Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

Review
Advanced structural materials, materials for extreme conditions

YK 537.533 DOI: 10.17277/jamt.2024.04.pp.312-325

Desorption of gases from cathode materials
in electrovacuum devices during the production process

© Anastasia V. Parashchuk®><, Evgeniy P. Sheshin®, Aleksey V. Shumanov”

“Moscow Institute of Physics and Technology, 9, Institutsky Ln., Dolgoprudny, 141701, Russian Federation,
bPluton JSC, 11, Nizhnyaya Syromyatnicheskaya St., Moscow, 105120, Russian Federation

DA parashchuk.av@mipt.ru

Abstract: Desorption of gases from cathode materials in electrovacuum devices (EVDs) is one of the key problems in the
production process, which has a significant impact on the performance and durability of devices such as magnetrons,
X-ray tubes and vacuum amplifiers. For example, cleaning the surfaces of EVD parts during production inevitably entails
their reactions with air components after extraction from the processing zone, and the process of degassing heating during
pumping often contributes to an additional complication of the structure and chemical composition of the surface layer,
since impurities diffusing to the surface can cause the appearance of new substances. Therefore, even when choosing
cathode materials or parts of internal fittings, EVDs are guided by the ability of the material to quickly remove gases,
maintain strength at high temperatures and have high chemical resistance. The present paper is a detailed analysis of
modern methods of desorption acceleration, the mechanisms of this process and their computational basis, including
known physical laws and models of adsorption and desorption. Promising approaches to improving the quality of cathodes
at different stages of their production, with an emphasis on the use of new materials and technologies, are evaluated.
Calculations confirming the effectiveness of the proposed solutions are analyzed, as well as the influence of various factors
on minimizing the impact of desorption processes and increasing the durability of cathodes in EVDs.
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AnHotanus: JlecopOuus ra3oB U3 MaTepUAIOB KATOJOB B AJICKTPOBaKyyMHBIX mpubopax (DBII) sBisercs omaHoil w3
KIIOYEBBIX MPOOJIEM B MPOLECCE MPOU3BOACTBA, OKA3bIBAIOMICH CYIIECTBCHHOC BIMSHUC HAa MPOH3BOJUTEIHHOCTH
U JIOJITOBEYHOCTh TaKUX YCTPOMCTB, KaK MAarHETPOHBI, PEHTICHOBCKHE TPYyOKH W BakyyMHbIe ycuinurenn. K mpumepy,
ouHMIIeHHe TMoBepxHOCcTel meraneii DOBII B mporecce MpPOW3BOACTBA HEM30EKHO BIIEYET 3a COOOH HMX pEaKIHH
¢ KOMIIOHCHTaMH BO3/yXa IOCJIE HM3BIICYCHUS U3 30HBI 00pabOTKH, a mpolecc 00e3raKUBAIOIIEr0 HArpeBa BO BpeMs
OTKAa4K{ HEPEAKO CIOCOOCTBYET JOTOIHUTEIFHOMY YCIOKHEHHIO CTPYKTYPBI U XHMHUYECKOTO COCTaBa MMOBEPXHOCTHOTO
CJI0s1, TIOCKOJIBKY TpuMecH, Au(QyHIUpYIOmre K TOBEPXHOCTH, MOTYT BBI3BaTh IOSBICHHE HOBBIX BemecTB. [losTomy
JaXke Tpu BBIOOpPE MaTepHaliOB KaTOJOB, AeTanell BHyTpeHHer apmaTypsl OBII pyKOBOACTBYIOTCS CIOCOOHOCTHIO
MaTepHuana OBICTPO YIANATh T'a3bl, COXPAHATh MPOYHOCTH MPU BBICOKHX TEMIIEpaTypax W 00J1agaTh BEICOKOH XUMHUYECKOH
ycroitunBocThio. IlpuBeneH monpoOHBI aHAMW3 COBPEMEHHBIX METOJOB YCKOPEHHS eCOPOIMH, MEXaHH3MOB 3TOTO
mpoIiecca W WX PACUCTHBIX OCHOB, BKIJIIOYAs M3BECTHHIC (DM3MUCCKHE 3aKOHBI M MOJCIH aACOPOLUH W JIeCOPOIUH.
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OneHeHbl NePCHEKTHBHBIE MOIXOABI K YIIYUIIEHUIO0 KaueCcTBa KaTOM0B HA PA3HBIX 3Talax UX MPOU3BOJACTBA, C aKIIEHTOM
Ha UCIIOJIb30BAaHUE HOBBIX MaTE€pHaJIOB M TeXHOJOTHH. [IpoaHam3upoBaHbl pacyeTsl, MOATBEp)KAAOmNE d3PPEKTUBHOCTD
MIPEATIOKEHHBIX PELICHUH, a TaKKe BIHMSHUE PA3IMYHBIX (PAKTOPOB HA MUHHMHU3AIMIO BIIMSIHUS MPOLIECCOB AecopOImn

¥ TIOBBIIIEHNUE JOJITOBEYHOCTH KaTox0oB B DBII.
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1. Introduction

The production of vacuum tubes is one of the
most complex industries. This is due to the fact that
the stability of the electrovacuum device (EVD)
depends not only on the preservation of the shape and
condition of the parts, the choice of materials, the
appropriate technology for their processing and
compliance with the entire technological process of
manufacturing the device. Fulfillment of the
conditions of mechanical precision of manufacture
and assembly does not guarantee durability and
manufacturability due to the processes of material
desorption during the technochemical stages of
production and further operation or storage of EVDs.
In particular, the materials of electrodes, which
ensure the correct functioning of the device, are
subject to desorption or spraying.

During various stages of production, a layer of
the gas phase inevitably forms on the surface of
cathodes. During degassing heating during pumping
out EVDs, the structure of oxide films and adsorbed
impurities becomes more complex, often changing its
chemical composition due to diffusing elements from
the volume of materials. This can lead to significant
changes in the emission properties of the cathode,
contamination of the vacuum environment and
complete failure of the device. Therefore, one of the
main production tasks is to remove chemically
adsorbed gases and impurities such as hydrogen,
oxygen and hydrocarbons from the cathode surface.
The materials used in production are assessed by their
ability to quickly remove gases, low vapor pressure,
strength at high temperatures, thermal expansion
coefficient,  thermal  conductivity, electrical
conductivity, high insulation resistance even at high
temperatures and chemical resistance. The purity of
the material also plays a decisive role, since even
small impurities can significantly affect the
performance characteristics and service life of
devices. In particular, when the vacuum conditions in
instantaneous magnetrons deteriorate from 10 to
10”7 mm Hg, the current density from the field
emission cathode decreases from 7.0 to 5.6 mA-cm ~
(Fig. 1) [1]. The use of materials with a minimum gas

content can be attributed to the mandatory
requirements for the materials of EVD parts, since
maintaining low pressure in the vacuum

In recent years, research in the field of
adsorption and desorption phenomena on EVD
cathodes has focused on wunderstanding the
physicochemical processes occurring on the surface
and inside the cathode material, as well as on
developing new methods for controlling these
processes in order to improve the efficiency and
stability of devices [2—4]. Thus, modern studies
emphasize the importance of not only the chemical
nature of adsorption, but also its kinetic aspects. For
example, experiments using various spectroscopy
methods allow observing changes in the surface states
of cathodes in real time when exposed to a gas
environment [5]. This helps to refine the interaction
models and optimize the operating conditions of
devices to minimize the negative impact of
desorption. Another important aspect of recent
research is related to the effect of adsorption on the
emission properties of cathodes [6]. Especially it is
noticed in the context of high-precision and highly
sensitive applications, where even small changes in
the emission level can significantly affect the
operation of the device. Studies show that adsorbed
layers can cause temporary or permanent changes in
the function of the cathode, which requires the
development of specialized coatings or evacuation
methods to eliminate or minimize this effect. At the
same time, promising solutions related to the
development of new materials and modifications of
cathode surfaces by forming protective layers are
increasingly being proposed.

The purpose of this review is to
comprehensively analyze modern approaches to gas
desorption processes from cathode materials used in
vacuum tubes with an emphasis on increasing their
durability and performance characteristics. The
review covers the latest advances in heat treatment,
radiation and electron exposure, and the use of
nanomaterials, providing an interdisciplinary
approach to solving desorption problems. Particular
attention is paid to theoretical models based on Fick’s
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Fig. 1. Dependence of the autoelectronic emission current on the pressure in the chamber [1]

and Arrhenius’s laws, as well as practical
recommendations for production optimization. The
work is aimed at integrating theoretical knowledge
and modern technologies to create more efficient and
reliable devices.

2. Thermally activated desorption

Thermally activated desorption is widely used in
industrial processes to improve the quality of
cathodes in EVDs. In most cases, vacuum degassing
requires thermal activation of cathodes or additional
thermal cleaning. Classical studies of cathode heat
treatment [7-9] provided the basis for modern
methods of removing impurities through heating.
These studies showed that cathode temperature above
1000 °C significantly increases the desorption rate for
all materials. Modern studies [10, 11] have confirmed
these data and proposed more accurate models to
describe the processes of gas diffusion on the cathode
surface. For example, the Fick equation for diffusion
allowed us to accurately calculate the concentration
of impurity gases on the cathode surface and the time
required for their complete removal:

oc  o0C
- =D—
ot o2

2

where C is the impurity concentration, D is the
diffusion coefficient. If we assume that the activation
energy of capture is identical to the activation energy
of diffusion in the lattice the activation of desorption
will be equal to the sum of the diffusion energy and

the energy barrier, which is in good agreement with
the experimental spectrum of pure iron with careful
surface treatment [12].

At the same time, more often, modern studies of
basic EVD designs give hope for the creation of
computer methods for calculating and modeling
surface processes for their further generalization to
technological units with a more complex elemental
composition [13].

Detailed studies of thermal desorption are
presented in [14]. An extensive analysis of the
temperature and pressure effect on the desorption
characteristics of various cathode materials was
carried out. In the process of thermal vacuum
treatment of cathodes, an incorrectly selected
pressure can lead to insufficient or excessive
desorption. Thus, a pressure of 10 mbar leads to an
increase in the desorption flux for scandate-based
cathodes by 25% compared to a pressure of
102 mbar. With regard to thermal treatment,
scandium oxides are preferable in production, since
they reduce the work function to 1.6-1.8 eV
compared to traditional cathodes, for which this
figure is 2.0-3.0 eV. The addition of scandium oxides
to cathodes made of other materials helps to improve
the thermal stability of cathodes at high temperatures
(up to 1500 K). In particular, Sc,O3-based cathodes
demonstrate stable emission characteristics for
1000 hours of continuous operation at temperatures
up to 1200 K, which is superior to most similar
materials [15]. Tungsten and thorium-based cathodes
also demonstrate the efficiency of thermal desorption
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under high-temperature conditions. For them,
a characteristic increase in desorption begins at
a temperature of 1200 K, contributing to an increase
in gas evolution by 40 % compared to a temperature
of 1000 K [16].

From a physical point of view, the activation of
desorption and diffusion processes during pumping
out EVDs through long-term thermal vacuum
treatment can effectively remove a significant amount
of gas components from the internal surfaces and
from the volume of the device parts. However, long-
term thermal vacuum treatment can entail a decrease
in the emission characteristics of the cathodes due to
additional chemical transformations on the surface or
destruction of the surface layer. Improvement in the
work function of tungsten, molybdenum and barium
oxide cathodes was noted only when heated in a
certain temperature range [17]. Samples made of
nickel, after preliminary long-term 12-hour thermal
degassing at a temperature of 800 °C in a vacuum,
released CO at each bombardment pulse with energy
of 270 eV at room temperature. Further investigation
revealed that the surface of the nickel samples was
covered with a thin but strong insulating film of
carbon-containing nickel oxides [18]. In addition, the
possibility of mass transfer of metals inside and
outside the finished devices should be separately
highlighted. Quite a few cases of the manifestation of
the volatile properties of metal oxides have been
described in the literature [19-21]. Some volatile
properties of molybdenum MoO3 and copper CuO
oxides have been considered in detail. The partial
pressures of these oxides when heated to 600 °C are
approximately 10° and 107 Torr, respectively.
It is also noted that BaO molecules evaporate without
decomposition at low temperatures, despite the high
boiling point of this compound. At approximately
800 K, dissociation of BaO, molecules begins, which
leads to further evaporation of metallic barium [20].

It is known theoretically that the cathode
temperature can be affected by several factors
simultaneously: the heating model and the
temperature coefficient of heater resistance. To solve
the problem of excessive desorption during heating,
they resort to optimizing temperature conditions [22]
and monitoring the current cathode temperature
during thermionic emission [23] or using a
synergistic effect with new approaches to stimulating
desorption and diffusion processes [24-26].
The paper [26] shows that the cathode temperature
decreases as the current collected by the anode
increases. When the emission current was 180 mA,
which corresponded to a current density of

2.92 A-cm? the cathode temperature decreased by
29 °C in the constant voltage heating mode and by
35 °C in the constant current heating mode.

3. Ultraviolet radiation and ion cleaning

At certain stages of vacuum tube production,
methods such as ultraviolet irradiation or ion cleaning
are used to accelerate desorption processes.
Compared to traditional heat treatment, calculated
data indicate an increase in the rate of desorption
processes during UV treatment by several times [27].
The threshold energy for neutral desorption can be
quite low, down to 5 eV (far ultraviolet radiation).
At higher energies (15 eV), ion desorption can be
expected [28]. The promise of this method lies in its
effectiveness when used at the final stages of cathode
production, when it is necessary to remove remaining
impurities before installing the cathodes in devices.
In addition to removing contaminants at the atomic
level, UV radiation, due to its local effect of high
energy density, made it possible to carry out
controlled nanostructuring [29].

Research in this area over the past 10 years has
been aimed at finding modes and criteria for cleaning
electrodes. The optimal ratio between the ignition
voltage, working gas pressure, DC glow discharge
current and the distances between the EVD
components made it possible to reduce the pumping
time by 2.0-2.5 times with lower energy costs about
15 years ago [30]. However, with the advent of new
cathode materials and more stringent operational
requirements for devices, it became necessary to
improve the classical methods. Cathodic plasma
electrolytic treatment is a new technology for
preparing a surface for further processing or creating
surfaces with specified properties [31]. Using
a plasma discharge caused by electrolysis and the
cooling effect of the electrolyte, metal cleaning and
subsequent deposition of a thin metal film are
effectively achieved. The most common methods of
film creation in production are physical or chemical
vapor deposition [32, 33]. These methods require
separate preliminary treatment of materials, while the
spraying process itself is quite lengthy. The plasma
electrolytic ~ processing process, having four
simultaneous effects from a strong electric field,
oxidizing free radicals, ultraviolet light and a shock
wave, turns out to be cost-effective and
environmentally friendly [34].

However, its application in the field of
electronics still needs to be adjusted in relation to the
modes and conditions of the process. The most
practically oriented developments are pumping
technologies for EVDs with secondary-emission cold
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(non-heating) cathodes [35]. The main feature of the
method is a combination of ion cleaning with
sequential degassing of the device components,
which includes the use of high-energy ions to remove
adsorbed gas molecules. In the process of ion
cleaning, ion flows are created directed at the surface
being cleaned. This helps remove contaminants at the
molecular level, including residual molecules such as
hydrogen and oxygen, and reduces the preparation
time of devices by 40 %. Other studies show the same
results [29], which reinforces the prospects of the
method in its application for mass production.
The most successful examples of combined
technologies to date include the processing of
cathodes in instantaneous devices such as
magnetrons. In these devices, the use of combined
methods ensures low levels of desorption in the
vacuum cavity and stability of thermionic emission.
The disadvantages of the method include the
possibility of initiating a chemical reaction with
impurity gas molecules on the cathode surface or an
uneven temperature distribution, which becomes
especially noticeable in nanoscale areas. Nanosecond
pulses of UV radiation are capable of transferring
energy so quickly that the material does not have time
to transfer heat to deeper layers. Due to this, it is
possible, if necessary, to controllably limit the surface
effects of evaporation and desorption [36-38].
This ability additionally opens up possibilities for
using these effects in microelectronics and
nanotechnology, especially for the creation of thin
films or controlled modification of surfaces [39, 40].

4. Electron desorption and radiation effects

Electron desorption was actively studied back in
the 1960s, which made it possible to establish the
mechanisms of this process [41]. It was found that
even low-energy electrons can effectively desorb
gases adsorbed on the metal surface, and the
desorption rate increases with increasing electron
energy and increasing irradiation time. Thus, when
exposed to electrons in the range from 1 to 30 eV on
tungsten, copper and platinum under conditions of
maintaining a pressure of 107 Torr, desorption of
oxygen and carbon dioxide occurs. Cold cathodes
made of nickel and cobalt when exposed to electrons
with energies from 1 to 50 eV demonstrate
acceleration of hydrogen and argon desorption.

Among modern studies, there are works that
examine in detail the effect of all types of radiation
on the desorption capacity of the surface [42, 43].
Experimental data show that radiation can
significantly change the desorption mechanisms,

accelerating or slowing down this process depending
on the type and intensity of radiation. In addition, it
has been shown that an applied electric field can
change the distribution of charged particles and
increase the repulsive force between the adsorbed
molecules and the cathode surface. This is especially
noticeable at high voltages, where electric fields
promote acceleration of desorption. For example,
when molybdenum cathodes were exposed to intense

ionizing radiation, a significant activation of
desorption was recorded, increasing by 30 %.
Moreover, this method not only increases the

quantum efficiency of the cathodes, but also does not
affect the surface roughness, which is especially
important for the operation of cathodes under high
vacuum conditions [44].

Later, a model of gas and radiation desorption
during initial high-voltage conditioning in vacuum
was created [45]. The applied voltages varied from
20 to 100 kV for stainless steel electrodes, as a result
of which intense desorption of impurity gases (mainly
hydrogen and oxygen) began at voltages above
60 kV. According to the author, the increase in the
desorption rate before reaching the threshold voltage
of 80 kV is associated with the accumulation of
energy in the surface layers of the metal.
For example, at a voltage of 80 kV, the measured
desorption rate reached 10" molecules-cmfz-sfl,
while at 40 kV it was about 10'* molecules-cm *s .
It was also noted that desorption reaches a peak in the
first few minutes of processing, after which the
desorption rate decreases, indicating saturation of the
process. A feature of this model is that it takes into
account the radiation effect caused by accelerated
electrons and ions, which additionally contribute to
desorption. This radiation effect increases the local
surface temperature to values about 200 °C, which
stimulates  thermally activated desorption of
molecules. It is confirmed that under such conditions,
radiation desorption can account for up to 20 % of the
total number of released molecules in the early stages
of high-voltage processing.

Thus, high radiation load leads to significant
improvement of vacuum conditions in EVDs, due to
active desorption of ions and molecules from the
cathode surface. Desorption intensity increases
sharply under radiation exposure, especially in the
case of hydrogen molecules, which is associated with
their high mobility and penetration into materials.
At the same time, vacuum recovery after irradiation
occurs slowly, which indicates prolonged activation
of desorption processes in the material after exposure.
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5. Cathode materials

With the increase in frequency ranges and power
of modern devices, more stringent requirements arise
for heat resistance, durability and stability of cathodes
to external factors, such as high temperatures and
intense electric fields. The manufacture of cathodes
from traditional materials such as nickel, tungsten,
alkaline earth metal oxides requires precise control
over the conditions of all stages of their manufacture,
operation and storage [46, 47]. Moreover, the
structure of the cathode surface or the morphology of
its coatings due to the presence of microroughness,
defects or variable resistance to external influences
relative to the chemical composition can also have an
accelerating or decelerating effect on the desorption
of the material [48]. In this case, it is necessary to
take into account not only the stability of cathode
emission, but also degradation processes [49].
The latest developments in this area suggest the use
of new materials for cathodes, such as oxides of rare
earth metals (e.g. scandate) and nanostructured
coatings.

However, depending on the required operating
modes, the state of all technological units of the
devices should still be constantly monitored [S50].
Being the most popular for high-temperature
applications, scandate cathodes during long-term
operation promote active accumulation of desorbed
particles on the inner surfaces of EVDs [51].
Therefore, it is proposed to use more stable coatings
on the cathode surface or to create multilayer
structures that prevent the interaction of active
elements of the cathode with the environment.
The most widely used are the deposition of thin
layers of atoms of alkali, alkaline earth elements and
polar molecules of barium oxide [52].

The dependence of the work function on the
thickness of the deposited layer is characterized by a
curve in which a minimum is observed at a layer
thickness of 0.6—0.7 monolayers, which is typical for
various materials. The exact reason for the
appearance of this minimum continues to cause
controversy: it may be due not only to a decrease in
the positive moment on the surface due to the bond
between adatoms, but also to the presence of traces of
electronegative contaminants in the device. These
atoms, binding with electropositive adatoms, can
enhance the emission. For example, films containing
Cs—O-W or Ba—O-W demonstrate a lower work
function (1.6—1.9 eV) compared to Ba—W and Cs—W
films (2-2.5 eV). According to [53], the mechanism
of this phenomenon is that a group of metallic
adatoms is formed around the oxygen ions on the

surface. Their effect compensates for the increase in
the work function caused by oxygen adsorption,
thereby reducing it.

The valence state of the deposited atoms can
significantly affect the work function, especially if
the covalent component plays a role in their
interaction with the substrate. Studies described in
[54] showed that when barium is deposited on a clean
iridium surface (Ir(111)) the barium atoms are
uniformly distributed over the surface until a
monolayer is formed. However, in the presence of a
small amount of carbon, the adsorbed Ba atoms tend
to form island structures. This is due to the
weakening of the electron interaction of adatoms with
the carbon substrate, which in turn strengthens the
bonds between the adatoms themselves. The opposite
effect was recorded during the adsorption of barium
on a tungsten surface coated with a germanium film
[55]. In this case, the deposition of barium on the W
surface coated with germanium led to a greater
decrease in the work function compared to pure
tungsten.

As noted earlier, the introduction of scandium
into the tungsten base of cathodes significantly
improves their thermionic characteristics. This allows
for a decrease in operating temperatures, improved
emission efficiency and increased durability of
cathodes under operating conditions. After a more
detailed analysis of the physicochemical processes on
the cathode surface, it was found that the introduction
of scandium helps to reduce thermal desorption, due
to which the cathodes demonstrate high stability even
when exposed to radiation and mechanical loads,
which confirms their high reliability under harsh
operating conditions.

Currently, many industrial enterprises, including
JSC Pluton, manufacture microwave vacuum tubes
using dosing cathodes based on tungsten sponge
impregnated ~ with  barium-calcium  aluminate
2.5Ba0O - 0.4Ca0 - Al,0O3. The thermionic current
density of such a cathode at a temperature of 1050—
1100°C is 10-15 A-cm > [56]. Studies of the
chemical composition using electron spectroscopy
methods confirmed the solubility of calcium,
aluminum, tungsten, and scandium in cathode
materials. It was shown that the emission properties
of dispersing and scandate cathodes are determined
by the properties of barium oxide crystallites formed
in the cathode material at the stage of its manufacture
and activation, as well as the type and concentration
of point defects in barium oxide. Thus, the use of
thin-film coatings based on oxides and nitrides
effectively blocks the penetration of gases to the
active centers of the cathodes and reduces the
likelihood of desorption [56].
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The use of plasma technologies, such as plasma
etching or ion plating, for the purpose of modifying
the surface of cathodes additionally contributes to
increasing the resistance of cathodes to thermal and
mechanical destruction [57, 58]. Due to the precise
control of the process of ion flow formation by
heating the cathode to high temperatures, thermionic
emission of electrons is initialized and a dense
plasma discharge is created. These discharges play a
key role in ion plating processes, providing a high
degree of control over the parameters of thin films,
such as thickness, composition and structure [40].
And plasma etching of cathodes is useful for creating
specific microstructures [59, 60].

The paper [61] is a significant study devoted to
the development of tungsten-based thermionic

cathodes activated with nanothorium (ThO,).
The cathode fabrication involved a sintering method,
which resulted in a wuniform distribution of
nanothorium over the surface. Such cathodes provide
a lower work function and improved thermionic
emission compared to traditional cathodes.
For example, after activation and sintering, the
operating temperature of cathodes was reduced by
200 K. An additional sintering or high-temperature
annealing step to achieve better thermal stability and
electrical properties of the coatings has proven useful
for other materials as well [62, 63].

Palladium-barium based cathodes have also
demonstrated superiority over traditional materials.
Metal-alloy cathodes of this type are a dense form-
forming matrix based on palladium containing the
intermetallic compound PdsBa distributed in the
volume [64]. Their high emissivity is explained by
the fact that when heated, a thin layer of the active
element or its oxide is formed on the cathode surface,
which helps to reduce the work function. Also, the
presence of active elements in the volume of the
material helps to maintain an emission layer on the
working surface of the cathode, which provides
secondary electron emission. However, the emission
properties of such cathodes strongly depend on the
surface structure. It is known that dispenser hot
cathodes made of tungsten sponge impregnated with
barium-calcium  aluminate when heated to
temperatures in the range of 1100-1400 K due to
decomposition and thermal diffusion form a
submonolayer film of Ba and BaO, which reduces the
work function. The application of a thin layer of such
elements as rhenium, osmium, iridium or their alloys
with tungsten enhances the effect, acting as
activators. It is known that the emission properties of
pure BaO crystallites are determined by oxygen
vacancies, which form acceptor-type surface states on

the oxide surface. This leads to a significant curvature
of the energy bands [65]. In this case, the electronic
structure of barium oxide changes according to the
synergistic effect of all the impurities present at once
[66, 67]. To study the arrangement of atoms
surrounding the Ba atom on the surface, a method for
determining the extended fine structure of X-ray
absorption by the surface was used in [68].
This method makes it possible to obtain information
on the distances to the nearest neighboring atoms
along the oscillating part of the absorption coefficient
beyond the main band. The spectra of such absorption
by three types of dispenser thermionic cathode
(without coating, with Os—W and Pt— W coatings)
were studied using a synchronous radiation source.
The results showed that in the first two types of
cathodes, barium atoms form clearly defined short-
range bonds with oxygen with the Ba—O distance
equal to 2.62 A. However, in thermionic cathodes
with the Os—W coating, the barium atom is bonded to
two oxygen atoms, which leads to an increase in the
surface dipole moment and a more significant
decrease in the work function. In the case of cathodes
with the Pt—-W coating, the Ba—O distance turned out
to be greater, and the bond between the atoms was
less pronounced. In [69], the classical dipole theory
of thermionic emission from dispenser cathodes was
challenged by spectroscopic data obtained at a later
time. The role of oxygen in providing the increased
emission activity of the cathode was noted. However,
in [70], when studying the secondary emission
properties of impregnated tungsten cathodes using the
same spectroscopy methods, as well as thermionic
microscopy and high-resolution contact potential
difference, a violation of the correlation of the
secondary emission and thermionic properties of
individual “active” surface areas was discovered.
In  particular, with increasing temperature
corresponding to the process of heat treatment of the
cathode, the secondary emission properties eventually
worsen, and the thermionic properties improve,
which the authors associate with a decrease in the
amount of oxygen on the surface and with a change
in the nature of the chemical bond of Ba with the
substrate for this reason. The effect of carbon
impurities on the secondary electron emission
coefficient is noted. The effect of various methods of
preliminary surface treatment on the emission
properties of the cathode is studied. The greatest
effect is achieved with sandblasting. It is shown that
an increase in the pore size in the tungsten matrix
reduces the secondary electron emission coefficient
due to the effects of surface charging. At the same
time, it should be noted that the secondary emission
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and thermionic properties of emitters based on metals
and metal-oxide film systems depend significantly on
the heating temperature, which limits the range of
their use in electronic devices.

At temperatures in the range from 1000 to 1300 K,
the efficiency of thermionic emission increased
significantly due to the reduced work function of the
barium coating (2.1-2.4 eV compared to 4.5 eV for
tungsten). It was also found that secondary electron
emission has a maximum quantum yield of electron
emission at primary electron energies from 100 to
500 eV, which improves the performance of cathodes
in microwave devices where it is important to
maintain a stable electron flow. According to the
proposed model of the surface structure of the
palladium-barium cathode, it was calculated that the
emission properties of the palladium-barium cathode
significantly depend on the emission properties of the
barium oxide crystallites and on the relative surface
area of the cathode they occupy [71]. Quite often,
various versions of the design of metal-alloy
palladium-barium cathodes, which are a Pd matrix in
which the intermetallic phase PdsBa is distributed
[72, 73], exhibit a decrease in the secondary electron
emission coefficient due to the uneven distribution of
the PdsBa phase in the Pd matrix [74]. For the same
reason, the greatest number of alloy defects and
diffusion welding defects (lack of fusion, “swelling”,
“delamination” of the alloy foil from the core) occur
[75]. In order to eliminate the above-mentioned
shortcomings, a pressed metal-alloy cathode was
proposed for the industrial production of magnetrons
with non-heater start-up. Activation of the surface of
the working edges of field-electron cathodes (FEC)
during the activation of secondary emission cathodes

(SEC). After pressing and additional sintering of the
cathodes in a vacuum furnace, a homogeneous and
uniform distribution of barium on the working
surface of the palladium-barium cathode was
achieved, as shown in Fig. 2 [76, 77].

In order to increase the stability and reproducibility
of generation initiation, a structurally similar cathode
based on palladium with barium (Fig. 3) was
subjected to special activation in the temperature
range 7~970-1370 K, observing the condition
Tt~ 1.0-10°-1.5-10 (K s) [78]. In this case, filiform
crystals of palladium with a length of ~50-100 nm
and a cross-sectional size of ~5-20 nm, partially or
completely covered with barium, are grown on the
end surface of the FEC.

The presence of filamentary crystals on the FEC
surface significantly increases the value of the field
emission current, thereby ensuring the failure-free
operation of the magnetron (Fig. 4). In such a cathode
design, various metals and alloys with stable
secondary emission properties and resistant to the
effects of ion and reverse electron bombardment can
be used as SECs, along with palladium-barium
emitters, for example, impregnated or oxide cathodes,
iridium, platinum, osmium, intermetallic compounds,
platinum with barium, iridium with lanthanum,
iridium with cerium, osmium with lanthanum, etc.

The search for solutions to ensure stable electron
emission has led researchers to develop alloys and
composite materials. The most suitable materials for
the matrix of composite cathodes are palladium,
platinum, silver, copper, nickel, molybdenum and
tungsten, while cesium, magnesium, lithium, barium,
aluminum and their oxides are used as additives.

(®)

Fig. 2. Samples of palladium-barium emitters with fractional compositions of the initial powder
a) 2045 um, b) 45-63 um [76]
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y

Fig. 3. Schematic representation of the magnetron structure: / — anode; 2 — cathode core; 3 — heater; 4 — screens;
5 — autoelectronic cathodes; 6 — secondary emission emitters; 7 — AEC activator washers [78]

Filamentous Crystals

i I

Fig. 4. Micrographs of fragments of the FEC end surface at magnification of M ~ 50000x
(inside the image: filamentous crystals) [78]

Of particular interest are alloys that can
demonstrate high emission properties after activation
due to the adsorption of a surface-active component
located in the volume of the alloy. For example,
alloys of platinum and palladium with metals of
group II of the Periodic Table demonstrate good
emission characteristics. In these experiments, the
content of low-melting components in the alloys
ranged from 0.5 to 2 weight percent. Activation of
platinum alloys was carried out at temperatures of
1350-1480 K, while palladium-based alloys were
activated at 1200-1300 K [79].

However, in some vacuum tubes it is impossible
to achieve such high temperatures, or they may be
undesirable. Low-temperature treatment of cathode
assemblies does not allow for the complete removal
of gas impurities and activation of the Pd-Ba alloy,
so in this case activation can be carried out at lower
temperatures, but in the environment of certain gases
(usually Hj, N» or their mixtures) [80,81].

In addition to surface and structural
modifications, attention has recently shifted to the
latest nanomaterials that demonstrate a high density
of active centers, a large specific surface area and
increased catalytic activity. For example, cathodes
based on nanostructured carbon nanotubes (CNTs)
have improved gas desorption characteristics due to
high surface activity and the presence of multiple
active centers for adsorption of impurities [82, 83].
This allows for a significant reduction in desorption
time and an increase in the vacuum quality in EVDs.
In addition, nanostructured cathodes improve the
thermal stability of materials, which is especially
important at high operating temperatures of cathodes
in vacuum tubes. Nanomaterials demonstrate
resistance to thermal destruction and have higher
durability compared to traditional metal-based
cathodes.
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Table 1. Summary characteristics of modern cathode processing methods

Reduced pumping time
(compared to basic
vacuum degassing), %

Method

Rationaluse inproduction

Disadvantages

Risk of surface damage due to
overheating; activation of chemical
transformations on the surface of the
material; long process; high energy
consumption

May damage the cathode surface;
requires complex equipment settings;
not suitable for delicate materials

Less effective for heavy
contamination; requires strict control
of wavelength and intensity

High equipment cost; risk of local
damage to the material due to improper
settings

High energy consumption; difficulty
maintaining stable plasma parameters;
possible damage to the structure

High production cost; difficulty in
applying nanostructures

Heat treatment 1020 Suitable for mass production,
especially ~ when  processing
traditional materials (tungsten,
nickel)

Ion cleaning 3040 Effective for removing deep
contaminants. Ideal for high-
precision devices

Ultraviolet 20-30 Recommended for processing

irradiation delicate materials and
nanostructured cathodes

Laser treatment 20-50 Useful for limited quantities or
complex cathodes such as carbon
nanotubes

Plasma 40-60 Ideal for processing cathodes

treatment with high thermal and mechanical
loads

Use 10-30 Rational for use in high-precision

of nanostructured and unique devices

materials

In order to improve the characteristics of CNT
cathodes for their use in vacuum tubes, laser
irradiation is wused to treat the surface [84].
This method is used to modify the surface structure,
improve electron emission and remove contaminants
that may arise during the production stage. At the
same time, the correct choice of gas environment
during laser processing significantly affects electron
emission. It was found that the presence of oxygen in
the gas atmosphere during laser processing helps
remove carbon impurities and improves the structural
and emission properties of the cathodes. At the same
time, the vacuum atmosphere preserves the structure
of the nanotubes without causing significant
destruction. Such treatment in an oxygen atmosphere
resulted in an increase in the emission current density
by 30-40 % compared to cathodes treated in a
nitrogen atmosphere or vacuum.

Various carbon nanoclusters [85-87], recently
used to modify metal-porous cathodes [88], seem
promising from the point of view of obtaining high
emission characteristics. The results of the studies
indicate that nanocarbon materials improve the
structural stability of cathodes and contribute to an
increase in the emission current density due to an
increase in the active surface area. Along with this,
the durability and resistance to degradation of the
cathode under thermal influence are improved [89].

Thus, in this work, a review of existing methods
for controlling desorption of impurity gases necessary
to increase the durability of cathodes and the stability
of their operation under high vacuum conditions was
conducted. Table 1 provides a summary of the
characteristics of modern cathode treatment methods.

An evaluation of the literature data has
demonstrated that synergy between traditional
physical and chemical models and the latest scientific
developments and experimental data is necessary to
increase the productivity, durability and reliability of
vacuum devices.

6. Conclusion

Desorption of cathode materials remains one of
the main problems in the production and operation of
vacuum tubes. Over the past 15 years, many methods
have been proposed to improve these processes,
including heat treatment, electron and radiation
exposure, ion cleaning, and ultraviolet irradiation.

The importance of controlling desorption of
impurity gases to ensure the durability of cathodes
and the stability of their operation under high vacuum
conditions has been confirmed by both experimental
and calculated data. Today, depending on the
practical focus and the requested requirements for the
design details of various vacuum tubes, many
promising approaches are available for upgrading
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production technologies. Studies have shown that the
combined use of classical physicochemical models
and modern experimental data opens up new
opportunities  for  improving the  emission
characteristics of cathodes. This, in turn, helps to
increase the productivity and reliability of vacuum
tubes, which is especially important for high-tech
applications such as microelectronics, medical
equipment, and telecommunications.

7. Funding

This study received no external funding.

8. Conflict of interest

The authors declare no conflict of interests.

References

1. Li IP, Kapustin VI, Shumanov AV, Bychkov DV,
et al. Influence of the vacuum state on the field emission
properties of the cathode-heating unit of magnetrons with
instant readiness. XXVIII Scientific and Technical
Conference with the participation of foreign specialists
"Vacuum  science  and  technology”.  Moscow:
Nanoindustry; 2021. p. 278-282. (In Russ.)

2. Li IP, Kapustin VI, Ledentsova NE, Shumanov AV.
Design features of three-module cathode heating units of
magnetrons with instant readiness. XXVIII Scientific and
Technical Conference with the participation of foreign
specialists "Vacuum science and technology". Moscow:
Nanoindustry; 2021. p. 283-288. (In Russ.)

3. Khanbekov IF, Mikhailov VP. Research of the
ultrasonic activation processes of diffusion and desorption
in electrovacuum devices. XXVIII Scientific and Technical
Conference with the participation of foreign specialists
"Vacuum  science  and  technology". Moscow:
Nanoindustry; 2021. p. 306-310. (In Russ.)

4. Gaertner G. History of vacuum electronics and
vacuum electron sources and future development trends.
Modern Developments in Vacuum Electron Sources. 135.
Cham: Springer; 2020. p. 1-31.

5. Ogura S, Fukutani K. Thermal desorption
spectroscopy. Compendium of Surface and Interface
Analysis. Singapore: Springer; 2018. p. 719-724.

6. Umirzakov BE, Sadikzhanov Zh,
Tashmukhamedova DA, Abduvaitov A, Rabbimov EA.
The effect of adsorption of Ba atoms on the composition,
emission and optical properties of CdS single crystals.
Pis'ma v zhurnal tekhnicheskoy fiziki = Letters to the
Journal  of  Technical  Physics.  2021;47(12):3.
DOI:10.21883/PJTF.2021.12.51057.18632 (In Russ.)

7. Ubbelohde ARIJP, Alfred CE. The kinetics of
adsorption processes. Proceedings of the Royal Society of
London. Series A, Containing Papers of a Mathematical
and  Physical ~ Character.  1931;134(824):512-523.
DOI:10.1098/rspa.1931.0211

8. Langmuir I. The effect of space charge and
residual gases on thermionic currents in high vacuum.

Physical  Review. DOI:10.1103/
PhysRev.2.450

9. Nottingham WB. Thermionic emission. Electron-

1913;2(6):450-486.

Emission Gas Discharges 1 / Elektronen-Emission
Gasentladungen 1. Berlin: Springer; 1956. V. 4(12). p. 1-175.
10.Wei FG, Hara T, Tsuzaki K. Precise

determination of the activation energy for desorption of
hydrogen in two Ti-added steels by a single thermal-
desorption  spectrum. Metallurgical and Materials
Transactions B. 2004;35(3):587-597. DOI:10.1007/
s11663-004-0057-x

11.Gao J-Y, Yang Y-F, Zhang X-K, Li S-L, et al.
A review on recent progress of thermionic cathode. Tungsten.
20205;2(3):289-300. DOI:10.1007/s42864-020-00059-1

12.0no K, Meshii M. Hydrogen detrapping from
grain boundaries and dislocations in high purity iron. Acta
Metallurgica et  Materialia.  1992;40(6):1357-1364.
DOI:10.1016/0956-7151(92)90436-1

13. Sveshnikov VK, Bazarkin AF. Physical model
and computer calculation of the diffusion coefficient of
sodium into the oxide coating of the cathode.
Fundamental'nye Issledovaniya = Fundamental research.
2014;(5-5):990-993. (In Russ.)

14. Seif MN, Balk TJ, Beck MJ. Temperature effects
on desorption behavior and characteristic Wulff shapes of
scandate cathodes. 2020 [EEE 2Ist International
Conference on Vacuum Electronics (IVEC) 20-23 April
2020. Monterey: IEEE; 2020. p. 83-84. DOI:10.1109/
IVEC45766.2020.9520596

15.Kapustin VI, Li IP, Shumanov AV. Electronic
structure of variants of scandate cathodes. XXVIII
Scientific and Technical Conference with the participation
of foreign specialists "Vacuum science and technology".
Moscow: Nanoindustry; 2021. p. 272-277.

16.Dai C, Saidi P, Topping M, Béland LK, et al.
A mechanism for basal vacancy loop formation in zirconium.
Scripta  Materialia.  2019;172:72-76.  DOI:10.1016/
j-scriptamat.2019.07.006

17. Bouwknegt A, Kooi AG van der. Calorimetric
measurements of the emission properties of oxide cathodes
in a low-pressure gas discharge. Journal of Physics D:
Applied Physics. 1975;8(8):952-963. DOI:10.1088/0022-
3727/8/8/009

18. Cherepnin NV. Sorption phenomena in vacuum
technology. Moscow: Soviet radio; 1973. p. 383. (In Russ.)

19.Cherepnin  NV. The basics of cleaning,
decontamination and pumping in vacuum technology.
Moscow: Soviet radio; 1967. p. 408. (In Russ.)

20. Kazenas EK, Tsvetkov YuV. Thermodynamics of
oxide evaporation. Moscow: URSS; 2008. p. 474. (In Russ.)

21.Chernyak EN, Zakurdaev IV, Shuppe GN,
Yakovlev VK. Asymmetric change of the thermoemission
current and surface structure in crystals of refractory
metals during oriented transfer processes. Bulletin of the
Academy of Sciences of the USSR. Physical Series. 1973.
(In Russ.)

22.Dyke WP, Charbonnier FM, Strayer RW,
Floyd RL, et al. Electrical stability and life of the heated
field emission cathode. Journal of Applied Physics.
1960;31(5):790-805. DOI:10.1063/1.1735700

322 Parashchuk A.V., Sheshin E.P., Shumanov A.V.



Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

23.Kuchina IYu, Polushin NI, Zakharova ES, Li IP,
et al. Experimental support of magnetron nickel oxide
cathode fabrication process. Izvestiya Vysshikh Uchebnykh
Zavedenii. Materialy Elektronnoi Tekhniki = Materials of
Electronics Engineering. 2015;18(4):285-290. DOI:10.17073/
1609-3577-2015-4-285-290

24. Khanbekov IF, Li IP, Petrov VS, Mikhaylov VP,
et al. Research of acoustically stimulated thermal
desorption in electrovacuum microwave devices. /OP
Conference Series: Materials Science and Engineering.
2018;387:012032. DOI:10.1088/1757-899X/387/1/012032

25.Khanbekov IF, Mikhailov VP. Research of the
ultrasonic activation processes of diffusion and desorption
in electrovacuum devices. Nanoindustriya. 2022;15(1):20-
27.DO0I:10.22184/1993-8578.2022.15.1.20.27 (In Russ.)

26.Liu Y, Tian H, Han Y, Xu Z, et al. Temperature
variation of a thermionic cathode during electron emission.
Science in China Series E: Technological Sciences.
2008;51(9):1497-1501. DOI:10.1007/s11431-008-0161-2

27.Hara T, Ishiguro T, Shinozaki K. Ultraviolet-
light-induced desorption of oxygen from SrTiO; surfaces.
Japanese Journal of Applied Physics. 2011;50(4R):
041502. DOI:10.1143/JJAP.50.041502

28.Yates JT, Madey TE. Vibrational spectroscopy of
molecules on surfaces. Boston: Springer US; 1987. p. 468.

29.Kolacek K, Schmidt J, Straus J, Frolov O, et al.
Interaction of extreme ultraviolet laser radiation with solid
surface: ablation, desorption, nanostructuring. SPIE
Proceedings XX International Symposium on High-Power
Laser Systems and Applications 2014. China: SPIE; 2015.
p- 92553U. DOI:10.1117/12.2071273

30. Voronin VI, Lemyakin AA, Zorkina OA. Nest
pumping of electrovacuum devices with ion-plasma
electrode cleaning. Vestnik Saratovskogo gosudarstvennogo
tekhnicheskogo universiteta. 2008;2(1(32)):119-126.
(In Russ.)

31.Lu S, Sun X, Zhang B, Wu J. Review of cathode
plasma electrolysis treatment: progress, applications, and
advancements in metal coating preparation. Materials.
2024;17(16):3929. DOI:10.3390/mal7163929

32.Ramezani M, Mohd RZ, Pasang T, Jiang C-P.
Surface engineering of metals: techniques,
characterizations and applications. Metals. 2023;13(7):
1299. DOI:10.3390/met13071299

33. Pshyk AV, Petrov I, Bakhit B, Lu J, et al. Energy-
efficient physical vapor deposition of dense and hard
Ti-Al-W-N  coatings deposited under industrial
conditions. Materials & Design. 2023;227:111753.
DOI:10.1016/j.matdes.2023.111753

34.Yang L, Zhang P, Shi J, Liang J, et al. Dual
electrolytic plasma processing for steel surface cleaning
and passivation. Journal of Materials Engineering and
Performance.  2017;26(10):5009-5015.  DOI:10.1007/
s11665-017-2826-0

35.Zorkin AYa, Semenov AS, Konyushkov GV.
Method of pumping electric vacuum devices. Russian
Federation patent 2,185,676. 20 September 2021.
(In Russ.)

36.Besozzi E, Maffini A, Dellasega D, Russo V,
et al. Nanosecond laser pulses for mimicking thermal
effects on nanostructured tungsten-based materials.

Nuclear Fusion. 2018;58(3):036019. DOI:10.1088/1741-
4326/aaa5d5

37. Lukin VG, Khvostenko OG. Desorption processes
in the measurement of weak currents. Physics-Uspekhi.
2020;63(5):487-499. DOI:10.3367/UFNe.2019.07.038615

38. Nikolaev AG, Oks EM, Frolova VP, Yushkov GYu,
et al. Effect of the discharge parameters on the generation
of deuterium ions in the plasma of a high-current pulsed
vacuum arc with a composite zirconium deuteride cathode.
Zhurnal tekhnicheskoy fiziki = Technical Physics. 2017;
87(5):681-687.  DOI:10.21883/JTF.2017.05.44439.1912
(In Russ.)

39. Santecchia E, Hamouda AMS, Musharavati F,
Zalnezhad E, et al. Wear resistance investigation of
titanium nitride-based coatings. Ceramics International.
2015;41(9):10349-10379. DOI:10.1016/j.ceramint.2015.04.152

40.Mustata I, Lungu C, Jepu I, Porosnicu C.
Thermionic vacuum discharges for thin film depositions.
Coatings. 2023;13(9):1500. DOI:10.3390/coatings 13091500

41.Menzel D, Gomer R. Desorption from metal
surfaces by low-energy electrons. The Journal of Chemical
Physics. 1964;41(11):3311-3328. DOI:10.1063/1.1725730

42.Li N, Li X, Zeng B. Field emission and emission-
stimulated desorption of ZnO nanomaterials. Applied
Sciences. 2018;8(3):382. DOI:10.3390/app8030382

43.Tyurin Yul, Nikitenkov NN, Larionov VV.
Ionizing radiation-stimulated diffusion and desorption of
hydrogen from metals. Russian Journal of Physical
Chemistry A. 2011;85(6):1047-1053. DOI:10.1134/
S0036024411060318

44.Dowell DH, King FK, Kirby RE, Schmerge JF,
et al. In situ cleaning of metal cathodes using a hydrogen
ion beam. Physical Review Special Topics — Accelerators
and Beams. 2006;9(6):063502. DOI:10.1103/
PhysRevSTAB.9.063502

45.Diamond WT. A model of gas desorption and
radiation during initial high voltage conditioning in
vacuum. Journal of Applied Physics. 2019;126(19):193303.
DOI:10.1063/1.5124105

46.Yakunin AN, Aban’shin NP, Akchurin GG,
Akchurin GG, et al. On the problems of stability and
durability of field-emission current sources for
electrovacuum devices. Proceedings SPIE 976, Ultrafast
Phenomena and Nanophotonics XX. San Francisco: SPIE;
2016. p. 974620. DOI:10.1117/12.2213218

47.Yafarov RK, Storublev AV. Stability of the
emission characteristics of thermal and cold-field cathodes
operating in a vacuum. Russian Microelectronics.
2021;50(2):102-107. DOI:10.1134/S1063739721020104

48.Semenov SV, Konyushkov GV, Zorkin AYa.
Comprehensive research and analysis of the problems of
palladium-barium metal alloy cathodes of high-power
vacuum devices. Vakuumnaya tekhnika i tekhnologiya =
Vacuum  engineering and technology. 2012;45-52.
(In Russ.)

49.Bhattacharya R, Turchetti M, Keithley PD,
Berggren KK, Browning J. Long term stability study of
planar, two-terminal field emitters. 2021 22nd International
Vacuum Electronics Conference (IVEC). Rotterdam: 1EEE;
2021. p. 1-2. DOI:10.1109/IVEC51707.2021.9722417

Parashchuk A.V., Sheshin E.P., Shumanov A.V. 323



Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

50.Khanbekov I, Petrov V, Kopytov D.
Determination of vacuum properties of materials in the
production of vacuum electronics devices. XXX Scientific
and technical conference with the participation of foreign
experts ‘Vacuum science and technology’ 2023, 10-14
October. Makhachkala: NOK “Zhuravli”; 2023. p. 49-50.

51.Seif MN, Balk TJ, Beck MJ. Desorption from hot
scandate cathodes: effects on vacuum device interior
surfaces  after  long-term  operation.  Materials.
2020;13(22):5149. DOI:10.3390/ma13225149

52.Pratton M. An introduction to surface physics.
Izhevsk: SIC ‘Regular and chaotic dynamics’; 2000.
p. 256. (In Russ.)

53.Korzhavy AP, Zvonetsky VI, Mirzoeva SD,
Shishkov AV, Alexandrova GN. Method of manufacturing
a secondary emission cathode. Russian Federation patent
2,069,915. 25 July 2024. (In Russ.)

54. Ageev VN, Zandberg EY, Tonov NI, Tontegode AY.
Adsorption-desorption processes on solid surfaces. Soviet
Physics  Uspekhi. 1983;26(4):382-383. DOI:10.1070/
PU1983v026n04ABEH004394

55.Zubenko YuV, Ishmukhamedov MB. The effect
of germanium on the adsorption bond of barium with
tungsten. Fizika tverdogo tela = Physics of the Solid State.
1983;25(1):180-183. (In Russ.)

56.Kapustin VI, Li IP, Shumanov AV,
Lebedinskii YuYu, et al. Physical operating principles of
scandate cathodes for microwave devices. Technical Physics.
2017;62(1):116-126. DOI:10.1134/S1063784217010108

57.Santecchia E, Hamouda AMS, Musharavati F,
Zalnezhad E, et al. Wear resistance investigation of
titanium nitride-based coatings. Ceramics International.
2015;41(9):10349-10379. DOI:10.1016/j.ceramint.2015.04.152

58.Niemeld J-P, Marin G, Karppinen M. Titanium
dioxide thin films by atomic layer deposition: a review.
Semiconductor Science and Technology. 2017;32(9):
093005. DOI:10.1088/1361-6641/aa78ce

59.Rakhadilov BK, Miniyazov AZh, Skakov MK,
Sagdoldina ZhB, et al. Structural modification and erosion
of plasma-irradiated tungsten and molybdenum surfaces.
Technical Physics. 2020;65(3):382-391. DOI:10.1134/
S1063784220030202

60. Lee W-J, Hon M-H. Space-limited crystal growth
mechanism of TiO, films by atomic layer deposition.
The Journal of Physical Chemistry C. 2010;114(15):6917-
6921. DOI:10.1021/jp911210q

61.Wang F-Z, Zhang H, Ding B-J, Zhu R-H.
A thermionic tungsten cathode activated with nanothoria
and prepared by swaging method. Materials Science and
Engineering: A. 2002;336(1-2):59-63. DOI:10.1016/
S0921-5093(01)01969-4

62.Chao-Long L, Xin Z, Jiu-Xing Z, Fan-Xing Z,
et al. Preparation and property of La, ,Nd,Bs cathode
material. Journal of Inorganic Materials. 2015;30(4):363.
DOI:10.15541/jim20140471

63.Chang S-C, Hung S-C, Lin T-C, Yu T-A, et al.
Thermal stability of hydrogen annealed aluminum doped
zinc oxide films investigated by thermal desorption
spectroscopy. 2013 8th International Microsystems,
Packaging, Assembly and Circuits Technology Conference

(IMPACT).  Taipei: IEEE; 2013. p.
DOI:10.1109/IMPACT.2013.6706639

64.Li I. Nanostructures in palladium-barium cathodes
of microwave devices. Electronics: Science, Technology,
Business. 2018;(5):144-151. DOI:10.22184/1992-4178.
2018.176.5.144.151

65.Kapustin VI. Physicochemical foundations of
creation of the multicomponent oxide-containing cathode
materials. Perspektivnye materialy = Inorganic Materials:
Applied Research. 2000;(2):5-17. (In Russ.)

66.Kapustin VI, Li IP, Petrov VS, Ledentsova NE,
Turbina AV. Electronic structure and physical-chemical
peculiarities of nickel oxide cathode materials.
Elektronnaya Tekhnika. Seriya 1: SVCH-Tekhnika. 2016;
1(528):8-18. (In Russ.)

67.Kapustin VI, Li IP, Kozhevnikova NE. Trace
impurities have synergistic effects on electronic structure
of oxide-nickel cathodes. XXVIII Scientific and Technical
Conference with the participation of foreign specialists
"Vacuum science and technology". Sudak: Nanoindustry;
2021. p. 267-271. (In Russ.)

68. Norman D, Tuck RA, Skinner HB, Wadsworth PJ,
et al. Surface structure of thermionic-emission cathodes.
Physical Review Letters. 1987;58(5):519-522. DOI:10.1103/
PhysRevLett.58.519

69. Djubua BCh, Koultashev OK, Polivnikova OV.
Emission electronics, nanotechnology, synergetics (to the
history of ideas in cathode technology). Elektronnaya
tekhnika. Seriya 1: SVCH-Tekhnika. 2008;4(497):3-22.
(In Russ.)

70. Thomas RE, Morrill CD. Secondary emission
properties of impregnated tungsten cathodes. Applications
of Surface Science. 1983;16(1-2):292-311. DOI:10.1016/
0378-5963(83)90075-2

71. Kapustin VI, Li IP, Moskalenko SO, Shumanov AV.
Theory of thermionic and secondary emission properties of
palladium—barium cathodes of microwave electrovacuum
devices. Technical ~ Physics.  2020;65(2):317-323.
DOI:10.1134/S1063784220020073

72.Pashkov AN, Romanova YuV, Popov RN,
Dubinina OV, Khabachev MN. The development of
production technology for cathode alloys based on
platinum group metals for high-power electrovacuum
microwave devices. Elektronnaya Tekhnika. Seriya 1:
SVCH-Tekhnika. 2014;4(523):73-77. (In Russ.)

73.Gaidar Al, Bondarenko GG, Petrov VS,
Kashirina NV. Surface processes at the first stage of
magnetron cathode Pd-PdsBa activation. Vacuum.
2018;154:333-339. DOI:10.1016/j.vacuum.2018.05.024

74.Kostishyn VG, Kaloshkin SD, Adantsov AYu,
Ursulyak ND, et al. Stusy of the phase and impurity
composition of Pd—Ba and Pt-Ba cathode alloys. Izvestiya
Vysshikh Uchebnykh Zavedenii. Materialy Elektronnoi
Tekhniki = Materials of FElectronics Engineering.
2015;18(3):212-220.  DOI:10.17073/1609-3577-2015-3-
212-220 (In Russ.)

75.Zorkin AYa, Myasnikova S. Technology of
manufacturing metal-alloy cathodes for millimeter-wave
magnetrons. Materials of the XVI scientific and technical
conference "Vacuum science and Technology". Moscow:
MIEM; 2009. p. 210-212. (In Russ.)

279-282.

324 Parashchuk A.V., Sheshin E.P., Shumanov A.V.



Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

76.Khabachev MN, Makarov AP, Drovnenkova GV,
Zhukov YuA, et al. The industrial technology for the
production of barium cathode alloys based on platinum and
palladium  for  high-power  microwave  devices.
Elektronnaya Tekhnika. Seriya 1: SVCH-Tekhnika.
2021;(4(551)):49-66. (In Russ.)

77.Li IP, Petrov VS, Polyakov VS, Silaev AD, et al.
Simultaneous activation of the autoelectronic and
secondary emission cathode of the magnetron with initial
start. Izvestiya vysshikh uchebnykh zavedeniy. Elektronika
= Semiconductors. 2014;3(107):30-37. (In Russ.)

78.Li IP, Komissarchik SV, Lifanov ND. Magnetron
with initial start with special activation of autoelectronic
cathodes. Russian  Federation patent 2,494,489.
27 September 2013. (In Russ.)

79. Alekseev YuV, Kanicheva IR. Comparison of the
emission properties and auger spectrum of an alloy emitter.
Bulletin of the Academy of Sciences of the USSR. Physical
Series. 1976;40:2587-2590. (In Russ.)

80. Sytnik AYa, Overcooked CH. The change in the
emission properties of a cathode based on a palladium-
barium alloy under the influence of ion bombardment
under gas discharge conditions. Elektronnaya Tekhnika.
Seriya 1: SVCH-Tekhnika. 1977;(12):98-102. (In Russ.)

81.Li IP, Bondarenko GG. The use of hydrogen-
vacuum treatment of palladium powders to obtain effective
metal-alloy cathodes of a steel magnetron. Perspektivnyye
materialy = Inorganic Materials: Applied Research.
2012;(1);30-34. (In Russ.)

82.Swanwick ME, Keathley PD, Kartner FX,
Velasquez-Garcia LF. Ultrafast photo-triggered field
emission cathodes using massive, uniform arrays of nano-
sharp  high-aspect-ratio  silicon  structures. 2013
Transducers & Eurosensors XXVII: The 17th International
Conference on Solid-State Sensors, Actuators and
Microsystems (Transducers & Eurosensors XXVII).

Barcelona: IEEE; 2013. p. 2680-2683. DOI:10.1109/
Transducers.2013.6627358

83.Nechaev YS, Denisov EA, Cheretacva AO,
Shurygina NA, et al. Method of thermal desorption study
of hydrogen states in carbon materials and nanomaterials.
Physics-Uspekhi.  2023;66(09):936-942. DOI:10.3367/
UFNe.2022.11.039274

84. Rochanachirapar W, Murakami K, Yamasaki N,
Abo S, et al. Influence of gas atmosphere during laser
surface treatment of CNT cathode. Technical Digest of the
17th International Vacuum Nanoelectronics Conference
(IEEE Cat. No.04TH8737). Cambridge: IEEE; 2004.
p. 144-145. DOI:10.1109/IVNC.2004.1354941

85. Arkhipov AV, Gabdullin PG, Gnuchev NM,
Davydov SN, et al. Field-induced electron emission from
nanoporous carbon of various types. St. Petersburg
Polytechnical University Journal: Physics and Mathematics.
2015;1(1):47-55. DOI:10.1016/j.spjpm.2015.03.011

86.Fursey GN, Polyakov MA, Kantonistov A,
Yafyasova M, et al. Autoelectronic and explosive emission
from graphene-like structures. Zhurnal tekhnicheskoy fiziki
= Technical Physics. 2013;83(6):71-77. (In Russ.)

87.Bernatsky DP, Pavlov V. Field electron
microscopy of carbonized rhenium. Pis'ma v zhurnal
tekhnicheskoy fiziki = Technical Physics Letters. 2017,
43(12):104.  DOI:10.21883/PJTF.2017.12.44715.16748.
(In Russ.)

88. Krachkovskaya TM, Storublev AV, Sahaji GV,
Yemelyanov AS. Investigation of the characteristics of a
metal-porous  cathode modified with nanocarbon.
Collection of articles VII of the All-Russian Conference.
“"Microwave  Electronics  and  Microelectronics”.
St. Petersburg: St. Petersburg State Technical University
”LETI; 2018. p. 155-159. (In Russ.)

89.Krachkovskaya TM, Melnikov LA. Emission
properties of metal-porous cathodes modified with
nanocarbon. Pis'ma v zhurnal tekhnicheskoy fiziki =
Technical Physics Letters. 2018;44(22):11-18. (In Russ.)

Information about the authors / Undopmanus 00 aBTopax

Anastasia V. Parashchuk, Postgraduate Student,
Moscow Institute of Physics and Technology (MIPT),
Dolgoprudny, Russian Federation; ORCID 0009-0009-
4173-9227; e-mail: parashchuk.av@mipt.ru

Evgeniy P. Shehin, D. Sc. (Phys. and Math.), Professor,
Deputy Head of the Department, MIPT, Moscow,
Russian Federation; ORCID 0000-0003-2750-4797; e-
mail: sheshin.ep@mipt.ru.

Aleksey V. Shumanov, Head of the Department of
Cathode-vacuum systems, JSC "Pluton"; Moscow,
Russian Federation; e-mail: a.shumanov(@pluton.msk.ru

IHapamyk Amnacracusi BuaauciiaBoBHA, acIMpaHT,
MockoBckuit puznko-rexuundeckuit uHcTUTYT (MOTU),
Honronpynusrii, Poccuiickas ®enepamms; ORCID
0009-0009-4173-9227; e-mail: parashchuk.av@mipt.ru

IMlemun Eprennii IlaBnoBu4, noktop Qu3uKo-mare-
MaTHYECKUX HayK, npodeccop, 3aMECTUTEIb
3aBenyromero kadeapoit, MOTU, Mocksa, Poccuiickas
®enepanns; ORCID: 0000-0003-2750-4797; e-mail:
sheshin.ep@mipt.ru

[IymanoB AdJekceii BaaauMupoBu4, HaYaIbHHUK
OTZENEHNsT KaTOAHO-BaKyyMHBIX cucteM, AO «IlmyTony;
MockBa, Poccutickas deneparnus; e-mail:
a.shumanov@pluton.msk.ru

Received 27 September 2024, Accepted 06 November 2024, Published 20 December 2024

Copyright: © Parashchuk AV, Sheshin EP, Shumanov AV, 2024. This article is an open access article
@ @ distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

Parashchuk A.V., Sheshin E.P., Shumanov A.V. 325



