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The high-power microwave radiation, generated in a relativistic high-voltage pulsed magnetron with the range of 8 mm, was
experimentally investigated. The factors that negatively affect the generation of microwave radiation were experimentally studied
and analyzed. It was determined that the low pressure in the vacuum diode of the magnetron also was associated with the processes
reducing the efficiency and duration of the pulse generation. The air components are known to be the major residual gases in the
magnetron vacuum diode. During the magnetron operation, a significant increase in the pressure of the residual atmosphere of
hydrocarbons, water vapor, and hydrogen is to be observed. A vacuum system was composed to pump them out, thus ensuring the
magnetron optimal operation. A cryogenic condensation-adsorption pump was developed and applied for the new vacuum system
allowing to increase the evacuation rate of the main residual gases. The peculiarity of the developed pump is that the pumping
element with the adsorbent has a double working surface due to the use of a corrugated form of the sorption cartridge. Another
feature of the pump is its efficiency, which is achieved due to the use of nitrogen vapors for cooling the space between the walls. Due
to the use of the cryogenic means of pumping, it became possible to obtain the pressure at the level of 1-10 Torr, thus achieving an
increase in the microwave radiation of the relativistic magnetron by 25 percent.
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INTRODUCTION

The use of high-energy microwave radiation is necessary in a variety of applications including plasma physics
and many fields of applied research [1]. When operating in the millimeter wavelength range the relativistic
magnetron researchers face the problems associated with the efficiency of microwave energy extraction both in the
radial direction of the cylindrical structure and in the axial one [2]. Such undesirable effects as an increase of the
voltage action duration in the electrodynamic structure (EDS), the pressure at the level of 1-10* Torr resulted in a
rapid deterioration of the EMF [3-6]. Therefore, the problem to improve the method of removing high-frequency
power from the EMF of the magnetron arose [7-9]. One of the steps that contribute to this result is to obtain the
residual gases pressure at the level of 1-107® Torr. The air components are the major residual gases to be known in the
magnetron vacuum diode. During operation of the magnetron, a significant increase in the residual atmosphere of
hydrocarbons, water vapor, and hydrogen is observed. Before the reconstruction, the vacuum pumping system
included a forevacuum pump for obtaining a low vacuum and a magnet discharge pump for obtaining a high
vacuum-(1-10*-6-10- Torr). This configuration of the vacuum evacuation facilities did not cope well with pumping-
out of hydrocarbons, hydrogen and water vapor. This was one of the reasons why the magnetron operation efficiency
was low. At the same time, the working surfaces of the magnet discharge pump used to fail, what caused the work
stoppages. To generate microwave radiation in the magnetron, it is necessary to maintain a certain pressure in the
vacuum system, which should be 1-10° Torr. This is the objective of the work. Achieving the highest vacuum
provides the optimal conditions for the formation and stable maintenance of the electron flow, which interacts with
the electromagnetic field. This paper presents the results of the microwave radiation increase by 25% due to
obtaining the working vacuum at the level of 1-10 Torr.

MAGNETRON VACUUM SYSTEM

The developed vacuum circuit provides optimal conditions for the formation and stable maintenance of the
electron flow, which interacts with the electromagnetic field. It is proposed to increase the microwave radiation owing
to generation of the pressure in the magnetron vacuum system at the level of P=1-10° Torr. An increase in the
microwave radiation is proposed owing to generation of the pressure in the magnetron vacuum system at the level of
P =110 Torr. The research was carried out on the installation, whose schematic is presented in Fig. 1.

The experiments with the PM-48 magnetron revealed microwave generation at the frequency from 36 to 4 GHz
with the magnetic induction magnitude from By = 0.35 to 0.8 T and the anode voltage from Uy = 190 kV to 250 kV. The
diameters of the anode and cathode were d,=25 mm and d;=14 mm, respectively, and the gap between the cathode and
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anode dc, was in the range of 3-5mm. The observed oscillations can be defined as 7/2; © or (2/3)x modes. However, the
result of the horn-supported axial microwave power feed-out experiments is to be still classified as unsatisfactory one.

Figure 1. Schematic of a relativistic magnetron
1. Vacuum resonator. 2. Solenoid. 3. Cathode holder. 4. Cathode. 5. Anode. 6. Output horn. 7. Oversized waveguide.

One of the reasons of this problem is the impact of the anode-cathode plasma on the discharge. The worse is the
vacuum conditions in the magnetron, the greater is the effect of the anode-cathode plasma on the discharge. If the
vacuum level in the magnetron is not properly maintained, several problems can occur:

1. Instability of the electron flow: Insufficient vacuum can cause some fluctuations and instability of the electron
flow, thus negatively affecting the generation of microwave radiation.

2. Increased gas pressure: When the gas pressure in the vacuum chamber is increased, some unwanted collisions of
electrons with gas molecules can occur, thus reducing the magnetron efficiency.

3. Overheating of the elements: Low vacuum can cause overheating of the magnetron and other system components,
which can result in their being damaged or fail.

4. Reduced lifetime: Constant fluctuations in the vacuum level can shorten the lifetime of the magnetron and other
system components.

5. Breakdown between the cathode and anode: In the literature, the data are provided that in this case the pressure in
the vacuum chamber of the magnetron deteriorates by an order of magnitude [10].

The carried-out studies allow assuming that a pre-breakdown in the anode-cathode gap can occur on a relativistic
magnetron. The current that appears in this case is 50-100 pA. Here we see significant destruction of the anode, which has
the appearance of hollows. The condition of the anode and cathode surface is shown in Fig. 2.

Fig. 2. The condition of the damaged surface of the anode and cathode of the relativistic magnetron

The destruction on the anode indicates the electronic nature of the current. Also, the transfer of metal from the cathode
to the anode can be seen. On the anode, in this case, the metal is destroyed and some soot appears. This happens owing to
the inability to achieve the required level of vacuum with the existing means of pumping. Therefore, the problem of
improving the magnetron vacuum system arose

The new vacuum system was composed basing on the requirements to ensure optimal operation of the relativistic
magnetron. The vacuum pumping system includes a pre-vacuum pumping line and a high vacuum pumping line. Fig. 3
shows the schematic diagram of the vacuum pumping system of the relativistic magnetron chamber.
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Figure 3. Schematic diagram of the vacuum pumping system of the relativistic magnetron chamber
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FVP — forevacuum pump; AP — adsorption pump; MDP — magnet discharge pump; MV — manually operated valves; EAV - electric-
actuated valves; Chamber PM48 — magnetron chamber; MC — manometric converters, NT — nitrogen trap, EV - emergency air inlet valve

The vacuum chamber system, presented in Fig. 3, has a forevacuum pumping line, which is designed to pump out
Chamber PM48 from the current atmospheric pressure to ~7-10"2 Torr. The forevacuum pumping is carried out by a
forevacuum pump (FVP) through an open electric-actuated valve (EAV) and a nitrogen-filled nitrogen trap
NT-LAF-32. The pressure in the line and working chamber is measured by manometric converters (MC). The high
vacuum pumping line consists of an adsorption pump (AP) with the manometric converter (MC), connected to the
magnetron chamber PM48 through the manually operated valve (MV), and the magnet discharge pump (MDP), which
is connected to the relativistic magnetron chamber through the electric-actuated valve (EAV). In addition, the vacuum
system includes an emergency air inlet valve (EV), which is activated when the light is turned off.

To obtain the working pressure in the relativistic magnetron at the level of 1-10° Torr, it is proposed to use
cryogenic means of pumping [11, 12]. For this purpose, a design of a high-vacuum cryogenic condensation-adsorption
pump was developed, which works on one refrigerant with efficient use of the outgoing vapors. The use of nitrogen
vapors will increase the service life of the pump without increasing the refrigerant consumption. The schematic of the
developed cryogenic condensation-adsorption pump is shown in Fig. 4.
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Figure 4. Schematic of the condensation-adsorption pump

The pump consists of an outer casing 1, in which the pumping element is placed, in the form of an inner casing 3
with the refrigerant, and a screen 2. Cassettes with adsorbent 4 (birch activated carbon — BAC) are placed in the lower
part of the inner casing 3. The evacuation of the main mass of gas is carried out by condensation on the condensing
surface 6 of the inner casing 3. The non-condensed part of the gas, as a consequence of the repeated contact with the
surfaces having the temperature of the refrigerant, is absorbed by the adsorbent. Screen 2 with chevron 6 is designed to
protect inner casing 3 from external radiation and other thermal flows. Screen 2 is cooled by the vapor flowing through
coil 7. The components condensed from the pumped volume are also frozen here. The surfaces of inner housing 3 with
the refrigerant and the elements of screen 2 are wrapped in mylar to minimize the heat inflow to them. Screen 2 and
inner casing 3 with the refrigerant are suspended in outer housing 2 of the pump on two pipes 8 and 9, so that it would
be possible to fill in the refrigerant through pipe 8, and to let the refrigerant vapors out through pipe 9. To reduce the
thermal load on the inner casing, the volume between inner casing 3 and screen 2 is pumped out through pipe 10.

The vacuum system operates in the following way:

1. When MV1, MV2, MV3, EAV valves are open, we pump the accelerator chamber out using the EVP AVZ-20
forevacuum pump through the NT LAF-32 nitrogen trap filled with liquid nitrogen to the pressure of 7-10 Torr which
is the transitional mode between viscous and molecular gas flow mode. Then we close the MV 1 valve and turn off the
forevacuum pump.

2. We close the MV3 valve and fill in the adsorption pump (AP) with nitrogen, after starting the AP open MV3
and pump the system up to 3-10* Torr.

3. We close the valves EAV and start the magnet discharge pump (MDP) "toward itself". Reaching the pressure of
2-10 Tor, we open the pump MDP to the magnetron chamber. This allows obtaining the pressure of 1:10 Torr.

The updated vacuum system allows operating the relativistic magnetron in a cyclic mode without failure of the
pumping elements.

EXPERIMENTAL PART
After updating the relativistic magnetron vacuum system, the experiments were conducted to obtain the
microwave radiation at different pressures of the residual atmosphere in the magnetron vacuum volume. The value
of the magnetic induction was By =0.75 T, the anode voltage was Uy =250 kV. The output microwave radiation of the
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magnetron passed through a round waveguide with the diameter of 80 mm and the length of 775 mm, and was ejected
into free space through a window made of organic glass. The output power of the emitted microwaves was estimated by
measuring the magnetron microwave spatial distribution. As a receiving antenna, a pyramidal horn with an open end
(4x3.2 cm?) was used, which was placed in the azimuthal direction at the distance of 1.35 m from the window. The
envelope curve of the output microwave signal was obtained using a diode D 404 and recorded by a digital oscilloscope
with the bandwidth of 200 MHz. The first experiment was conducted at the pressure in the magnetron vacuum volume
P =3-10* Torr, the second — at the pressure P =1-10° Torr. The oscillograms of voltage, current and microwave
radiation are shown in Fig. 5.

CH1 2.00%

Figure 5. Oscillograms of voltage, current and microwave radiation
a — oscillogram at the pressure in the magnetron vacuum volume P= 3-10* Torr; b — oscillogram at the pressure in
the magnetron vacuum volume P= 1-10° Torr

On the oscillograms, the first line is the anode voltage, the second line is the current, and the third line is the
microwave radiation.

The calculated microwave radiation power in the first case was 650 kW, in the second — 875 kW. The obtained
pressure of the residual gases in the relativistic magnetron at the level of P=1-10° Torr gives an increase in the
microwave radiation power by 25 percent.

CONCLUSIONS
The vacuum system presented in the paper allows obtaining the oil-free vacuum. It provides optimal conditions for
the formation and stable maintenance of the electron flow, which interacts with the electromagnetic field. The vacuum
pumping system allows to reach the operating pressure of 1-10° Torr quickly, maintain the device in a pumped state for
a long time, and reduce the time of the vacuum chamber preparation between the pulses. Obtaining the residual gases
pressure in the relativistic magnetron at the level of P = 1-10° Torr gives an increase in microwave radiation power by
25 percent.

ORCID
A.B. Batrakov, https://orcid.org/0000-0001-6158-2129; ©S.I. Fedotov, https://orcid.org/0000-0002-7216-0615
M.V. Volovenko, https://orcid.org/0000-0001-7216-2058; ©O.M. Lebedenko, https://orcid.org/0009-0004-2243-8393
L.N. Onishchenko, https://orcid.org/0000-0002-8025-5825; ©®Ywu.N. Volkov, https://orcid.org/0009-0002-0557-8090
O.L. Rak, https://orcid.org/0009-0000-6683-1235

REFERENCES

[1] R.J. Barker, and E. Schamiloglu, editors, High Power Microwave Sources and Technologies, (New York: Wiley-IEEE Press,
2001).

[2] T. Nakamura, ef al., “Output Evaluation of Microwave Pulse Emitted from Axially-Extracted Vircator with Resonance Cavity,”
in: Recent developments of pulsed power technology and plasma application research, edited by J. Hasegawa, and O. Tetsuo,
(Tokyo Institute of Technology, Tokyo, Japan, 2018), p. 55-60

[3] N.P. Gadetski, E.I. Kravtsova, I.I. Magda, V.D. Naumenko, S.S. Pushkaryov, S.N. Terekhin, and A.S. Tischenko, “Relativistic
magnetron of § mm waveband,” Problems of Atomic Science and Technology, Series “Plasma Electronics”, (4), 18-20 (2008).

[4] A. Kuskov, A. Elfrgani, and E. Schamiloglu, “Relativistic magnetron with diffraction output (MDO) with a permanent magnet
anode block configuration,” in: IEEE International Vacuum Electronics Conference (IVEC), 2018.

[5] S. Xu, L. Lei, F. Qin, and D. Wang, “Compact, high power and high efficiency relativistic magnetron with L-band all cavity
axial extraction,” Physics of Plasmas, 8, 22-29 (2018). https://doi.org/10.1063/1.5041860

[6] N.P. Gadetsky, A.N. Lebedenko, I.I. Magda, O.G. Melezhik, A.A. Shtanko, and M.V. Volovenko, “A relativistic magnetron-
type source of nanosecond-length pulsed radiation in the 8 mm waveband,” Problems of Atomic Science and Technology,
Series “Plasma Electronics”, (6), 40-42 (2017). https://vant.kipt.kharkov.ua/ARTICLE/VANT 2017 6/article 2017 6 40.pdf

[7] A. Sayapin, and A. Shlapakovski, “Transient operation of the relativistic S-band magnetron with radial output,” Journal of
Applied Physics, (6), 61-67 (2011). https://doi.org/10.1063/1.3553839

[8] N.P. Gadetski, V.G. Korenev, A.N. Lebedenko, .I. Magda, O.G. Melezhik, V.G. Sinitsin, A.A. Shtanko, and N.V. Volovenko.
“Millimeter-wavelength relativistic magnetron: problems of microwave power extraction,” Problems of Atomic Science and



349
On the Influence of Vacuum Conditions on The Power Level of Electromagnetic... EEJP. 1 (2025)

Technology, Series: Nuclear Physical Investigations, (6), 80-84 (2021).
https://vant.kipt.kharkov.ua/ARTICLE/VANT 2021 6/article 2021 6 80.pdf

[91 V.A. Markov, and V.D. Naumenko, “On the influence of the shape of anode voltage pulse on the operation stability of spatial-
harmonic magnetron with cold secondary emission cathode,” Radiofiz. elektron. 23(1), 53-60 (2018).
https://doi.org/10.15407/rej2018.01.053

[10] E.S. Borovik, and B.P. Batrakov, “Study of breakdown in vacuum,” Journal of Technical Physics, 28(9), (1958). (in Russian)

[11] A.B. Batrakov, V.A. Kravchenko, et al., “Cryogenic adsorption pumps for obtaining pure vacuum,” in: Kharkiv Scientific
Assembly ICVTE-6, 2003, p. 226-228.

[12] A.B. Batrakov, Yu.N. Volkov, Yu.F. Lonin, and A.G. Ponomaryov, “Neon cryovaccuum system for life testing of electric jet,”
Problems of Atomic Science and Technology. Series “Plasma  Physics”, (1), 213-215 (2015).
https://vant.kipt.kharkov.ua/ARTICLE/VANT 2015 1/article 2015 1 213.pdf

ITPO BIVINB BAKYYMHHNX YMOB HA PIBEHb ITIOTYKHOCTI EJJEKTPOMAT'HITHUX XBWJIb, IO
TEHEPYIOTHCS PEJSITUBICTCBKUM MATHETPOHOM
A.b. Barpakos, C.1. ®egotos, O.M. Jle6enenxo, I.H. Onnmenxo, O.J1. Pak, M.B. BosioBenko, FO.H. Boaikos
Hayionanvuuti naykosutl yenmp «Xapkiscokuil ¢izuxo-mexniunutl incmumympy, Xapxie, Yrpaina

EKCHepUMEHTANBHO JOCIIDKEHO moTy:kHe HBU-BHNPOMIHIOBaHHS, IO TCHEPYETHCS B PEISTHBICTCHKOMY BHCOKOBOJIIBTHOMY
IMITyJIbCHOMY MarHeTpoHi jiama3oHy 8 M. EKcHepuMeHTanbHO IOCHIIKEHO Ta MPOBEICHO aHaii3 (aKTOpiB, 110 HETaTUBHO
BIUTMBAIOTh Ha reHepauito HBU BunpominioBanHs. BuzHadeHo, 10 [0 MPOLECiB, KOTPi 3MEHIIYIOTh e(eKTUBHICTh Ta TPUBAIICTH
IMIyJIbCy TeHepamii, BITHOCHTHCS TaKOX HHU3BKHH THCK y BaKyyMHOMY IiOAi MarHeTpoHy. Bimomo, mo B BakyyMHOMY Iiofi
MarHeTpoHy TOJIOBHMMHM 3aJMIIKOBUMH Ta3aMH € KOMIIOHCHTH IHOBITps. IIpu poOOTI MarHeTpoHy CIIOCTEpiraeThcsi 3HAUHE
30UIBIICHHS] TUCKY 3aJIMIIKOBOI arMoc(epy: BYIJIEBOJHIB, BOASHOI mapu i BomHio. st ix BigkadyBaHHS Oyjla CKOMIIOHOBaHA
BaKyyMHa CHCTeMa, IO 3abe3ledye ONTHMalbHy poOOTYy MarHeTpoHy. J[isi HOBOi BakyyMHOi CHCTeMH OyJo po3pobieHo Ta
3aCTOCOBAHO KPIOTCHHUI KOHJICHCAIIMHO-aICOPOIIHUI HacocC, sSKii TO3BOJIMB 30UTBIIMTH MIBUAKICTH BiKa4yBaHHS OCHOBHHX
3aIMIIKOBUX Ta3iB. OcoOIMBICTE PO3pPOOJICHOr0 HAcOCy MOJsrae B TOMY, IO BiAKAa4yBaJbHHH €JIEMEHT 3 aJCOPOCHTOM Mae
30inblIeHy B JABa pa3u pobody MOBEPXHIO-32 PaXyHOK BHUKOPHCTaHHs rogpoBaHoBoi ¢opmu copOuiiiHoro mnarpona. I[Himioro
0COOJIMBICTIO HACOCY € HOro €KOHOMIYHICTh, BOHA AOCSATHYTAa 32 PaxyHOK BHUKOPHUCTAHHS HapiB a30Ty Ul OXOJIO[DKCHHS MiXK
CTIHHOTO HPOMIXKKY. 32 pPaXyHOK BUKOPHCTaHHs KPUOI€HHHUX 3aCO0iB BiAKkadyBaHHs BIAIOCS OTPMMATH THCK Ha piBHi 110 Top, mo
MIPHU3BEJIO 10 301IbIIeHHs BUullpoMiHioBaHHs HBY pensTHBicTCHKOrO MarHeTpoHy Ha piBHI 25 BiCOTKIB.
Ku104oBi ciioBa: penamugicmcoKuii MazHempoH,; MIKpOX6Uibo8e GUNPOMIHIOBAHHS, 8AKYYMHA CUCIEMA, A0COPOYItIHULL HACOC



