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Abstract

Magnetic compression lines are novel picosecond pulsed power devices, which open the possibility of generating
picosecond electrical pulses with peak power of over 100 GW. Recently, it has been found that pulse duration in magnetic
compression lines is greatly influenced by the dispersion of dominant quasi-TEM propagation mode of dual-dielectric coaxial
structure. This work numerically investigates the operation of a magnetic compression line based on dual-dielectric parallel-
plate transmission line, which also exhibits quasi-TEM-type dispersion. Based on full-wave simulation, typical modes of pulse
compression are determined, and the influence of input pulse parameters and line geometry on pulse compression is evaluated.
The analysis shows that the presence of quasi-TEM-type dispersion affects the process of pulse compression in the same way
regardless of the type of transmission line used.
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AHHOTaNMsA

JIVHUM MAarHUTHOW KOMIIPeCCHW  SIBJISIFOTCSI  COBPEMEHHBIMM ~ YCTPOMCTBAaMH  MOIIHOW WMITY/JIbCHOM — TeXHUKHU
MTMKOCEKYHJHOTO /IMara3oHa, T03BOJISIOLIMMH TeHeprpoBaTh IMHMKOCEKYH/HBbIE 3/IeKTPHUecKre WMIYJIbChl C THKOBOM
MoIHocThI0 60/1ee 100 I'BT. HefjaBHO 6b1710 0OHApPY)KEHO, UTO HA J/TUTETBHOCTh UMITY/IbCA B IMHUSX MarHUTHOW KOMITPEeCCHH
3HauWTe/JIbHOE B/IMSIHAE OKa3blBaeT /WCIIePCHsl OCHOBHOM BOsHBI KBa3suM-TEM B KoakCHanbHOW CTPYKType C [JByMs
[IV3EKTPUUECKUMU C/I0sIMU. B aHHOM paboTe MpoOBe/jeHO UYHC/IEHHOE WCC/Ie[JOBaHWe JIMHUM MarHUTHOW KOMITPeCCHU Ha
OCHOBe JIMHUM Tiepeflaud CHMMETPHUHO-TIOJIOCKOBOTO THUIA C [JBYMsSI JUSJEKTPUUECKHMHU CJOSIMM, B KOTOPOM Takxke
TIPUCYTCTBYyeT Avcrnepcus Turna keBasu-TEM. Ha ocHOBaHWY T10JTHOBOJSHOBOTO MO/€/HMPOBaHUs YCTaHOB/IEHBI THUITMUHBIE
PEeKUMBI KOMITDECCHUH UMIIY/IbCa, a TAKXKe BBISIBIEHO BI/IMSHWE MapaMeTPOB BXOAHOTO UMITYbCA U TeOMETPUM JIMHUM Ha
KOMITPeCCHI0 MIMITy/Ibca. AHAIM3 TOKasal, 4TO MPUCYTCTBHE JUCIIePCHU Tura KBasu-TEM oJWHAKOBO B/HSIET Ha TPOLIECC
KOMIIPeCCHH UMITY/TbCa He3aBUCHMO OT HCII0/Ib3YeMOT0 THTIA JIMHUN TIepeadn.

KitroueBble ¢j10Ba: MOIIIHasi UMITy/IbCHAst TEXHHKA, TMKOCEKYH/HBIA UMITY/TbC, JIMHUS TIepeadd, heppuT.

Introduction

Picosecond high-power electrical pulses are in demand in experimental physics for studying delayed breakdown processes
in various media [1], generating high-power pulses of X-ray and microwave radiation [2], [3], generating and studying high-
energy runaway electron beams in atmospheric air [4], [5], [6], and calibrating fast radiation detectors and voltage sensors by
measuring their impulse response [7], [8]. Magnetic compression lines (MCL) are novel pulsed power devices that are able to
produce such pulses. Pioneering works on MCLs were conducted in 2017-2019 [9], [10], [11], [12], followed by the
construction of MCL-based generators with record pulse parameters described in [13], [14]. The design of an MCL, shown in
Fig. 1, consists of a coaxial transmission line with ferrite rings set on the inner conductor, while the rest of the line volume is
filled with transformer oil (not shown in the picture) for the purposes of insulation. The ferrite is magnetized to the state of
saturation by an external solenoid. When a high-voltage input pulse is supplied to one end of the line, it propagates along it in
travelling wave mode. At certain parameters of the input pulse, its energy is redistributed during the propagation in such a way
that pulse amplitude increases and pulse duration decreases (Fig. 2). Usually during compression, the duration of the pulse is
reduced by a factor of 3—4, and its amplitude is increased by a factor of 2. By cascading the lines, an exponential increase in
amplitude and decrease in pulse duration are achieved. The development of MCL-based pulsed power systems at the Institute
of Electrophysics UB RAS has allowed building a fully-solid state (without the use of commutating spark gaps) picosecond
pulse generator with record pulse parameters: peak power of 100 GW at pulse duration of about 100 ps (FWHM) [14]. The
generator consists of a solid-state high-voltage driver S-500 [15] based on SOS-diodes, and four cascaded MCL-based pulse
compression stages. Peak voltage produced by the generator in a 48-Q transmission line is about 2.2 MV.
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Figure 1 - Sectional view of a coaxial magnetic compression line
DOI: https://doi.org/10.60797/IRJ.2025.160s.23.1

Note: transformer oil filling the line is not shown
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Figure 2 - Typical experimental waveforms of pulse compression in MCL obtained during experiments described in [11]
DOT: https://doi.org/10.60797/IRJ.2025.160s.23.2

Note: the pulses are plotted without synchronization

The physical processes underlying the operation of magnetic compression lines are currently under study. First attempts at
describing the pulse compression process were based on existing theory for gyromagnetic nonlinear transmission lines, which
are high-power microwave devices of similar design [16], [17]. This theory was based on the induction of oscillating voltage in
the line cross-section by the quasi-periodic precessional motion of magnetization vector in ferrite. However, this theory fails in
predicting pulse duration shaped by MCLs, frequently underestimating it by an order of magnitude [14]. With the development
of full-wave MCL simulation based on numerical solution of Maxwell’s equations, it was found that an important factor
affecting MCL operation is its radial inhomogeneity — the presence of two radial dielectric layers, transformer oil and
saturated ferrite [14], [18], [19]. It was found that such a design, traditionally used solely to increase the dielectric strength of
the line (the oil has much higher breakdown voltage than ferrite), has a great effect on the parameters of output pulse of the
MCL compared to a hypothetical line fully-filled with ferrite. In this design, the duration of the output pulse becomes directly
related to the roundtrip time of the electromagnetic wave between the line conductors due to the dispersion of the formed
quasi-TEM (TMyo) propagating mode. The dispersion of this mode is of dielectric-waveguide type and manifests itself as the
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increased group delay of high-frequency signal components compared to low-frequency ones due to former concentrating
inside the saturated ferrite layer, consecutively undergoing reflection from the inner conductor and total internal reflection from
the boundary between the ferrite and the oil.

Based on the data from microwave engineering literature [20], [21] one can conclude that the described quasi-TEM
dispersive behavior is characteristic for a number of transmission lines with two dielectric layers (one of which can be air):
Goubau line, microstrip line, metal-backed dielectric waveguides, etc. This poses the question of there being a similar pulse-
duration-limiting effect in MCLs based on types of transmission lines other than coaxial. The simplest example of a line with
the quasi-TEM type of dispersion is a parallel-plate transmission line with two dielectric layers. Such a structure, if it were to
replicate the main features of the usual MCL operation, could serve as a simplified planar model of a usual MCL which
potentially could be described by a system of equations with closed-form solutions, acting as a basis for the analytical theory of
MCL operation. In view of this, in the present work a full-wave model of an MCL based on a parallel-plate line was created,
and numerical experiments concerning the line operation were performed. The main goals of numerical experiments were to
investigate the operation of a planar transmission line structure with a ferrite slab as a pulse compressor, and to test the
replication of the influence of line cross-sectional geometry on output pulse parameters seen in conventional coaxial MCLs.

Model description

The model, as the author’s previously developed model for a coaxial MCL [22], [23], was based on the coupled system of
Maxwell’s equations written using magnetic vector potential A and the Landau-Lifshitz-Gilbert (LLG) equation. The latter
describes the motion of magnetization vector M in saturated ferrite. It should be noted that due to the nonlinear nature of a
ferrite transmission line, the principle of superposition of the fields does not hold true, hence, commonly used Fourier analysis
is not applicable and only time-domain analysis is possible. The time-dependent model equations were taken as follows:

;%OVX(VXA—IJOM)+G%+5053;—§:() .
= o M (78 -M) |+ i ) .

Here, A is the magnetic vector potential, and M is the magnetization vector. The constants €, and p, are permittivity and
permeability of vacuum, and y is the absolute value of spin gyromagnetic ratio of an electron, equal to 1.76-10"* rad/(s-T).
Material properties are defined through electrical conductivity o, relative dielectric constant €, and the properties which are
specific to ferrite medium: precession damping coefficient « and magnitude of saturation magnetization M. In equation (2) the
first term on the righthand side is modified from the usual LLG form to include the coupling to the equation (1).

The system (1)-(2) needs to be expanded into the coordinate form for numerical solution, which is different for Cartesian
and curvilinear coordinates due to the presence of the curl operator. Previously, for coaxial MCLs this was done in cylindrical
coordinates. In this work the system was expanded for 2D planar geometry, taking the x, y, and z components of the vectors
and setting the spatial derivatives in the curl operator with respect to the out-of-plane axis equal to zero.

The geometry of the system is schematically presented in Fig. 3. Fig. 3a shows a 3D sectional view of the parallel-plate
ferrite-slab-loaded transmission line, and the magnetizing solenoid. Fig. 3b shows the actual simulation geometry representing
the longitudinal cross-section of the structure. It is important to note that in such simulation an infinite extent of the line in the
out-of-plane direction is assumed, which can be thought of as a good approximation for the geometry in Fig. 3a when the width
of the line is much greater than the distance between the conductors. For a baseline geometry, conductor distance of 16 mm
and ferrite filling factor k¢ of 0.375 was chosen (6 mm thickness of ferrite slab). The parameters of the ferrite were set based on
the known values for nickel-zinc ferrite of M200VNP type [14]: relative permittivity of 12, saturation magnetization of 300
kA/m, and damping coefficient a of 0.1. Transformer oil with a relative permittivity of 2.25 was taken as the insulating
medium in the line. The external geometry consists of the solenoid and surrounding air (Fig. 3b) and is used in preliminary
magnetostatic calculations only.

Boundary conditions include the perfect electric conductor boundaries representing the conductors of the line, and
scattering boundary conditions at the start and the end of the line, which act as matched terminations and absorb any reflected
waves. One of the scattering boundary conditions acts as an excitation, exciting a uniform electric field corresponding to the
TEM mode in the parallel-plate line. The waveform and amplitude of the field are set by the parameters of the input voltage
pulse. To match the TEM excitation and termination to the inhomogeneous ferrite part of the line, homogeneous oil-filled
sections of 40 mm in length are added on both ends of the ferrite-filled section.



International Research Journal = Ne 10 (160) S = Special Issue based on the materials of the IPT conference = October

(a)

(b)
|

|
Simulation materials:
[ ] - Transformer oil [ - Solenoid

I - Ferrite M200VNP [ ] -Air

For bias field calculation only

Boundary conditions:
== — Perfect Electric Conductor boundary

=== — Scattering Boundary (output port)
— Scattering Boundary +TEM excitation (input port)

Figure 3 - Sectional view of a parallel-plate magnetic compression line partially filled with ferrite (a); 2D simulation
geometry — longitudinal section of the line (b)
DOI: https://doi.org/10.60797/IRJ.2025.160s.23.3

The described model was solved numerically using the finite-element method software COMSOL Multiphysics. A
preliminary step calculates the static distribution of the magnetizing field from an external solenoid. During the main study
step, the system (1)-(2) is solved. The equation (1) is solved in the whole geometry, while equation (2) is solved only in the
part of the geometry containing ferrite. The boundary Brown equation [24], which serves as the boundary condition in
problems with magnetization in a limited body, is fulfilled here naturally due to the weak-form implementation of the finite-
element method. For the discretization, a triangular mesh with quadratic vector elements was chosen. Time stepping is
performed using the generalized-alpha algorithm, and the time step and mesh size are chosen using the method described in
[23].

Influence of input pulse duration on pulse shaping mode

The first set of numerical experiments consisted of varying the duration of the input pulse in the baseline geometry and
observing its influence on the output waveform of the line. In nonlinear dispersive wave systems, the shape, duration, and
amplitude of the input wave affect the waveform transformation [25]. In an MCL the nonlinearity comes from the field-
dependent permeability of saturated ferrite, and the dispersion comes either from the waveguiding effect due to the formation
of the quasi-TEM-type mode, or due to the gyromagnetic properties of the line, depending on magnetic field strength in the
line [18].

The shape of the input pulse in calculations was set as a Gaussian function. Following the experimental convention, the
pulses of negative polarity were used. The value of bias magnetic field was set to 100 kA/m. It was found that for different
input pulse amplitudes the general modes of pulse shaping remain the same. Typical waveforms of these modes are presented
in Fig. 4 for input pulse amplitude of 1400 kV. Depending on the input pulse duration, the output pulse consists of one or
several nonlinear oscillation peaks, which can be recognized as solitary waves or solitons [14]. Under short pulse duration (Fig.
4a), 280 ps for the studied conditions, the amplitude of the pulse practically does not change, and its shape transforms to the
one having steeper top and more gradual lower parts of the pulse. This shape matches the function sech*(t), shown in Fig. 4a by
a dashed line, which is characteristic for solitons formed in Korteweg-De-Vries-like systems [25].

If on the contrary, pulse duration is quite long, for example 1400 ps for the studied conditions, the line operates in the
nonlinear microwave regime, generating several peaks of soliton-like oscillations (Fig. 4b). In this regime peak power increase
can achieve 2.6 times, however, the formation of additional unwanted peaks of relatively high amplitude prohibits the use of
this regime for pulse compression.

It is evident that in the context of pulse compression the operating mode of the line is set by the duration of the input pulse
at a given amplitude. One must choose the input pulse duration as an optimum between the amount of unwanted post-pulse
signal and the desired peak power increase, since these quantities are inversely related. Usually, in MCL experiments the power
increase of 2 is chosen. Such a mode is presented in Fig 4c, with an input pulse duration of 560 ps. In these conditions peak
power is increased twofold at the cost of the formation of the second peak. However, the amplitude of the second peak is
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relatively low, 1/3 of the amplitude of the main peak. This operation mode is similar to the usual mode implemented in multi-
gigawatt coaxial MCLs. Comparison with sech’(t) function presented in Fig. 4c shows good agreement of the main peak with
the expected soliton waveform.

Overall, the conducted set of numerical experiments leads us to the following conclusions. The parallel-plate ferrite line
exhibits the pulse shaping modes analogous to those observed in coaxial ferrite lines. It nonlinearly transforms a high-voltage
bell-shaped pulse into a pulse consisting of one or several solitons with a shape close to sech’(t) curve, depending on input
pulse duration at a given amplitude. Analogously to other soliton systems, for bell-shaped input pulses the number of generated
soliton peaks can approximately be found as the integer part of the relation of input pulse duration t;, to a characteristic time

r » equal to the soliton duration (FWHM) at an amplitude equal to that of the input pulse [26], [27].
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Figure 4 - Typical modes of pulse shaping:
(a) single-soliton shaping, (b) multi-soliton decomposition (nonlinear oscillations generation), (c) optimal pulse
compression
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Note: the input and output pulses are plotted without synchronization

From the waveforms presented in Fig. 4a it was found that at the given input pulse amplitude the duration of a single
soliton and, hence, the value of ; is equal to 260 ps. In the case presented in Fig. 4a, the relation ti/ ; =% 1.1, and no
additional solitons are formed; the input Gaussian pulse is only reshaped to match the sech?(t) soliton waveform. In Fig. 4b, ti/

r ~ 5.4, hence 5 soliton peaks are formed, and the leftover energy forms a dispersive sixth peak [25] due to an excessive
value of ti,. Finally, in Fig. 4c, tw/ ; = 2.2, and correspondingly, two soliton peaks are formed.

Typical dynamics of pulse compression obtained in the simulations for the optimal compression mode is presented in
Fig. 5. The transformation of the pulse consists of initial pulse sharpening in a shock-wave manner (0 — 40 mm), subsequent
appearance of oscillations on top of the pulse due to dispersive decay of sharpened pulse front (40 — 80 mm), and the
decomposition of the pulse into two solitons, during which the first one obtains higher amplitude and velocity than the second
one (80 — 360 mm). This dynamics is analogous to the one seen in coaxial MCLs [14] and is characteristic for Korteweg-de-
Vries-like soliton systems.
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Figure 5 - Dynamics of pulse compression on optimal mode
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Note: the number above each pulse corresponds to the distance from the start of the ferrite section in mm; the pulses are
plotted without synchronization

It is apparent that to obtain a desired pulse shaping mode in a given line, one needs to know its value of ; . In general,

r Wwill depend on line cross-sectional geometry due to the waveguide nature of its dispersion, and the value of biasing

magnetic field and input pulse amplitude due to nonlinear ferrite properties. Experimental observations on coaxial MCLs show

that for similar pulse parameters, conductor distances and ferrite filling factors of the line, the value of ; is roughly

independent of pulse amplitude and is close to the calculated time of electromagnetic wave propagation between line

conductors T, multiplied by 2 [14]. For the studied geometry, the value of 2T, is approximately 270 ps, which is indeed close
to 260 ps found from described numerical calculations.

Influence of pulse amplitude and ferrite filling factor on optimum compression mode parameters

As was stated above, there exists an optimum pulse compression mode, in which peak power of the pulse is increased by a
factor of 2. To obtain such a mode, one must supply an input pulse with specific amplitude Vi, o and duration (FWHM) tin, opc
for a line of a given cross-sectional geometry. The set of numerical experiments described in this subsection is conducted for
evaluating the dependencies between Vi, o, tin, ope and compression parameters for different values of ferrite filling factor ks,
defined as the ratio of ferrite slab thickness to the distance between line conductors.

The results of numerical experiments are presented in Fig. 6. Fig. 6a shows the dependence of ti,, opt 0N Vi, ope. For low pulse
amplitudes (300-400 kV), the optimal pulse duration is practically independent of kand decreases with increase in input pulse
amplitude. With further increase in pulse amplitude, the curves for different values of k¢ diverge and for pulse amplitudes of
more than ~1000 kV the optimal pulse duration is practically independent of pulse amplitude, and decreases with decrease in
k.
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The observed dependence can be explained in terms of dispersion characteristics of dominant quasi-TEM mode (TM,
mode in the case of a parallel-plate line) with a gyromagnetic filling [18]. The optimum pulse duration can be found from a
characteristic time ; astnox~2 7 ,and ; directly depends on the shape of the dispersion curve of the line. In a line with
composite ferrite-dielectric filling, the dispersion curve changes with a change in magnetic field of the pulse, as described in
[18]. At low pulse amplitudes the frequency of gyromagnetic precession, determined by the magnetic field in the line, is lower
than the inflection frequency of the quasi-TEM dispersion curve. Accordingly, the value of ; is determined by the average
value of magnetic field in the cross-section of the line, which in this case depends only on pulse amplitude and not on the
ferrite filling factor k¢. Thus, ti, o also depends only on pulse amplitude.

With the increase in pulse amplitude, the magnetic field and the frequency of gyromagnetic precession increase, and tin, op
decreases, as can be seen in Fig. 5a for voltages of 300-400 kV. When the frequency of gyromagnetic precession approaches
the ke-dependent inflection frequency of quasi-TEM dispersion curve, the latter starts influencing the value of ti, ox as well
(~500 kV). At high pulse amplitudes and corresponding magnetic fields (>1000 kV in Fig. 5a) the frequency of gyromagnetic
precession becomes much higher than the inflection frequency of quasi-TEM dispersion curve, and only the latter influences
the value of t and ti,, o Due to this, optimal pulse duration becomes independent of pulse amplitude and is determined by the
dispersion characteristics of the quasi-TEM mode.

The value of ; is inversely related to the inflection frequency of the quasi-TEM dispersion curve, and hence is
proportional to its period. Due to the transverse-reflection mechanism of the propagation of dispersive guided waves, this
period is proportional to the roundtrip time of electromagnetic wave between line conductors denoted as T, which for a line
with saturated ferrite depends on the permittivities of ferrite & (equal to 12) and transformer oil &, (equal to 2.25):

Ty = DOV ok VD) _ D-(l (Vo) + i) 3

Here D is distance between line conductors and c is speed of light in vacuum. As can be seen from (3), Ty has a linear
dependence on k;. Due to that, T and ti, o, are proportional to k; as well, which explains the increase of the plateau level of the
curves in Fig. 5a with increasing k.

Fig. 5b shows obtained dependencies of output pulse duration teu, op: 0N Vin, o for different values of k;. It is seen that output
pulse duration exhibits similar behavior to ti, o, Showing the ki-dependent plateau at input voltages with amplitude greater than
~1 MV. The reason for this can be assumed to be the proportionality between output pulse duration and ; , and the
dependence of ; on line parameters described above. However, unlike in Fig. 5a, the curves in Fig. 5b do not converge at
low values of input pulse amplitude. To analyze the correlation of data from Fig. 5a and Fig. 5b, the compression coefficient
defined as the relation of input pulse duration to output pulse duration is plotted in Fig. 5c. Here one can observe that in all
cases except k; = 0.125 the curves exhibit the plateau at voltages higher than 1 MV, with the value of compression coefficient
being in the range of 2.5-3. At lower input voltages, the compression coefficient increases. In the described framework of
dispersion-defined operation modes, it can be stated that at voltages greater than 1 MV the presession frequency becomes so
much greater than inflection frequency of quasi-TEM dispersion curve, that the temporal characteristics of line operation
become field-independent and depend only on geometrical parameters.

The compression coefficient curve at k¢ = 0.125 is noticeably different from the curves at other k¢ values. Moreover, it was
found that at k¢ values greater than 0.625, the generated signal obtains additional modes of oscillation, which disrupt the
compression process, hence such k¢ values are absent from the above analysis. At the moment, the author cannot present a clear
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explanation of these effects. In this work these problems were not studied further, and can only be stated as the evidence to the
complexity of phenomena occurring in ferrite-filled nonlinear transmission lines.

However, from a practical point of view, the regimes with low and high values of k; are of low importance, because due to
design limitations and the need for high dielectric strength only the values of k; close to 0.4-0.5 would be realized in practice.
In view of that, for practical purposes, the most important effect described here is the existence of two regimes of optimal
compression based on input pulse amplitudes. For pulse amplitudes lower than some threshold value (1 MV in this case) the
first regime of optimal compression is realized, in which the durations of input and output pulse are influenced by input pulse
amplitude due to gyromagnetic processes. For pulse amplitudes higher than the threshold value, a second regime of optimal
compression is realized, in which the durations of input and output pulse are influenced only by the geometrical parameters of
line cross-section due to quasi-TEM dispersion processes. Due to the similarity in quasi-TEM type of dispersion, the existence
of two regimes should hold true for traditional coaxial MCLs as well. Applying this distinction to the main body of
experimental data on MCLs [10], [11], [12], [13], [14], it seems that in works [9], [12] mainly the first, low-voltage
gyromagnetic regime of compression is realized, while in works [10], [11], [13], [14] the high-voltage quasi-TEM dispersion
regime of compression is realized.

Conclusion

In this paper, a numerical analysis of parallel-plate magnetic compression line was conducted. The results of numerical
experiments show that the modes of pulse shaping in such a line are analogous to those of traditional coaxial magnetic
compression lines, and that traditional pulse compression mode with twofold peak power increase can be achieved, as well as
single-soliton shaping and high-power microwave generation. It was also shown that at voltages over ~1 MV due to partial
filling of the line with ferrite the duration of the output pulse is set by the dispersion properties of the dominant dispersive
quasi-TEM wave, which is seen as the independence of output pulse duration on pulse amplitude, and its dependence on ferrite
filling factor. It was found that, analogously to coaxial magnetic compression lines, the duration of output pulse in this regime
is close to the roundtrip time of electromagnetic wave between line conductors. The found analogy between the processes in
magnetic compression lines of parallel-plate and coaxial geometries can be used to facilitate analytical treatment of nonlinear
pulse compression in such systems due to reduced complexity of the mathematical problem in parallel-plate geometry
compared to coaxial one. Parallel-plate geometry might also be advantageous in practice compared to coaxial one due to the
simplified fabrication process, however, for such comparison breakdown processes need to be carefully considered.
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