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The effect of electron cut-off from the anode in a cylindrical coaxial electrode system with an inhomogeneity
of electric and magnetic fields along the axis is investigated by numerical simulation. The effect is caused by the
pulsed magnetic field of the external inductor and the secondary magnetic fields generated by the eddy currents in
the electrodes. The inhomogeneity of the fields is due to short length of the cathode and the inductor, and also by the
internal protrusion at the anode opposite the cathode for the concentration of the magnetic field. The electrons
escape along the axis from the interelectrode gap. To capture them, end cup-shaped collectors are introduced, for
which the voltage of up to 300 V is applied when the anode voltage is of 10 kV. The results of the work can be used
in designing a high-voltage current interrupter, for analyzing the conditions of magnetic initiation of a magnetron
discharge, and the characteristics of magnetron electron guns.

PACS: 52.65.Cc, 52.75.Kq
INTRODUCTION

The effect of electron cut-off takes place in a
magnetic field, orthogonal to the electric field, and does
not allow the cathode electrons to reach the anode [1, 2].
It finds application in many vacuum and plasma
devices: vacuum-magnetrons for microwave generation,
gas-magnetrons for electron and ion generation, ion
sputtering magnetrons, magnetron-type manometric
transducers and gas-discharge switching devices, etc. In
some devices, this effect creates conditions for the
generation of microwave oscillations, charged particles
and plasma. In others, it provides interrupting current to
the anode in opening devices or switching current from
one electrode to the other. The electron cut-off is useful
at the post-discharge stage in vacuum arc interrupters,
when hot electron-emitting spots rest on the cathode.
Fig. 1 demonstrates the cut-off effect in the cylindrical
electrode system.
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Fig. 1. Electron cut-off effect is at B >Bg,: 1 — anode;
2 — cathode; U, — anode voltage;
B — magnetic induction

The case of electron cut-off in homogeneous
crossed fields is considered in the literature [1, 2]. In
practice, however, inhomogeneous fields are most often
used, and the case of pulsed magnetic control with an
external inductor for interrupting or switching current in
high-voltage DC circuits, is of great interest. The results
of investigation of the electron cut-off in a flat
switching diode controlled by pulsed current of a plane
inductor are presented in [3]. The effect of electron cut-
off in cylindrical electrode systems due to a pulsed
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magnetic field, taking into account the induction of
eddy currents in electrodes and their secondary
magnetic fields, was not considered in the literature to
the best of our knowledge. Thus, our work is devoted to
investigation of the cut-off effect in such systems with
help of computer simulation.

1. CONFIGURATIONS OF THE
INVESTIGATED ELECTRODE SYSTEMS

Several electrode systems of different
configuration have been used for the investigation. They
are depicted in Fig. 2. The electrode configurations have
been chosen with taking into account the application of
the obtained results in the future to the development of a
high-voltage opening switch device (a current
interrupter) on the base of vacuum arc.

The characteristic dimensions of the systems in
millimeters are defined in Fig.2,d. The electrode
material is copper. The cathodes have small diameter
(6 mm) and height h (10 mm) accordingly to the
recommendation [4] for their using in the current
interrupter. However, the cathode of the system in
Fig. 1,a has also h = H = 100 mm for the purpose of
verification of the calculations (see this cathode is
depicted by dashed lines in Fig. 1,a). The minimal
anode diameter opposite the cathodes is 30 mm. All
anodes have the vertical split of 1 mm width (at the left
in all figures) for better penetration of the pulsed
magnetic field, generated by the inductors, through the
metal anodes into the “cathode-anode” gaps. Providing
anodes in the systems, shown in Figs. 2,b,c,d, with
internal projections/protrusions of triangular cross-
section solves several tasks: 1) to concentrate the pulsed
magnetic field in the ‘“cathode-anode” gaps; such
approach, as it is known, successfully works in systems
with pulsed magnetic field [4-6]; 2) to extend the anode
current during arc discharge over the larger surface; 3)
to decrease the part of anode surface disposed closely to
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the cathode in the order to facilitate vacuum arc
extinguishing.

The systems have has been simulated with a code on
the base of Comsol Multiphysics software analogously
to [3]. The code contains the part for calculation of
electric and magnetic fields and eddy currents induced
in the bodies of the electrodes as well as secondary
magnetic fields of them. The other part of the code was
used for electron trajectories calculation. The electron
space charge was taken as zero. It was supposed the

cathodes emitted electrons  with  cosinusoidal
distribution of emission angles. The DC voltage U,
between the electrodes was 10 kV. The inductors were
supplied with alternative current of 44 kHz. Their
working regime is determined by ampere-windings
(A-w) in the paper. Since cathode electrons reach the
system boundary for a few nanoseconds, the trajectories
were calculated as for constant magnetic field in the
maximum of the inductor current.
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Fig. 2. Configuration of the investigated electrode systems: 1 — anode; 2 — cathode; 3 — control inductor;
4 — electron collectors; 5 — annular cornice-like element

The system, shown in Fig. 2,a, has been used for
verification of the simulation code. Our calculations of
Ber well agrees with the theoretical calculation for
homogeneous crossed fields Bertheor = 4.7 mT:
Ber==4.9mT for h=H =100 mm and B¢ = 5.0 mT
for h =6 mm, H =100 mm. Here, Ber.theor is determined

asin[1]:
2
R
., /Ra[l——c}
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where m and e are the mass and charge of electrons, Ra
is the anode radius, R; is the cathode radius.

2. CALCULATION RESULTS AND
DISCUSSION

The typical electron trajectories in the mode of
cut-off and at different emission angles are presented in
Fig. 3 for two values of length h of the cathode. The
black points show the end of calculated parts of the
trajectories.

In the case of long cathode the cut-off leads to
returning all electrons to the cathode. In the case of
short cathode many electrons do not return to the
cathode. Moreover, the greater the distortion of the
electric field from radial one near the cathode ends and
the larger the electron emission angle the faster the
electrons go away from the cathode (see Fig. 3,b, where
the trajectories show that only electrons, ejected
radially, return to the cathode). The inductor length
must be equal to H or larger than H for the full cut-off
of cathode electrons as it is shown in Fig. 3. Otherwise

Bey theor =
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the anode may capture electrons in the zones with
B<Bcr.

b
Fig. 3. Electron trajectories with long cathode,
h =100 mm (a), and short cathode, h = 6 mm (b),
in the cut-off mode. Inductor — 4 kAw

The electron trajectories in the system with
magnetic field concentration, depicted in Figs. 2,b,c,
differ from ones, shown in Fig. 3b, by increased rotation
radius in the lower and upper parts of the system. The
trajectories in the space down and up relatively the
cathodes in the systems, depicted in Figs. 2,b,c, are like
as an expanding stream.

It is interesting to consider the variation of
pulsed magnetic field in the gap between the electrodes,
especially in the systems with magnetic field
concentration. The corresponding calculations have
been done and presented below. In the system shown in
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Fig. 2,a (see or in Fig. 3), the strength of the pulsed
magnetic field varies weakly between the electrodes and
within the anode in the space removed from the cathode.
However, the magnetic field varies considerably within
the systems shown in Figs. 2,b,c,d due to change of the
anode radius along the vertical axis. The example of
such field variation is presented in Fig. 4 for the system
depicted in Fig. 2,c. In general, there is the magnetic
field, generated by anode eddy current, in the whole
space around the anode.

In the order to check the possibility of employing the
anode configuration, shown in Fig. 2,b but with a short
inductor, we have calculated according electron
trajectories and obtained results presented in Fig. 5. One
can see the anode does not capture electrons both in the
space of magnetic field concentration and within the
lower and upper anode parts. The latter is due to larger
internal diameters of these parts and if the anode length
is not too large. Such property of this configuration
allows using the lower and upper anode parts as baffles
for the protection of the inductor against arc discharge
plasma in the current interrupters.
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Fig. 4. Variation of the strength of the pulsed magnetic
field in the “cathode-anode” gap by radius r at various
heights (on various planes) over the middle plane.
Inductor — 2.2 kA-w
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Fig. 5. Electron trajectories with long anode
(H = 40 mm) and short inductor (20 mm, 2.8 kAw)

In the order to investigate the effect of the angle
o (see Fig. 2,c) on maximum deflection of electrons
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from the vertical axis of the system, the electron
trajectory have been calculated at various values of a.
Fig. 6 demonstrates variation of maximum radial
deflection of electrons along the vertical axis for two
values of a. One can see the bigger the angle o the less
the maximum deflection of electrons. This may be
connected with changes in distribution of the induced
magnetic field around the anode.
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Fig. 6. Maximum radial deflection of electrons for two
anode configuration. Inductor — 2.8 kA-w, H =40 mm

From the above-presented data one can conclude that
a real current interrupter must be provided with
auxiliary electrodes for collecting the electrons going up
and down from the “cathode-anode” gap. As a variant of
such approach the configuration depicted in Fig. 2,d has
been proposed. The simulation of electron trajectories
showed that some group of electrons could pass by the
gap between the anode and the collector into the
external space of the system. In order to eliminate the
leakage of electrons the annular plane element like a
cornice has been attached to the lower end of the upper
collector and a positive DC voltage U. relatively the
cathode has been applied to the collectors. Fig. 7
presents electron trajectories in the system with
collectors.

Fig. 7. Electron trajectories in the system with
collectors. Uc = +300 V. Inductor — 5 kAw

The calculations showed that the attaching of the
annular element to the collector did not strongly affect
the leakage of electrons (it may be seen in Fig. 7
comparing the trajectories in the upper and lower parts).
Nevertheless, that element might be useful for
protection of the inductor against arc discharge plasma
in the current interrupters. Fig. 8 demonstrates the
dependencies of relative leakage of electrons by the
annular gaps between the anode and the collectors on
the collector voltage U; and the inductor current I;.
Note, the collectors generate the secondary magnetic
field, too, due to eddy current induced in their bodies.
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One can see that the value U; = +300 V is enough for
minimization of the electron leakage.
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Fig. 8. Relative leakage of electrons through the
annular gap between the anode and collector.
Inductor — 100 windings

CONCLUSIONS

The computer code on the base of Comsol
Multiphysics has been adopted for simulation and
investigation of the electron cut-off effect in the
cylindrical electrode system in the pulsed magnetic field
of the external inductor. The effect of secondary
magnetic fields generated by eddy currents in electrodes
is taken into account. The successful verification of the
numerical results has been proved.

In the system with heterogeneity of geometry, as
well as of electric and magnetic fields along the axis
(due to the short cathode, the inner projection at the
anode opposite the cathode for the concentration of the
magnetic field, the short inductor), the cycloid nature of

shaped collectors with the positive voltage of 300 V at
the anode voltage of up to 10 kV.

The results obtained can be used in designing a high-
voltage current interrupter, as well as for analyzing the
conditions for the magnetic initiation of a low-pressure
magnetron discharge and the characteristics of
magnetron electron guns
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ones with the escape of electrons from the interelectrode
gap. To obtain the cut-off effect, it is necessary to
intercept electrons leaving the interelectrode gap. For
this purpose, it is advisable to introduce the end cup-
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UCCJIEJOBAHME OTCEYKH JIEKTPOHOB B IIWJINHJAPUYECKON CUCTEME JIEKTPOJIOB B
MMIIYJIbCHOM MATHUTHOM IIOJIE HHAYKTOPA

U. Ipo3o, A. Kyzemuuée, C. Maitkym, JI. L{v10ynvckuii

Hcenemyercs METOIOM YUCIEHHOTO MOJASTUPOBAaHUA 3P (HEKT 0TCEUKH 3IEKTPOHOB OT aHOJA B IIMIMHAPUYECKON
KOAaKCHAIIbHOM CHUCTEME 3JIEKTPOAOB C HEOJHOPOAHOCTBIO 3JIEKTPUYECKOr0 M MAarHUTHOTO IIOJIeH BJOJb OCH.
C—)(b(beKT BbI3BIBACTCA HMIIYJIBCHBIM MArHUTHBIM II0JIEM BHECHIHETO HUHAYKTOpa W BTOPUYHBIMHU MArHUTHBIMU
MOJISIMH, TEHEPUPYEMBIMHU BHXPEBBIMH TOKaMHU B 3JIeKTpoaax. HeoqHopoaHoCTs nosel 00ycaoBIeHa MaJIOH JUTMHON
Karoda U UHAYKTOpa, a TaK)K€ BHYTPEHHHM BBICTYIIOM Ha aHOAEC HAIIPOTHUB KaToAa JJid KOHIICHTPpAUU MAarHuTHOTO
nois. MMeer MecTo yXoJ 3JE€KTPOHOB BJOJb OCH W3 MEKAJIEKTPOAHOTO MPOMEXYyTKa. I WX ynaBiIMBaHMSA
BBOJISITCSl TOPILIEBBIE HanieoOpas3Hble KOJUICKTOPHI, Ha KOTOpbIe nojaércs HampspkeHue 1o 300 B mpu anomHOM
HanpsokeHnn 10 kB. Pesynbrarsl paboThl MOTYT OBITH MCHOJB30BAaHBI NPH TPOSKTHPOBAHWHM BBICOKOBOJIBTHOTO
HpephIBaTeNs TOKa, JUIs aHaJIM3a YCIOBUI MarHUTHOTO MHUIMHUPOBAHHS MAarHETPOHHOTO pa3psla U XapaKTEPUCTUK
MarHeTpOHHBIX AJIEKTPOHHBIX ITyIIEK.

JOCJIKEHHS BIACIYKH EJJEKTPOHIB Y IIUJIITHAPUYHIN CUCTEMI EJTEKTPO/IIB
B IMITYJIBCHOMY MATHITHOMY ITOJII IHAYKTOPA

L /Ipo3o, A. Kyzemuues, C. Maiitkym, JI. L{ubynbvcokuil

JlocniKy€eTbCsl METOJJIOM YHCENIbHOTO MOJENIOBaHHs e(eKT BiJCiYeHHs eNIEKTPOHIB BiJl aHOJA B CHUCTEMI
IITIHAPUYHUX KOAKCIaIbHUX €JEKTPOJIB 3 HEOAHOPIAHICTIO €IEKTPHUYHOTO i MarHiTHOTO TOMIB Y370BX oci. Edexr
BUKJIMKAETHCS IMITyJIbCHAM MAarHiTHAM TIOJIEM 30BHINIHBOTO iHAYKTOpa i BTOPMHHUMU MarHiTHUMH TOJISIMHU, IO
TeHEPYIOTHCSI BUXPOBUMH CTPyMaMH B eJleKTpoaax. HeogHOpiAHICTE 1oTiB 00yMOBIICHA MaJIOIO JIOBXXKHHOIO KaToja
1 IHIYKTOpa, a TaKOXX BHYTPIIIHIM BUCTYIOM Ha aHONII B 00JacTi KaToja s MiJBUINCHHS KOHIICHTpAIil
MarHiTHOTO 1oJjist. Mae Micue BHXiJ] €JIeKTPOHIB 3 MIXKEJIEKTPOAHOTO NMPOMIKKY Y310BX oci. st iX yJoBmOBaHHS
BBOJISITHCSI TOPLEBI YaIIONoiOHI KOJIEKTOpH, Ha sKi mojaerscst Hanpyra no 300 B npu anoxuii Hanpysi 10 xB.
PesynbraT poOOTH MOXYTh OYTH BHKOPHCTaHI IIPH NMPOEKTYBaHHI BUCOKOBOJIFTHOTO ITEPEPUBHHUKA CTPYMY, AJIS
aHaJli3y YMOB MAarHITHOTO iHIIiFOBaHHS MarHETPOHHOT'O PO3PSAY 1 XapaKTepPHCTHK MAarHETPOHHUX EIEKTPOHHHUX
rapmar.
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