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Abstract – The rise rate of megaampere inductive 
load current has been increased using two stages of 
series-connected plasma opening switches. At a 50-
kV charge voltage of the Marx generator, a micro-
second plasma opening switch switched a current 
of 4 MA with a risetime of 1.1 μs (~ 4⋅1012 A/s). 
With the switch open, a current of up to 2.5 MA 
with a rise rate of up to 1.5⋅1013 A/s was switched 
into an interstage coaxial line of inductance ~ 70 
nH. In the optimal mode, a current of 1.2 MA with 
a rise rate of ∼ 5⋅1013 A/s was switched into a ~70-
nH load of the second stage. The voltage amplitude 
across the second stage ranged to ∼ 4 MV that cor-
responds to a sevenfold increase in the output volt-
age of the Marx generator. 

1. Introduction 

Experimental investigations with the aim of peaking 
the current pulse and increasing the load voltage by 
the second-stage plasma opening switch are known 
from the literature [1, 2]. The load power is amplified 
through optimizing the elements of the experimental 
arrangement [3], which is determined to a great extent 
by the characteristics of a plasma opening switch 
(POS). For an inductive energy store with a POS, the 
power switched into the load is proportional to the 
product I0×dRs/dt, where I0 is the current of the induc-
tive energy store (and of the POS) and dRs/dt is the 
rise rate of the POS resistance. Experiments with 
plasma opening switches [4] showed that decreasing 
the charge Q0 ~ I0×t0 switched in a POS in the conduc-
tion phase causes its resistance Rs in the open state to 
increase, all other things being equal. Of importance 
here is to optimize the POS design. A decrease in the 
time of current lead to an inductive energy store alone 
does not crack the problem of power amplification. 
Experiments on the MARINA setup [2] demonstrated 
that a tenfold decrease in the time of current lead in 
the second stage (Q0 was decreased about ten times), 
with the amplitude I0 and linear density (I0 / 2πrc) of 
the cathode current kept near-constant, scarcely af-
fected the ratio dRs/dt. At the same time, increasing 
the linear density of the cathode current four times 
(from 10 kA/cm [2] to 40 kA/cm [1]) caused a twofold 
increase in dRs/dt (from 0.5 Ω/ns to 1 Ω/ns), though  
 

the charge Q0 in [1] was three times as great as that in 
[2]. Thus, optimization of the electrical parameters of 
the two-stage circuit goes hand in hand with optimiza-
tion of the second-stage plasma opening switch Rs2. 
To calculate the two-stage circuit for the GIT12 gen-
erator, the basic characteristics were taken to be those 
of Rs2 realized on the GIT4 setup [2] and adjusted to 
the charge expected in the conduction phase [4]. Esti-
mates have shown that the actual resistance Rs2 is ~ 3 
Ω with a risetime of 15 ns. On this basis, the optimal 
inductance L2 separating the two stages L2 ~ 40 nH. 
For the optimal magnetic field to be kept at the cath-
ode (~ 40 kA/cm), the cathode diameter must lie in the 
range (25 – 30) cm. 

2. Experimental procedure 

Figure 1 shows the circuit of the GIT12 setup with 
two series-connected POS stages of power amplifica-
tion. In the first stage, use was made of a microsecond 
plasma opening switch (S1) with 96 plasma guns (PP) 
arranged in two rows (64PP+32PP). The switch S1 
was capable of switching a current of up to 5 MA and 
had a resistance in the open state of up to 0.8 Ω with a 
risetime of ~ 50 ns [5]. The electrodes of the switch S1 
were 790/700 mm in diameter. The delay time be-
tween the onset of plasma injection and the operation 
of the Marx generator td1 was 5 μs at all times. The 
inductance L2 separating the stages consisted of two 
sections: a magnetically insulated vacuum coaxial line 
(MITL1) of length ~ 1.4 m, diameters D/d = 300/280 
mm, and impedance ρ1 ~ 4.1 Ω and a convolute to S1 
– L1-2. The homogeneous MITL1 section was included 
to provide time decoupling of the processes occurring 
in the switches S1 and S2 and to estimate the voltage 
across the switch S2 from the current wave in the line 
with impedance ρ. As a results, the calculated induc-
tance between the stages L2 ~ 70 nH. 

The second-stage plasma opening S2 had 48 
plasma guns from which plasma was injected vie a 
∅380-mm rod anode to a ∅260-mm central electrode 
with hemispherical convolute to a ∅40-mm tube. The 
optimal delay time td2 between the operation of 48 
plasma guns and opening of the switch S1 was (1.6 ÷ 
2) μs, the calculated load inductance Ld ≅ 70 nH, and 
the loads for S1 and S2 were thus identical. 
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Fig. 1. Experimental arrangement and a photo of the 
unit with POS’s and MITL 
 
Part of the experiments was performed with a vacuum 
coaxial line MITL2 (shown dashed in Fig. 1) of length 
2 m, diameters D/d = 206/40 mm, and impedance ρ2 ~ 
100 Ω which was connected in series with the load Ld. 
The vacuum coaxial line MITL2 was used mainly to 
measure the voltage across the switch S2 from the 
current wave in the self-magnetically insulated line 
whose electric length equaled or exceeded the Us2 
risetime. 

The parameters to be measured were the generator 
current I1, the current between the MITL1 stages I2, 

the load current I3, the MITL2 currents Ic, Ia, and the 
voltage UL across the combined electrode downstream 
of the inductance L1 ≅ 23 nH and upstream of the 
switch S1. 

The problem of measuring the MITL current is as-
sociated with electron losses at the front of the self-
insulation wave. Therefore, the sensor should be 
guarded against direct impact of the beam and the 
action of the thus produced plasma. We decided on a 
magnetic loop sensor placed in an inductive slot with 
vacuum insulation (see Fig. 2). Such anode sensors 
were placed in the MITL1 and at the input and short-
circuited end of the line MITL2. Moreover, to meas-
ure the electron losses at the anode, we arranged pin-
diodes at the S1output, near the MITL1current sensor, 
at the MITL2 input and output 100 mm away from the 
anode tube flanges. The pin-diodes were housed in 
lead cases to eliminate the action of X-rays from the 
adjacent regions and to measure the electron losses 
only near the pin-diode region. 

To measure the cathode current, MITL2 was pro-
vided with inductive Co slots, a signal from which 
was transmitted through a double-shield cable inside 
the ∅40-mm central tube (Fig. 3). 

 
Fig. 2. Photo of the current sensor for measuring Ia 

 
Fig. 3. Design of the current sensor on the central 
electrode: 1 – copper conductor, 2 – stainless steel 
tubes, 3 – shielded coaxial cable 
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3. Results and analysis of the experiment 

The experiments were performed at a 50-kV charge 
voltage of the Marx generator (I1~ 4 MA/1.1 μs). Fig-
ure 4 shows characteristic waveforms for the operation 
of the two-stage circuit with a load Ld ≅ 70 nH. The 
current I2 reached (1.6 – 2.5) MA, depending on the 
delay time between the PP2 operation and the S1 open-
ing (1.5 μs < td2 < 2.5 μs). The oscillograms in Fig. 4b 
are indicative of a successive increase in the rise rate of 
the current from the generator to the load (from ~ 
4.5⋅1012 A/s to ∼ 5⋅1013 A/s). The voltage across the 
first stage Us1 ~ 1 MV (Fig. 4с). The voltage across the 
switch S2 from the generator side is estimated as Us2 = 
Us1+dI2/dt*L2 ≅ 2.7 MV (curve 1) and that across the 
load Ld*dI3/dt ~ 3.3 MV (curve 2). 

For I2 = 2.5 MA/350 ns, the resistance of the 
switch S2 is ~1.5 Ω. As the conduction phase of the 
switch S2 is reduced to (150 – 200) ns, the switch re-
sistance increases to ~ (2.5 – 3) Ω. 

 a 

b 

 c 
Fig. 4. Typical waveforms for the operation with a 
load Ld ≅ 70 nH 
 
4. Measurements with the use of the line MITL2 
 
It was supposed that by measuring the central cathode 
current Ic and the anode current Ia the voltage could be 
measured in the approximation of the limiting or minimum 
self-magnetic insulation current in a stationary MITL [6,7]. 
In the case of an unsteady voltage pulse (as was with the 
switch S2), the analysis of the processes occurring in the 
MITL becomes more complicated. Another negative fac-

tor was the intense flux of high-energy particles generated 
at the MITL2 input in the region of the switch S2. For this 
reason, with plasma delays td2 ≥ 2 μs (I2 ≥ 2 MA), we 
have not managed to obtain interpretable signals at the 
MITL2 input. The arrangement of a ∅90-mm anode dia-
phragm at the MITL2 input was also found useless. 

Figure 5 shows waveforms for the experiment with the 
MITL2 at td2 = 1.6 μs. The voltage U2, as in Fig. 4с, was 
determined from the expression U2 = Us1+dI2/dt*L2. The 
dynamics of the processes occurring in the MITL is readily 
demonstrated by the signals from the pin-diodes shown in 
Fig. 5c. Electron losses are found in MITL1 almost 
throughout the conduction phase of the switch S2, when 
the energy is stored in MITL1 (signal pin3). On opening of 
the switch S2, the losses in MITL1, where the current I2 ≅ 
1.8 MA, increase many times. Note that for MITL1 (ρ1 = 
4.1 Ω) at UMITL = 4 MV, Imin ~ Ilim = 1.3 MA. At the 
MITL2 input, intense electron losses are found throughout 
the high-voltage phase (signal pin2). At the short-circuited 
end of MITL2, the signal from pin1 appears with a delay 
Δt = (~7 – 10) ns and with an amplitude lower by a factor 
of ≥ 10. It is characteristic that within 30 – 40 ns after the 
rate of electron losses in the region pin1 increases abruptly. 
When the latter is due to the arrival of superfast rare 
plasma fluxes from the S2 region, their rate reaches ~ 4.109 
cm/s. The duration of X-ray pulses at FWHM is 20 – 40 
ns. 

 a 

 b 

 c 
Fig. 5. Typical waveforms of the current in experi-
ment with MITL2 (I2 – current in MITL1, Ia, Ic 
– currents at the MITL2 input) and signals from the 
pin-diodes (the pin2 sensitivity is lowered five times) 
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The delay between the signals from the sensors at 
the central electrode varies from 8.5 ns to 11 ns and at 
the outer anode electrode from ~ 7 ns to 11 ns. Be-
cause of the nonlinearity of the line characteristics 
during the propagation of the self-magnetic insulation 
wave within the voltage pulse risetime, it is more ade-
quate to compare the currents in one cross-section, in 
our case at the MITL2 input and output. Figure 6 
shows plots of the ratio of the cathode current Ic to the 
total current Ia at the input and at the short-circuited 
end of the line which describes qualitatively the char-
acter of the process. As the current wave reflected 
from the short-circuited end goes farther, the fraction 
of the current in the central conductor increases and 
tends to unity. Estimate of the voltage from the plots 
shown in Fig. 6 on the assumption that Ia ~ Imin (Ilim) 
or by the procedure [7] gives U ~ (8 – 11) MV, which 
is contrary to fact. 
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Fig. 6. Plot of the ratio of the cathode currents Ic to 
the total current Ia at the MITL2 input (1) and short-
circuited end (2) 
 

Based on the overall data collection, the following 
suppositions can be made. Because of the unsteady 
voltage pulse, the presence of the sausage-type insta-
bility at the MITL input and the large ratio of the di-
ameters of its conductors (D/d = 5.2), the electron flux 
fills the electrode gap almost completely. In this case, 
the MITL current can reach a value proportional to the 
saturation current  

Ip = 8.5*(60/ρ)*γ*ln[γ+(γ2 –1)1/2], γ = 1+eU/mc2. 
Figure 7 shows the voltage pulse averaged over sev-
eral shots U2max ~ (3.5 – 4.2) MV and that calculated 
on the assumption that Ia ~ Ip.  The voltage was esti-
mated from the wave front velocity Vf in MITL2 

which was determined from the delay of signals from 
pin1 and pin2 measuring the radiation outside the an-
ode stainless steel tube with a wall thickness of 6 mm. 
At Δt = 8 ± 0.5 ns, Vf  ≅ (0.75 ÷ 0.85)с that corre-
sponds to a voltage of 3.5+1.5/-1 MV [6]. 
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Fig. 7. Voltage pulse across MITL2 at Ia ~ Ip 
 
Thus, the two-stage circuit of power amplification 

with plasma opening switches makes it possible to 
produce a pulse of amplitude ~ 4 MV at a high-
impedance load and megaampere currents with a rise 
rate of ~ 1014 A/s at a low-impedance load. 
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