition of
the second switch device is paying off by enhancing its
stable operation with the jitter about 1 ps at the anode
voltage up to 20 kV, pulse current amplitude up to
200 A, pulse duration in the range of 15...70 ps, and
average power up to 100 kW. The new pulse generatator
is intended for use in radio electronics and electro-
physics systems as well as in a plasma technology.
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TEHEPATOP BUCOKOBOJIbTHUX IMITYJIBCIB HA OCHOBI IJTA3MOBOI JIAMITHA
3 XOJIOJHUM KATOJAOM Y HEPEXPEIEHUX ITOJISAX

Al Ky3zomuuce

[IpencraBneHo Ta ZOCIKEHO HOBY CXEMY I€HEPATOPa BUCOKOBOJIBTHHX IMITYJIBCIB 3 YACTKOBUM PO3PSAAOM €M-
HICHOTO HAaKONHMYyBaya CHEprii Ha OCHOBI MarHiTOKEPOBaHOI PO3MHKAIOYO] IIIa3MOBO1 JIaMIIK. Y JaMIli BUKOPUCTO-
BY€ETHCS CHIIBHOCTPYMOBHH MarHeTpOHHHH pO3psiz i3 BTOPHHHO-EMICIITHUM XOJOAHUM KaTOJIOM Y NMEPEXpPEIleHUX
noiax. OcoONuBICTIO CXeMHU TeHepaTopa € 10/a4a aHOAHOI HANpyTH Ha JIaMITy 4epe3 AUIBHUK HalpyTH Ul 3MEH-
IIEHHSA IMOTYXXHOCTI MarHiTHOTO KepyBaHHS. [HIIOIO OCOONHMBICTIO € BHKOPHUCTaHHS JOJATKOBOTO 3aMHKAaKOuOTO
npwiaay (HanpuKIaja, irHITPOHY), SIKUH ITJKITIOYAEThCS MOCTHINOBHO N0 jaMnu. OCTaHHIM npuial crpaunboBye 3
JISSIKOTO 3aTPUMKOIO BiTHOCHO aKTHBAIIil 71a3MOBOT Jlammu. Takuii TeXHIYHUN MPUIIOM CTBOPIOE YMOBH ISl TeHEpa-
il IMITyJIbCIB CTPYMY HaBaHTaXXECHHS 3 MIHIMAJIbHUM JDKHTTEPOM 32 PaxXyHOK 3alalloBaHHS NEPBUHHOTO (TIepemio-
HI3aliiHOT0) PO3ps/Iy B JIaMIli JI0 CIIPAllbOBYBaHHS JOAATKOBOTO 3aMUKAIOYOro Mpuiiaay. ToMy HOYaTOK iMITyJIbCIB
CTPYMY HaBaHTa)KEHHS! BU3HAYAEThCS CHPAIbOBYBAHHSIM 3aMHUKAIO4Oro MPHIIay, ajie 3aBepIleHHs IMITYJIbCIB CTPY-
MY HaBaHT)XCHHsI 3aJISKUTh BiJI BAMKHEHHsSI MAarHETPOHHOTO PO3PSY Yepe3 BiAKIIOUEHHST MarHiTHOTO TI0JIS B JIAM-
ri. HoBuit reHepaTop 3a0e3meuuB CTaOLIbHY TeHepalliio iMIybciB aMIutiTy om0 10 200 A, TpHBaJicTIO B Aiana3oHi
15...70 mkc, aHOOHOIO HampyToro 10 20 kB i cepemuporo moTyxHicTio 10 100 kBT. ['eHepaTop iMmmysbciB mpu3Ha-
YEeHUH 17151 BUKOPHCTaHHS B PaJi0CJICKTPOHHMX Ta eIEeKTPO(]I3NIHNX CHCTEMaX, a TAKOXK Yy TIa3MOBIi TEXHi.
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