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1D and 2D simulation methods and research into the formation of high frequency oscillations in a coaxial
nonlinear transmission line (NLTL) partially filled with a longitudinally magnetized ferrite are presented. Dynamics
and structure of the electromagnetic wave fields produced in the NLTL with a transverse inhomogeneity are studied

for the first time within a 2D model. Means for optimizing the electromagnetic system parameters, NLTL
dimensions, and degree of the line filling, needed to increase the electric strength and maximize oscillation intensity

are discussed.
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INTRODUCTION

Since 1960s, nonlinear phenomena arising when an
electrical current impulse travels through the transmis-
sion line partially filled with ferromagnetic media, have
been studied intensely - initially as a way to sharpen the
pulse rise-time and create electromagnetic shock waves
[1, 2]. Today, the attention of researchers is mostly fo-
cused to direct energy conversion from a short video-
pulse to high-frequency oscillations, which can be ex-
tracted from the structure in the form of intense HF ra-
diation [3 - 6]. This work is devoted to numerical study
of the process of formation HF oscillations in the NLTL
with a ferrite based on 1D and 2D theoretical models
describing the phenomenon.

1. EXPERIMENT

The theoretical investigation was preceded by the
experiments on inducing the HF oscillations in a NLTL
partially filled with ferrite, which is in a state close to
full magnetization [6].
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Fig. 1. Schematics of the analyzed system
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Fig. 2. The experimental results

The 200VNP-type NizZn ferrite was selected as the
nonlinear material, which according to [2], provided the
best results on formation the HF oscillations. The ana-
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lyzed system (Fig. 1) consisted of the following ele-
ments: (i) two matching coaxial lines, TL1 and TL2,
filled  with a liquid  dielectric  (e=2.25,
D3/D1=26 mm/12 mm), and (ii) coaxial NLTL (D3/D1 =
26 mm/12mm, length | = 850 mm), including the coaxi-
al layers of ferrite (= 10, D2/D1 = 20 mm/12 mm), and
liquid dielectric (e= 2.25, D3/D2 = 26 mm/20 mm).

At Hy=110 kA/m and Uy,=100 kV the HF oscilla-
tions with the frequency of 1.58 GHz and amplitude
efficiency up to 27% were obtained (Fig. 2).

2. 1D MODEL

The analyzed system (Fig.1) can be represented
most simply in the form of a 1D model described else-
where earlier [2, 3]. In this case, the propagation of the
current impulse and related electromagnetic wave along
the transmission line with a magnetic nonlinearity is
described by telegraph equations [1, 2], which can be
reduced to a second order equation for the current I:

2 2 .

Qcha U HE M¢)+ LA gl @

oz ot Cozoz ot
where C and R are the specific capacitance and re-
sistance of the line, L is the specific inductance of the
line without regard to magnetic properties, K = po(D2-
D1)/21, po is the magnetic permeability of the vacuum,
M, is the azimuthal component of the magnetization,
D2, D1 and | are the external and internal diameters and
length of the ferrite.

The external longitudinal magnetic field H, turns the
ferrite in a saturated state with the magnetization Ms. In
these circumstances, the individual electron spins be-
have as single units, participating in creation of a com-
mon axial magnetic flux. The state of the ferrite dynam-
ics can be described by one variable — the magnetic
moment vector M, while the azimuthal magnetic field of
the high voltage impulse does not change its amplitude,
but the direction only, |[M|=Ms=const. The vector M
dynamics dependent on the magnetic field H is de-
scribed by Landau-Lifshitz equation

dM
——=14[M xH]—aK/li:[M MxH]]» @

dt

where y is the electron gyromagnetic ratio, and « is the
phenomenological relaxation factor.
The vector of the magnetization has the form
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and the initial states of its components are: M,=M,=0,
M,=M;. The magnetization moment at saturation Ms
depends on properties of used ferrite.

The magnetic field vector H has the components:
H,=(Ham),, He=0l, H,=Ho+(Ham).. Here gl is the azi-
muthal magnetic field of the high voltage pulse, where
the form-factor g, according to [3] and assuming the
absence of layered structure of the NLTL is defined as
follows

_ , where _ D, . In this case,
q_%deﬁ Oy —(DZ—DI)/InEZ

1
the radial effective magnetic field
(Hdm)p= 'Mpi 3)
depends on the ferrite shape, while the axial magnetic
field with the magnetizing factor
(Ham)2=-k(M;-Ms), (4)
takes into account the magnetic field of the solenoidal
currents induced in the walls of the waveguide [1, 3] by
means of the coupling coefficient O0<k<1.

A method of numerical calculation of the presented
model is proposed in [2], which is based on splitting the
transmission line into a number of sections, with insert-
ed voltage sources which correspond to the contribution
of the magnetic subsystem (2). Unlike [2], this study
presents a direct integration of the telegraph equation
(1) together with equation (2) by the Runge-Kutta
method. In addition, the present case takes into account
not only the line with ferrite, but the matching lines TL1
and TL2 also. This allows to estimating the matching
effects between the lines.

Thus, for combined solution of the equations (1) and
(2) a grid is formed with the dimensions nxN, where
n=l/4Az, N=T/At, N is the calculation time, 4z and 4t are
the lengths of discretization steps in space and time,
respectively. Each cell of the grid is associated with a
current of value li,j and magnetic moment Mi,j with
three components, (M,)ij, (Myij and (M,)ij, i=1,2,...n,
j=1,2..N.

At each solution step the computation is performed
in three stages:

(i) determining the net value of Is=li1j+K-(Mg)is1
(whose individual components are not known yet) for
the next step, through numerical solution of the tele-
graph equation (1) by the finite difference method,;

(ii) determining the magnetic moment for the next
time-step by means of numerical solution of the Lan-
dau-Lifshitz equation (2) by the Runge-Kutta method;

(iii) determining the current for the next time-step
lis1j=ls-K-(Mg)is1,-

The results of numerical simulation are shown in
Figs. 3 and 4. Fig. 3 demonstrates an increase of the
oscillation frequency with the input voltage, and de-
crease with the longitudinal magnetizing field. This is in
agreement with the experimental data [2], suggesting a
qualitative correctness of the 1D model in describing the
phenomenon under investigation. At the same time, the
oscillation frequency obtained in the numerical experi-
ment, which ignores the layered structure of the system,
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is substantially higher than in [2] and in our experiments
[6] (see Fig. 4).
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Fig. 3. 1D model: dependence of the oscillation
frequency (1), and amplitude (2) on the input voltage
for Hy=100 kA/m (a), and on the longitudinal
magnetizing field for H,=110 kA/m (b)
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Fig. 4. Comparison of the output signals obtained
in the experiment, and in 1D (a) and 2D (b) simulations

3. 2D MODEL

To create a 2D model of the system, the full set of
Maxwell’s equations for a cylindrical coordinate system
(z,p,9) is used: z is the distance along the coaxial struc-
ture, p is the distance from the axis of symmetry of the
system, ¢ is the azimuthal angle with respect to the axis
of symmetry. Due to homogeneity of the system and
homogeneity of the initial and boundary conditions on
angle ¢) (the system is excited by a TEM wave), it can
be accepted d/dp)=0, thus going over to a two-
dimensional model. Then the set of Maxwell equations
splits into two independent sets,
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Fig. 5. 2D model: dependence of the oscillation fre-
quency (1) and amplitude span (2) on the input voltage,
for Hy=100 kA/m (a), and the longitudinal bias magnet-

ic field for H,=110 kA/m (b)
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Fig. 6. Dependences of (a) the output waveform,
and (b) of the oscillation frequency (1) and amplitude
(2) on the outer diameter of the NLTL
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The system of equations (5) describes a TE wave
that is more general case of a TEM wave propagating in
the coaxial structure. The equation set (6) describes a
TM wave, which is not formed in the coaxial structure
when it is excited by a TEM wave. But in the investi-
gated system the TM wave can be formed as a result of
interaction with the magnetic sub-system governed by
equation (2). The numerical calculation of equations (5)
and (6) is carried out in accordance with the methods
established in [7], while with regard to the interaction
between the electromagnetic fields and magnetic sub-
system (2) we use the method described in the previous
section. The results of numerical simulation are shown
in Figs. 5 and 6. As can be seen, when 2D modeling is
used the shape of the output impulse corresponds better
to the experimental waveform than in the case of 1D
modeling. In particular, the oscillation frequency ob-
tained in the 2D model (2.05 GHz) is much closer to the
experimental result (1.6 GHz) than to the 1D one (8.5
GHz).

4. DISCUSSION OF THE RESULTS

Based on the described 2D numerical study, several
issues of practical interest can be considered.

(i) Optimizing the filling factor of a coaxial NLTL
with ferrite. To study this effect, a series of numerical
experiments with various outer diameters D3 of the sys-
tem (see Fig. 1) were produced. Fig. 6 indicates the ex-
istence of a maximum oscillation amplitude for a certain
D3. In our case, it is observed for D3=28 mm, corre-
sponding to the filling factor of the ferrite in the wave-
guide cross-section equal to 0.4. It is significant that
when the filling factor is close to unity the oscillation
frequency goes high and corresponds roughly to the
results of the 1D model. However when the filling fac-
tor decreases the oscillation frequency also rapidly de-
creases. This suggests that the frequency of HF oscilla-
tions in a multilayered structure of the NLTL depends
on the transverse distribution of the electromagnetic
field that cannot be considered in a 1D model.

(if) The NLTL transverse dimensions. To increase
the power of HF oscillations the input voltage Ug
should be increased. Respectively, to provide a higher
electrical strength it is necessary to increase the cross-
section of the coaxial system. However, increasing the
transverse dimensions necessarily leads to dominance of
the effects specific for the layered waveguide structure,
associated with the transformation of TEM wave, and,
as the result, distortion of the output pulse. To explore
this issue, a series of numerical experiments with a pro-
portional variation of the input voltage U=sU° and
transverse dimensions of the system D;=sD;°, where s is
a variable scale factor. Fig. 7,a presents a series of the
output waveforms, obtained for the excitation signal of
the amplitude U° = 100 kV and pulse width at half max-
imum tyes = 6 ns. It can be seen, the reduced span A4U/s
of the oscillation amplitude increases when s goes up to
the value 3, i.e. the oscillation excitation efficiency aris-
€s.

It should be noted that the growth of s reduces the
oscillation frequency (an effect that is absent in the 1D
model) as well as the number of the observed oscillation
periods since the current pulse width is limited. In fact,
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since s=3 (for tyo5 =6 ns) the oscillations practically
cease, such that no more than lor 2 periods can be ob-
served (see Fig. 7). With greater widths of the current
impulse the oscillations are observed at lower frequen-
cies.
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Fig. 7. The output impulse envelope vs s (a).
Dependence of the oscillation frequency (1) and
reduced amplitude span (2) on the scale factor s (b)
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Fig. 8. Dependence of the oscillation frequency (1),

and amplitude span (2) on the insulation (a)
and ferrite (b) permittivity

(iii) The effect of dielectric characteristics of the
NLTL media on the excitation efficiency of oscillations.
A series of numerical experiments with variation of the
permittivity of the liquid dielectric & and ferrite materi-
al & were performed. These results are shown in Fig. 8.
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As can be seen, when & decreases and &, increases, the
oscillation frequency goes up, while the oscillation am-
plitude decreases. Thus, to provide for an efficient for-
mation of HF oscillations the permittivity of the ferrite
should significantly exceed the value of the permittivity
of the insulating dielectric.

By way of example, for a coaxial NLTL with di-
mensions D3/D1 = 2.2, excited by an input pulse of
amplitude 100 kV and a 6 ns width the following condi-
tions for effective excitation of oscillations can be ob-
tained:

- the factor of filling the line’s cross-section with the
ferrite material should be about 0.4;

- the permittivity of an insulating dielectric should
be at least three times lower than the permittivity of the
ferrite, & > 3&y.

CONCLUSIONS

A 2D simulation model has been used for the first
time to describe the dynamics of the shock wave and the
HF oscillations excited by a current impulse traveling
along the nonlinear coaxial line partially filled with a
longitudinally magnetized ferrite. The 2D model has
major advantages over the 1D model and agrees much
better with experimental results. The computations
based on the 2D model allow formulating conditions for
an effective formation of HF oscillations in the NLTL.
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BO3BYXJIEHUE BLICOKOYACTOTHBIX OCHUJLIIAINN B KOAKCUAJIBHON JTUHUA
C HAMATHUYEHHBIM ®EPPUTOM. 2D-MOJEJIb

Y.B. An, C.1O. Kapenun, B.b. Kpacoeuukuii, X.0. Kyon, U.H. Mazoa, B.C. Myxun, B.I'. Cunuyvin

[IpencraBnena meronuka u pe3yabTathl 1D- u 2D-gucneHHOro MoAeupoBaHus mporecca (GOPMUPOBAHUS BBI-
COKOYACTOTHBIX KOJcOaHWI B KOAKCHAILHOW HENIWHCHHOW JIMHWH, YaCTHYHO 3alOHEHHOH (eppuTOM, KOTOPBIH
HAMAarHA4eH NPOJOIbHBEIM MarHUTHeIM mojieM. C momomipio 2D-mMozenyu BHepBBIC WCCIENOBAHBI JUHAMHUKA M
CTPYKTYpa BOJHOBOTO IIOJISI HETMHEWHOW JIMHUM C TONEPEYHOM HEOTHOPOMHOCTHI0. OOCYXKMACTCS ONMTUMHU3AIS
JIMDJICKTPUYECKUX TTApaMETPOB CHCTEMBI, pa3MEpOB JIMHUW U CTCIICHU €€ 3alOTHCHUS (PeppUMArHUTHBIM MaTepua-
JIOM, HEOOXOMUMBIX IS ITOBBIIICHUS DIICKTPUICCKON MPOYHOCTH U MOTYyICHUST MaKCUMAIBHOW HHTEHCUBHOCTH KO-
J1e0aHui.

3BYIKEHHSA BACOKOYACTOTHUX OCHUJISAIIN B KOAKCIAJIbHIM JITHIT
3 HAMATHIYEHUM ®EPUTOM. 2D-MOJEJIb

Y4.B. An, C.1O. Kapenin, B.b. Kpacosuuvkuii, X.0. Kyon, IL.1. Mazoa, B.C. Myxin, B.I'. Ciniyun

[pencraBneno Meroauky ta pesyasraté 1D- i 2D-uncensHOr0 MosenmoBaHHs nporecy GOpMyBaHHS BHCOKOYA-
CTOTHHUX KOJIMBaHb Y KOAKCiaJIbHIHM HeTiHIHHIN JiHIi, 110 9aCTKOBO 3all0BHEHa (epruTOoM, KUl HaMarHiueHo MmoB3/10-
BXKHIM MarHiTHHM 1ojeM. 3a JormoMororo 2D-mozeni BHepiue JOCTiKEHO NWHAMIKY Ta CTPYKTYPY XBHIIBOBOTO
TIOJISL HeJIHIMHOI JTiHIT 3 MoNepeyHo0 HeoHOPiAHICTI0. OOTrOBOPIOETHCS ONTUMI3Alis ieIeKTPUYHIX ITapaMeTpiB
CHCTEMH, PO3MIpIB JIiHIT Ta CTymeHs 11 3alOBHEHHS (PEpOMAarHITHUM MaTepiasioM, siKi HEOOXiMHI JUIS ITiJBUIICHHS
SJIEKTPUYHOI CTIMKOCTI Ta OTpUMaHHS MaKCUMaJIbHOI IHTEHCUBHOCTI KOJIMBAHb.
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