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Nanosecond-scale evolution of plasma and RF electromagnetic fields during the release of energy

from a microwave pulse compressor with a plasma interference switch was investigated numerically

using the code MAGIC. The plasma was simulated in the scope of the gas conductivity model in

MAGIC. The compressor embodied an S-band cavity and H-plane waveguide tee with a shorted side

arm filled with pressurized gas. In a simplified approach, the gas discharge was initiated by setting an

external ionization rate in a layer crossing the side arm waveguide in the location of the electric field

antinode. It was found that with increasing ionization rate, the microwave energy absorbed by the

plasma in the first few nanoseconds increases, but the absorption for the whole duration of energy

release, on the contrary, decreases. In a hybrid approach modeling laser ignition of the discharge,

seed electrons were set around the electric field antinode. In this case, the plasma extends along the

field forming a filament and the plasma density increases up to the level at which the electric field

within the plasma decreases due to the skin effect. Then, the avalanche rate decreases but the density

still rises until the microwave energy release begins and the electric field becomes insufficient to sup-

port the avalanche process. The extraction of the microwave pulse limits its own power by terminat-

ing the rise of the plasma density and filament length. For efficient extraction, a sufficiently long

filament of dense plasma must have sufficient time to be formed. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926819]

I. INTRODUCTION

Microwave plasma discharges in pressurized gases have

been extensively investigated for many years for a large

range of pulse durations and frequencies. The basic phenom-

ena involved in a microwave gas breakdown are described

and relatively well understood.1,2 More recently, many ex-

perimental, theoretical, and numerical studies of the spatial

structure and temporal evolution of plasma formed in the

high-pressure microwave discharge have been performed.3–7

Yet, the dynamics of the plasma formation at the initial—

nanosecond time-scale—stage of the discharge remains

insufficiently understood. This is especially important for the

case of discharge in a resonant cavity as there is a mutual

influence of the discharge development and the process of

microwave energy release from the cavity that goes out of

resonance during plasma generation.

Such a situation directly concerns the operation of high-

gain resonant microwave pulse compressors8,9 with plasma

switches. In these compressors, the resonant cavity is

charged by an external source; then the plasma discharge is

initiated, the cavity is opened, and the stored energy is rap-

idly extracted into a load. High-gain compressors are a

promising alternative to high-power microwave sources

driven by relativistic electron beams since compressors can

generate hundreds megawatt output power using well-

developed megawatt-level magnetrons or klystrons capable

of reliable operation at high repetition rates. For high power

gain, the switch should open the cavity almost fully so that

the characteristic time of energy release approaches the

round-trip time for a traveling electromagnetic wave along

the cavity; usually, this is several nanoseconds.

The switch, therefore, is a key element for efficient com-

pressor operation since the dynamics of plasma formation in

it actually shapes the waveform of the microwave output

pulse and ultimately determines the output power. Despite

advances in the practical development of such compres-

sors,10 the problem of the influence of plasma density evolu-

tion on the compressor output pulse was neither considered

theoretically nor simulated numerically. Meanwhile, the im-

portance of gaining a deeper understanding of the self-

consistent dynamics of the plasma discharge and cavity

fields for minimizing switching losses (2–3 dB at best in

practice) and improving the quality of the output pulse (so

far, output pulses of resonant compressors have rather trian-

gular waveform) seems obvious.

The first attempt to simulate the process of the output

pulse extraction from the resonant microwave compressor

with the plasma switch was undertaken in our recent work.11

Simulations were performed with the use of the fully electro-

magnetic particle-in-cell (PIC) code MAGIC (Ref. 12) for a

simple rectangular waveguide-based geometry of the com-

pressor using an H-plane waveguide tee as an interference

switch. Different options for introducing the plasma pro-

vided by MAGIC were tried, and it was found that the gas

conductivity model13 and hybrid model combining the

plasma representation as a conductive gas with particles

treated by the PIC algorithm are most appropriate for these
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studies. It was shown that the rise of the compressor output

power in time correlates with the rise of the plasma density.

In addition, the output power rises with the expansion of the

volume occupied by the plasma.

In this work, we continue studies started in Ref. 11 using

the gas conductivity model for the plasma. We focus now on

the issues important for understanding the factors determin-

ing the switching losses and the waveform of the output

pulse, i.e., on the dynamics of the RF energy absorption in

the plasma and on the self-consistent evolution of the plasma

density and RF electric field in the compressor cavity and

switch. In addition to the model configuration of the com-

pressor, same as in Ref. 11, we have also performed simula-

tions for the geometry of the compressor studied in our

experimental works14–16 to compare the simulation results

with those obtained in the experiments.

II. SIMULATED CONFIGURATIONS AND PLASMA
MODEL

The simulations were performed for the geometry con-

sisting of standard S-band rectangular waveguide sections

(72 mm� 34 mm). Although compressors with a cylindrical

cavity and switch design are capable of higher gain,10 the

rectangular waveguide-based geometry is also employed

elsewhere in experiments.17,18 The 3-D view of the system

(with coordinate axes) is shown in Fig. 1 along with the x-y
cross-sections and RF electric field patterns obtained in sim-

ulations of the compressor charging without plasma for two

different cases: the model configuration, as in Ref. 11, and

the experimental configuration, as in Refs. 14–16. The simu-

lation region includes the input and output sections, a cavity

section, and a shorted side arm; the total length is 144 cm in

both cases. The waveguide walls are silver for the model

configuration and brass for the experimental one. The input

iris of 4 mm thickness has a circular coupling hole, 27 mm in

diameter; for the case of the model configuration, it is filled

with a dielectric of e¼ 2.25. At the input port, the electro-

magnetic wave in the TE10 mode is injected into the system

with a set amplitude of the RF voltage across the waveguide.

The frequencies corresponding to resonant charging are

2980.2 and 2766.8 MHz for the model and experimental con-

figurations, respectively.

The simulations of the stage of microwave energy

release caused by the appearance of the plasma were initi-

ated by the preset RF fields obtained in preliminary simula-

tions of charging the compressors without plasma for the

geometries presented in Fig. 1. The gas conductivity model

embedded in MAGIC implies that the plasma is treated as a

conductive gas whose conductivity is calculated from the

electron and ion densities n and mobilities l depending on

the electric field and pressure

rgas ¼ eðlene þ lpnp þ lnnnÞ; (1)

where indices e, p, n correspond to electrons, positive, and

negative ions, respectively. The densities evolve according

to the equations accounting for electron avalanche, electron-

neutral attachment, electron-ion recombination, and positive-

negative ion neutralization:

dne

dt
¼ Qe þ a� bð Þne � aenenp

dnn

dt
¼ bne � ainnnp

np ¼ ne þ nn:

(2)

Here, the coefficients a (avalanche), b (attachment), ae

(recombination), and ai (neutralization) are set as functions

of field and pressure. The source term Qe (the rate of external

ionization) can be set as a function of the spatial coordinates

and time (no particles in a simulation) or, alternatively, is

calculated using ionization cross-sections for primary par-

ticles (electrons) treated by the PIC algorithm

Qe ¼
qN

eDV

X

i

virion við Þ; (3)

where q and vi are the charge and velocity of a macropar-

ticle, respectively, rion is the cross-section, N is the neutral

gas number density, and DV is the cell volume of the compu-

tational grid. Ionization cross-sections for different gases

versus electron kinetic energy are provided by MAGIC.

In simulations of both configurations, the initial electron

density ne¼ 104 cm�3 (cosmic background) was set all over

the compressor cavity and side arm. For the model configura-

tion, the gas filling the compressor was air, and the coeffi-

cients in Eq. (2) as well as mobilities in Eq. (1) were default

FIG. 1. Schematic view of the simula-

tion region and x-y cross-sections with

contour plots of the Ez field component

for two different compressor configu-

rations: model (top) and experimental

one (bottom).
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functions employed for air by MAGIC.13 The external ioni-

zation rate Qe in this case was set constant for a fixed time

interval within the 8-mm-thick layer crossing the side arm

waveguide at the antinode of the RF electric field. For the ex-

perimental configuration, to simulate laser triggering of the

discharge, as in the experiments,14–16 an initial population of

particles was set in a small volume around the electric field

antinode in the side arm, and Qe was calculated from Eq. (3).

Since in the experiments,15,16 the gas filling the system was

helium, the attachment rate was set to zero, and the ava-

lanche rate was derived from the empirical formula for the

Townsend coefficient for inert gases (see Ref. 2). This

derived avalanche rate as a function of the electric field abso-

lute value E is given by

aðEÞ ¼ CE expð�DE�1=2Þ; (4)

where the pressure-dependent coefficients C and D were

calculated using the tabulated data for helium available in

Ref. 2, as well as was the electron mobility.

III. SIMULATION RESULTS AND DISCUSSION

A. Model configuration

In studies of the model configuration, we concentrate on

the issue of energy balance in the system during the output

pulse extraction, particularly on the dynamics of microwave

energy absorption in the plasma. In the scope of this model,

it was shown in Ref. 11 that for a given input power and

external ionization rate, there is an optimal pressure maxi-

mizing output power. The efficiency of power extraction,

nevertheless, decreases with increasing pressure. It is natural

that switching losses increase with increasing pressure as the

plasma absorbs more energy due to electron interaction with

neutrals. The question, however, remains regarding the de-

pendence of the energy absorption at a fixed high pressure

on the rate of external ionization. Is it possible to achieve ef-

ficient extraction of the stored microwave energy at high

pressure by means of some appropriate discharge triggering

technique?

The simulations were performed for air at a pressure of

3� 105 Pa. The input RF voltage amplitude was set at 15 kV,

and the amplitude of the preset RF electric field in its anti-

node located in the side arm was �92 kV/cm. Accordingly,

the input power was �225 kW, and the power of the travel-

ing wave component of the preset cavity field (the stored

power) was �14.2 MW. Different constant rates Qe of exter-

nal ionization (source term in Eq. (2)) were set for a time

interval of 5 ns. After 5 ns and outside the 8-mm-thick layer

crossing the waveguide at the field antinode, the source term

was set zero. The exact location of the antinode was in the

middle of the layer.

The energy balance since the start of external ionization

comprises the electromagnetic energy within the system, the

energy dissipated in the waveguide walls, the energy

absorbed in the plasma, the energy entering the system

through the input port (integral of the power flux over time),

and the energy leaking through the output port (the energy of

the compressor output pulse). In Fig. 2, the energies obtained

in the simulations with two external ionization rates differing

by one order of magnitude are presented as a function of

time. Also shown in the plots of Fig. 2 is the microwave out-

put power. The energy scattered in the walls and the energy

entering the system during the simulation time are not

shown, as their contribution to the energy balance is insignif-

icant. It is seen that the higher external ionization rate pro-

vides lower switching losses and higher output power of the

compressor. The energy absorbed in the plasma for 16 ns is

�54.4 mJ (see Fig. 2(a)), while for the lower ionization rate

(Fig. 2(b)) is as high as �94.7 mJ (the RF energy within the

system at t¼ 0 is �152 mJ, which includes �139 mJ in the

cavity section). Accordingly, the peak output power for the

higher Qe is �12.3 MW, while for the lower Qe is only

�3 MW (compare to �14.2 MW of the stored power).

Furthermore, the rise-time of the output pulse is much

shorter for the higher Qe. Let us note here that the dynamics

of the energy absorption in the plasma is qualitatively differ-

ent for these two cases. For the higher external ionization

rate, most of the energy is absorbed in the first few nanosec-

onds, and, after that, the absorption grows rather slowly and

finally ends with ending output pulse. For the lower ioniza-

tion rate, the absorption is first rather low and then grows

gradually all over the simulation time. In addition, for the

FIG. 2. Dynamics of energy balance. Time dependences of the RF energy

within the system (black curves), the energy released from the system (green

curves), and the energy absorbed in the plasma (red curves), along with the

compressor output power (dashed blue curves) since the start of external ion-

ization. The air pressure is 3� 105 Pa; the preset stored power in the cavity

is �14.2 MW. The external ionization rate Qe is set until t¼ 5 ns. (a)

Qe¼ 3.16� 1013 cm�3/ns; (b) Qe¼ 3.16� 1012 cm�3/ns.
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higher rate of external ionization, the energy of the preset RF

field is almost fully spent already by �12 ns, while with the

lower rate, a significant part of it remains within the system.

The dynamics of absorption in the plasma is even better

illustrated by the time dependences of the absorbed power

shown in Fig. 3. It is seen that for the higher external ioniza-

tion rate (Fig. 3(a)), the absorbed power has a sharp maxi-

mum at about 1 ns, which exceeds the power of losses in the

plasma at this time in the case of lower ionization rate (Fig.

3(b)) by an order of magnitude. Later in time, however, the

absorbed power plotted in Fig. 3(a) is significantly less than

that of Fig. 3(b), so that the integral over time is less, as was

mentioned above. Also shown in Fig. 3 is the plasma con-

ductivity as the energy absorbed in the plasma is determined

by its conductivity and electric field within its volume. One

can see that the sharp peak in the absorbed power in Fig.

3(a) corresponds to a conductivity of �0.14 X�1m�1, which

is far from being achieved in the case of lower external ioni-

zation rate.

It is obvious that at a certain value of the conductivity,

the absorbed power is maximized since at zero conductivity,

there are no energy losses, while at high conductivity, losses

tend to vanish because the electric field is pushed out of the

plasma region due to skin effect. This is illustrated by the

results of the simulation shown in Fig. 4. One can see how

the field decreases with increasing plasma density; the

maximal density (and, hence, conductivity) achieved at the

end of the external ionization (t¼ 5 ns) corresponds to

almost zero electric field within the plasma. Later in time, in

the absence of external ionization, the density decreases due

to recombination and the electric field once again increases.

As a result, during the external ionization depending on

the ionization rate, the plasma conductivity may grow far

beyond the value maximizing the power of losses, as in Fig.

3(a), or not reach this value, as in Fig. 3(b). In the former

case, the plasma layer can be considered as a good reflector;

the rate of energy absorption in it is stabilized at a low level

after the initial sharp peak and no longer depends on the con-

ductivity, which continues to change in time. In the latter

case, the absorbed power increases with time until the end of

external ionization and then remains at the level reached dur-

ing the energy extraction phase, so that the total energy

absorption by the plasma turns out to be very significant.

The portion of stored microwave energy that is absorbed

in the plasma is plotted versus the external ionization rate in

Fig. 5. It is seen that the maximal absorption shifts towards

FIG. 3. Time dependences of the power of losses in the plasma (black

curves), the compressor output power (dashed blue curves), and the conduc-

tivity in the central point of the plasma layer (averaged over the oscillation

period, red curves). Plots (a) and (b) correspond to those of Fig. 2 (same

simulations).

FIG. 4. (a) Temporal evolution of the electron density in the central point of

the plasma layer. (b) Profiles of the Ez-field amplitude along the central line

of the side arm waveguide before the start of external ionization (black

curve), at t¼ 1 ns after the start of ionization (blue curve), at t¼ 5 ns (end of

external ionization, red curve), and at t¼ 9 ns (green curve). Simulation with

Qe¼ 1014 cm�3/ns; all other parameters are the same as in Fig. 2. Dashed

lines show the boundaries of the plasma layer. Red squares indicate the time

moments, at which the field profiles are presented.
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lower rates as time increases. Thus, one can state that increas-

ing ionization rate leads to the increase in the efficiency of the

stored energy extraction at gas pressures as high as 3� 105 Pa.

The energy losses, however, do not tend to become negligible.

One can see that about 20% of the stored energy is lost at the

external ionization rate as high as 1015 cm�3/ns. At such high

rate, the plasma conductivity grows very fast. While the value

maximizing the absorbed power in Fig. 3(a) (simulation with

the rate of 3.16� 1013 cm�3/ns) is reached by 1 ns, at the rate

of 1015 cm�3/ns, this value is reached at a time much shorter

than the period of RF oscillation. Therefore, more time is

needed for the RF electric field to be pushed out of the plasma

region, and the integral of energy absorption remains rather

considerable.

Thus, to reduce the switching losses in a high-power

high-gain compressor, one should provide a sufficiently high

rate of external ionization. To see if this is achievable,

adequate models should be used describing different actual

methods for the discharge triggering. Below, we employ one

possible approach for producing external ionization—setting

an initial population of seed electrons—to model the laser

triggering used in our recent experiments.14–16

B. Experimental configuration

In this subsection, we focus on the dynamics of plasma

formation in the conditions allowing for the comparison of

simulation results with those obtained in the experiments.

The objective of the studies was in detailing the mechanism

of the influence of self-consistent evolution of the plasma

density and RF electric fields in the discharge location on the

peak power and waveform of the compressor output pulse.

Some simulation results showing good agreement with the

experiments on the compressor with laser triggering of the

discharge developing in He gas were already reported briefly

in Refs. 15 and 16. The results presented below particularly

explain the rather low efficiency of the stored power extrac-

tion (20–40%) observed in these experiments.

The geometry and preset RF field pattern for the simula-

tions were shown in Fig. 1; the resonant frequency of 2766.8

MHz is in an excellent agreement with the experiment. The

RF voltage amplitude at the input port was set lower than for

air in Section III A because of the much lower breakdown

threshold for helium. In most of the simulations, it was set to

be 4.8 kV; the amplitude of the preset RF electric field in the

side arm antinodes was �23 kV/cm, and the stored power in

the cavity section was �860 kW. The fill pressure in these

simulations was 2� 105 Pa, as in the experiments, and the

coefficients in the formula (4) for the avalanche rate in He

and electron mobility in He were calculated for this pressure

giving C¼ 3.872� 106 cm/(V s), D¼ 5.458� 102 (V/cm)1/2,

and le¼ 5.66� 102 cm2/(V s). The electron-ion recombina-

tion coefficient in He was set to be 10�8 cm3/s. The initial

population of seed particles (electrons) producing the exter-

nal ionization was set around the electric field antinode

located in the plane distanced at a quarter-guide-wavelength

from the side arm shorting plane. It is in this plane that the

unfocused laser beam passed in the experiments. The optical

imaging of the plasma in the compressor14 showed that the

discharge develops as an expanding filament of <0.6 mm

transverse dimension, i.e., originates from a single site.

Thus, the initial population of particles was set in a small

volume of cubic form in the center of the waveguide cross-

section. The size of this volume and the uniform charge

density in it were variable parameters; the initial velocity of

particles was randomly distributed from zero to 108 cm/s.

The simulations confirmed that the plasma expands

mostly along the RF electric field, forming a filament. The

transverse dimension of the filament is determined by the

size of the volume initially populated with macro-particles

treated by the PIC algorithm. This is illustrated in Fig. 6. It is

also seen from Fig. 6 that while the plasma filament extends,

the density in its central part becomes lower than that in pe-

riphery. It is important to note that the plasma density at

t¼ 25 ns is higher for the smaller volume populated with

seed particles. The volume size of 1.2 mm was smallest in

the simulations as a thinner plasma requires too fine grid for

an acceptable runtime. Below (in Figs. 7–9), we present the

results of the simulations with the 1.2-mm-volume.

The dynamics of plasma formation is well seen from the

density profiles along the z-coordinate across the side arm

waveguide in the center of the plasma filament shown in

Fig. 7. First, the density increases only within the volume

populated with seed particles as the growth due to external

ionization is stronger than the growth due to the avalanche

rate determined by Eq. (4). Accordingly, at t¼ 5 ns (curve

1), there is a strong gradient of the plasma density at the

boundaries of the initial volume. While the density grows

further, the region of denser plasma extends and the gradient

at its boundaries decreases slightly (t¼ 15 ns, curve 2), and

at t¼ 25 ns, the gradient becomes rather moderate, so that

the expressed plasma filament is formed (curve 3).

The mechanism behind the plasma expansion is related

to the avalanche process that becomes dominant over the

external ionization starting from a certain level of the plasma

density, i.e., when the term ane in the equation for the den-

sity evolution (2) is much greater than the source term Qe.

Thus, the density evolution is determined by the evolution of

the avalanche rate (4) depending on the RF electric field,

FIG. 5. Dependences of the energy losses in the plasma by different time

moments on the external ionization rate Qe. Simulations with different rates

were conducted at the same parameters as those of Fig. 2.
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which, in its turn, depends on the plasma density. In Fig. 8,

the non-averaged time dependence of the avalanche rate is

presented together with the plasma density evolution at dif-

ferent points along the extending plasma filament. Also

shown is the microwave power at the output port that allows

one to see the mutual influence of the plasma formation and

the output pulse extraction. The avalanche rate in Fig. 8 is at

the same point within the initial volume populated with par-

ticles as the density plotted by the curve 1. One can see that

the density rises very rapidly up to the level �1010 cm�3,

and, after that, the rate of density growth exhibited by the

curve 1 becomes the same as that of curves 2–4. As the den-

sity reaches the level at which the RF electric field is pushed

out of the dense plasma due to the skin effect, the avalanche

rate decreases and the density growth rate in the curve 1

decreases accordingly. At the same time, the field outside the

dense plasma region (ahead of the front of the plasma)

increases, and, hence, the avalanche rate there increases as

well. Accordingly, the density there becomes to grow much

faster so that the dense plasma expands along the field, as

seen from the behavior of curves 2–4. The extraction of the

microwave output pulse begins only when the length of the

dense plasma filament becomes sufficiently long, as one can

see from the comparison of curves 1–4 and the blue curve

for the output power. After the beginning of the energy

release, the plasma density is saturated everywhere because

the electric field decreases below the level at which it can

support the avalanche process.

The evolution of the RF electric field in the center of the

plasma volume and its amplitude profile along z-coordinate

are shown in Fig. 9. It is seen how the field being first

FIG. 6. Contour plots of electron density in z-x plane at y-coordinate of the preset RF electric field antinode at t¼ 5 ns and t¼ 25 ns. The charge density in the

cubic volume initially populated with seed particles is 10�11 C/cm3. The size of this volume is 2.4 mm (top) and 1.2 mm (bottom).

FIG. 7. Plasma density vs. z-coordinate along the centerline of the side arm

waveguide cross-section corresponding to the preset RF electric field anti-

node at different time moments. The initial population of seed particles is

set in the 1.2-mm cubic volume with the charge density 10�11 C/cm3.

t¼ 1–5 ns; 2–15 ns; 3–25 ns.

FIG. 8. Temporal evolution of the avalanche rate (red curve) within the vol-

ume initially populated with particles and the plasma density (black curves)

at different points displaced from the center of the waveguide cross-section

in z-coordinate along with the microwave output power (blue curve). Same

simulation as of Fig. 7. Observation points for the plasma density are at

z¼ 1�0.4 mm; 2–2 mm; 3–4.4 mm; 4–7 mm.
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uniform (as defined by the TE10-mode structure in a rectan-

gular waveguide) is pushed out of the regions occupied by

the dense plasma (right plot) with significant enhancement

ahead of the front of the propagating plasma. There is even a

time interval in which the field in the center of the plasma

volume slightly increases (left plot); the field is pushed out

also towards the center when the plasma conductivity there

becomes less than in the periphery. After that, however, the

compressor cavity goes out of resonance, and the field

decreases everywhere as seen in Fig. 9. At E< 10 kV/cm,

the avalanche is no longer supported—the plasma density no

longer rises.

It was shown earlier11,14 that the compressor output

power increases with increasing plasma density and the vol-

ume it occupies. This means that the extraction of the output

pulse limits its own power when terminating the rise of the

plasma density. The efficiency of power extraction obtained

in the simulation for which the compressor output pulse is

presented in Fig. 8 is only �33%. Both the peak power and

waveform of the output pulse are in excellent agreement

with the power and waveform of the pulses registered in the

experiments15 with the close value of the stored power.

Moreover, the charge density of seed particles set in this sim-

ulation (10�11 C/cm3) provides very good agreement with

the experiment in the delay time between the moment of the

laser beam entering into the system (i.e., creating initial pop-

ulation of seed particles) and the appearance of the output

pulse. The good agreement with the experiment in the delay

time and satisfactory agreement in the pulse peak power and

waveform were also demonstrated in simulations with lower

input RF voltages and stored power in preset RF fields (see

Ref. 15). It is, therefore, possible to state that setting such a

point-like volume of seed particles adequately simulates

laser triggering, and the dynamics of plasma formation deter-

mines the quality of the output pulses, particularly the low

extraction efficiency, obtained in the experiments.

It is obvious that the scenario in which the extraction of

the output pulse limits its own power can be avoided if the

plasma density and filament length needed for efficient

extraction are settled sufficiently fast with respect to the

extraction time, i.e., a round-trip time for a traveling wave

along the compressor cavity. As seen in Fig. 8, the time of

plasma filament formation is, on the contrary, longer than

the output pulse length. Such a situation is inevitable while

the external ionization remains negligible in the plasma den-

sity evolution, which is determined by the avalanche rate—

in our case, by He gas properties. Increasing the external ion-

ization rate Qe by increasing the charge density in the popu-

lation of seed particles results in the increase in the plasma

density achieved before the ionization rate ane begins to

dominate over the rate Qe. This leads to the decrease in the

time of plasma formation needed for output pulse extraction.

The output power, however, does not increase; it even tends

to decrease with increasing charge density of seed particles,

as is illustrated in Fig. 10. The peak power of the output

pulse for a charge density of 10�6 C/cm3 (blue curve 2) is

lower than for 10�11 C/m3, in spite of the fact that the plasma

density within the initial population of seed particles (black

curve 2) is significantly higher. This is caused by the fact

that the energy release cannot start unless the length of the

dense plasma filament is sufficiently long; the plasma

FIG. 9. Left: Time dependence of the electric field within the volume initially populated with particles. Right: Electric field amplitude vs. z-coordinate along

the centerline in the plane of the preset electric field antinode at different time moments. Same simulation as of Fig. 7.

FIG. 10. Microwave output power (blue curves) and plasma density within

the volume initially populated with particles (black curves) vs. time.

Simulations with the 2.4-mm-size of this volume; the charge density of seed

particles is 1–10�11 C/cm3; 2–10�6 C/cm3. Other parameters are the same as

in Figs. 6–9.
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expansion still takes a significant time. Since this time is less

than that in the case of the lower charge density, the filament

turns out to be shorter and, thus, the output power is lower.

One can, therefore, conclude that with the point-like volume

of seed particles, it is impossible to achieve a high efficiency

of power extraction since it is limited by the finite velocity

of plasma expansion.

A different situation takes place if the population of

seed particles is set at once as the filament crosses the side

arm waveguide over its entire height. Such a configuration

models the laser triggering when the unfocused laser beam

enters the waveguide along the RF electric field, in contrast

to the path across the field. In this case, there is no plasma

expansion as the filament is already formed and the plasma

density evolution in simulations does not depend on the z-

coordinate. A comparison of compressor operation with dif-

ferent laser beam directions was carried out experimentally

and in simulations in Ref. 16. It was shown that if the laser

beam is directed along the RF electric field, the delay

between the plasma discharge initiation and the appearance

of the microwave output is shorter, but the compressor out-

put pulse remains practically the same as in the case of laser

beam path across the field. This was confirmed in the simula-

tion with the filament-like population of seed particles hav-

ing a charge density of 10�11 C/cm3 and 1.2-mm quadratic

cross-section. The energy release for the plasma filament

having the maximum possible length starts at the lower den-

sity than for the point-like volume of seed particles so that

the output power does not considerably change in spite of

the larger volume occupied by the plasma. Increasing charge

density in the seed particles filament volume, however, leads

to the increase in the output pulse power and improves the

quality of its waveform, as seen from the results of the simu-

lations presented in Fig. 11. Let us note that the power plot-

ted in curve 2 corresponds to �75% efficiency of stored

power extraction calculated for the “flat-top” of the output

pulse. This means that efficient extraction can be achieved in

practice by a very significant increase in the laser pulse in-

tensity or by using a powerful laser in the UV spectral range,

in contrast with the one employed in Ref. 16.

IV. SUMMARY

The process of RF energy extraction from a microwave

pulse compressor with an H-plane waveguide tee-based

plasma switch has been studied in numerical simulations

accounting for the mutual influence of the plasma density

and RF field evolution in time and space. The objective of

the studies was to reveal the mechanisms governing the

switching losses and waveform of the output pulse in high-

gain high-power compressors, in which switching is

achieved by a high-pressure gas discharge. We have ana-

lyzed the dynamics of both the plasma formation and RF

energy absorption in the plasma.

The dynamics of energy absorption in the plasma was

investigated by setting the external ionization rate within the

layer crossing the side arm waveguide. The external ioniza-

tion rate determines the plasma density and conductivity,

and, thus directly affects the peak power and waveform of

the microwave output pulse and energy balance during its

extraction. It was found that the higher the ionization rate,

the more microwave energy is absorbed by the plasma in the

first few nanoseconds, but the absorption for the whole dura-

tion of energy release, on the contrary, decreases with

increasing external ionization. Nevertheless, switching losses

remain significant; particularly, for the external ionization

rate as high as 1015 cm�3/ns set for 5 ns in the 8-mm-thick

layer at 3� 105 Pa gas (air) pressure and 92 kV/cm initial

amplitude of the RF electric field, about 20% of the energy

stored in the compressor cavity is lost.

The dynamics of plasma formation was investigated

using the approach adequately modeling the laser triggering

of the discharge—setting the initial population of seed elec-

trons in a small volume around the RF electric field antinode.

It was shown that the plasma extends along the field forming a

filament whose transverse dimension is set by the dimensions

of this volume. The simulations demonstrated good agreement

with experimental results obtained for the helium-filled S-

band compressor;15,16 in particular, the self-consistent evolu-

tion of the plasma density and RF electric field explains the

rather low efficiency of the stored power extraction observed

in these experiments. Three stages of plasma density evolu-

tion were found. The first one is an exponential growth up to

the level at which the electric field within the plasma region

begins to decrease because of the skin effect. Then, the ava-

lanche rate decreases, while the density still rises as the RF

energy remains within the cavity. Finally, the stored energy is

released, and the electric field becomes insufficient to support

the avalanche process. The density no longer rises so that the

extraction of the output pulse actually limits its power.

It was shown that such a scenario is inevitable for a

point-like volume of the initial population of seed particles.

Even if the charge density in this population increases so

much that very dense plasma is immediately produced in its

volume by the external ionization, the energy release cannot

start until the plasma expands up to a certain length. During

the time required for this plasma expansion, one obtains RF

energy absorption in the plasma, which limits the efficiency

of the power extraction. This can be avoided for filament-

like seed particle volumes, which model the laser triggering

FIG. 11. Same as Fig. 10 for the simulations with seed particles set in the fil-

ament of 1.2-mm quadratic cross-section. The charge density of seed par-

ticles is 1–10�11 C/cm3; 2–10�5 C/cm3. Other parameters are the same as in

Figs. 6–9.
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in the case when the laser beam is directed along the RF

electric field. For the filament-like volume, the dense plasma

sufficient for the efficient extraction of the stored power can

be formed in a time much shorter than the output pulse

length. The simulations showed the possibility to obtain

�75% extraction efficiency in the output pulse of much

improved waveform quality. The significant increase in the

intensity of external ionization produced by the laser beam is

necessary for that, and the corresponding measures to be

employed for that in practice are being considered now for

our future experimental work.
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