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Abstract. The paper presents the state of development of electron sources used in
traveling wave tubes (TWT). Main achievements in the field of manufacturing
technology of metal porous cathodes, matrix field emission cathodes, scandium
cathodes, metal-alloy cathodes are described. Modern level of emission parameters,
reliability and durability of such cathodes are considered. Actual problems for
developments of electron sources for TWTs in millimeter and submillimetric ranges
are discussed. Moreover, traditional emissive materials and the newest cathode
materials based on carbon nanoclusters are described. Conclusions are made about
further ways of developing the technology for manufacturing metal porous cathodes
used nanocarbon.
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1. Introduction
In recent years there has been a significant increase in the requirements for

traveling wave tubes (TWT) which are used as broadband amplifiers in radio
equipment applied in the systems of space communication and navigation [1].

These requirements include: the increase in operating frequency; increase of
reliability and durability; reducing the weight and size dimensions; and the reduction
of readiness time. This is particularly so with satellite TWT operating in the

millimeter and submillimetric ranges [2].
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However, while creating these devices there are a number of serious problems,
and the most critical one is connected with the necessity of using electron beams with
extremely small transverse size and, consequently, with a large current density at a
cathode [3].

Since with the increase of current density at the cathode its service life
decreases, one of the areas of cathodes improvement is the search for cathode

materials, which provides:

1) decrease in operating temperature of the cathode;

2) increase in the emission current density J;

3) reduction of the degradation factor of the surface.

4) reduction in the spread of the work function ¢ on the surface.

The following types of thermoemission cathodes are considered as a possible
emission sources while creating microwave devices with millimeter range: metal
porous cathodes (MPC) are the cathodes with surface coating of platinum group
metals or their composition (e.g., osmium or rhenium), which reduce the function
work; chamber cathodes containing an increased supply of emissive material;
scandium cathodes (Sc- cathodes), etc. [4]

At the same time, one should note the attempts to create cathodes on the basis of
matrix field emission cathodes (MFEC) and field-radiating cathode systems
containing carbon nanotubes and nanoclusters for miniature TWT in millimeter and
submillimetric ranges.

Below we consider the main achievements in the development of these areas in
relation to the development of TWT.

2. Dispenser cathodes

The analysis of patents, devoted to improvement of the cathode assemblies,
revealed the following areas of improvement of the MPC (Fig.1).

The diagram shows that today the problems of improving durability, reliability
and increasing the emission current density are the most relevant.

As it was noted above, decrease in operating temperature and degradation factor
of the surface directly affect the durability of the cathode, and hence the durability of

2



JOURNAL OF RADIO ELECTRONICS (ZHURNAL RADIOELEKTRONIKI), ISSN 1684-1719, N12, 2017

the whole device.

Making of special ~ Other 3%
equipment 5%

Increasing the emission
current density 11%

Reducing the degree of
non-uniformitv of the
emission current and

reduction of fluctuations

of cathode current 16%

Fig.1 Major trends in the improvement of the MPC

Many scientists have been researching the problem of increasing the durability
for many years. Authors of the paper [5] carried out a detailed study of the
mechanism of the MPC "aging" which refers to a complex of physical-chemical
processes occurring during long-term work inside and on the surface of the cathode
and leading to a decrease in its emissive ability. The analysis of existing points of
view on the mechanism of the MPC "aging", despite of their ambiguity, allowed to
single out the following main areas of improving emission and durability of the MPC
in the paper [5]:

1) increase in the supply of active material in the cathode and increase of its
efficiency by optimizing the porosity of the sponge;

2) development of the composition of the active material with stable, increased
emission properties and low evaporation rate;

3) application of the metals of sponge and coatings that reduces the intensity of
solid-state reactions of the active material with the metal of sponge, coating and
sponge metals; increases the lifetime of the activator on the surface of the active layer

with an increased emission ability.
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These problems are solved in several directions. The first one basically comes to
the selection of materials for impregnating a refractory porous sponge, in particular,
including various combinations of rare-earth metals, which must have a lower
melting point in order to implement the impregnation of the tungsten matrix and have
sufficient emissive properties. In addition, the compositions for impregnation are
subjected to the special conditions of preparation, e.g. to oxidation in air or carbon
dioxide at elevated temperature and reduction in hydrogen atmosphere at a
temperature of about 1000-1300°C.

The main materials used are: aluminate of barium-calcium with different ratios
of oxides of Ba, Ca and Al and the aluminum silicate of barium-calcium.

The second direction aims at improving the refractory matrix of the MPC, in
particular, papers [6,7] suggest adding Os, Ir, Ru, and Re to the tungsten powder.

The third direction is characterized by the selection of materials for coating
refractory matrix, as, in addition to traditional MPC osmium-ruthenium coating, a
number of other coatings, for example, Os+Ir, Os+Ir+Al etc. are used.

The fourth direction can be characterized by the selection of efficient designs of
the dispenser cathodes. JSC "R&D enterprise "Almaz" created a method to improve
the durability of the MPC by means of design changes of the metal sponge of the
cathode [8]: the sponge has a porosity 20-22% in the zone adjacent to the working
emitting surface, which reduces the evaporation rate of Ba from this zone; and the
sponge has 1.5-2 times greater porosity beneath this zone (40-45%), which provides
for the increase of the supply of active material in the volume of the cathode and,
consequently, enhances the durability.

Due to this design of the sponge and the application of film with the composition
of Os+Ir+Al in the cathode we obtained the durability of the cathode with continuous
emission current of 2 A/cm? for more than 200,000 hours. Paper [9] reports on further
prospects of development of the two-layer structures of the MPC, and it gives the
theoretical calculations of durability of dispenser cathodes with a two-layer sponge,

the working area of which is made of tungsten powders with nanograins (~0.07 pm).
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In recent years in cathodic field, foreign specialists drew their attention to the
double-layered MPC. In 2007 the Institute of electronics of Chinese Academy of
Sciences conducted tests of a two-layer MPC, repeating the porosity of the layers
specified above [8] the development of JSC "R&D enterprise "Almaz" of the 90s
[10], however it differed by the sprayed to the cathode film. They used a two-layer
film of Re with a thickness of 0.2 um, on which there was deposited a Os+W film
with a thickness of 0.3 pm. There was obtained the same durability of 191,000 hours
under a continuous load of 2 A/cm?®.

In paper [11] the Chinese developers completely repeated our two-layer design
of the MPC with developed at our enterprise film coating with the composition of
Os+Ir+Al having the thickness of 0.5 um and the same aluminate composition 6:2:1.
In tests of the cathodes they obtained the durability of 190,000 hours at a current
density of 1.5 A/lcm?.

To select the optimal conditions, which provide the increase of durability during
the production of cathodes, calculation methods are used. For example, in [12] they
calculate the average diameter of the powder particles D,, based on values of the
pressure of the air flow through the test pellet, then determine the condition of a
minimum open pore channel in the sintered pellets of the optimal value interval for
this production and determine the optimum compacting pressure of pellets.

The second direction with the largest number of patents deals with increasing the
percentage of output and identity of available cathodes. Hence, one of the
technological problems is mounting of the porous impregnated sponge in a refractory
case. This process often uses powder solder, which is filled between the case and the
disk and melts under the action of temperature, bonding given surface.

This technology has several drawbacks such as uneven filling of the bonding
space, hollow spaces, escaping of excess powder, and cracks. In addition, high
soldering temperature exceeding the temperature of the spraying of the active
material leads to deterioration of the emission properties of the cathode and reduction
of mechanical strength of the case, while large pressure of compacting the sponge

with solder often leads to destruction of the case.
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Various constructive changes are proposed in order to solve this problem. Thus
patents [13-14] offer mounting without solder. Moreover, the solders and their
compositions are being improved. Paper [15] proposes a solder made of platinum and
boron, the soldering temperature of which is substantially lower than the above
mentioned materials and is 1050-1100°C. This significantly reduces the risk of
embrittlement of the soldered materials.

In the last decade there has appeared works aimed at reducing the degree of non-
uniformity of the emission current [16]. Reduction of the dispersion of the work
function of electrons ¢ on the surface, and, as a consequence, reduction of
fluctuations of cathode current are provided by different constructive solutions, using
various physical methods of processing emitting surface. For example, the controlled
porosity dispenser or CPD-cathodes [17-18].

When modifying the MPC by laser radiation, providing the packing density of
the holes of 2.7-10° mm™ with a diameter of 1542 pm and a depth of 18+5 pm
(Fig.2), one can reduce fluctuations of the emission current and noise of TWT by 4 ...
5 dB due to the alignment of emission current density over the entire surface of the

dispenser cathode [19].
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Fig.2 SEM image of a tungsten disk treated with laser radiation

The mode of evaporation of the MPC surface during the processing with solid-
state laser with a wavelength of 1.06 um is provided with power pulses of 2.25...3 W,
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duration of 60 ns and porosity of 10° [20].
Currently one of the most promising objects of research and development in the

field of high emissions is scandium cathodes of various modifications.

2. Scandium cathodes

There are many constructive and technological variants of scandium dispenser
cathodes. The main types of cathodes are: 1) introduction of a scandium oxide or its
compounds in a matrix of tungsten or a mixture with rhenium; 2) addition of the
scandium oxide in the Ba-Ca aluminates; 3) coating the surface of standard aluminate
cathodes with thin films based on scandium oxides mixed with W, Re, and other
metals or oxides, and with multilayered coatings with the inclusion of scandium or its
oxide and other elements.

There are also available combined variants of the listed types. From the point of
view of maximum emission current, the most striking results were obtained by
Philips. Using the technology of laser ablation deposition (LAD), G. Gartner et al.
describe the process of obtaining emission current density of 400 A/cm? at the
temperature of the cathode 965°C (brightness) and a service life of 2500 hours in the
mode of current limitation by space charge.

A "top layer" of a mixture of W/Re+Sc,03 with the thickness of 0.1-0.5 um was
created in this cathode on the surface of a standard MPC with a tungsten sponge
impregnated with aluminate of a composition 4:1:1 using the LAD method [21-22].
These works do not give an explanation of the unique results, they only claimed that
such technology provides uniform emission, which gives hope for a better resistance
of this cathode to ion bombardment in an imperfect vacuum. One of the authors of
the previous two works G. Gartner made an attempt to explain the mechanism of
obtaining high densities of emission current of the Sc-cathode, obtained with the help
of the LAD technology. He indicates that the emitting surface of the cathode consists
of a complex Ba-Sc-O with a uniform distribution of Sc,05 in the surface layer of the
cathode due to the laser evaporation.

It is noted that scandium oxide has a very low mobility, hence it should be

uniformly distributed to overcome short diffusion lengths of Ba to Sc. This is
7
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achieved by means of ultrafine uniform distribution of nanoparticles containing Sc
and Re, by laser evaporation. It is also noted that Sc-cathodes exhibit low evaporation
rate, so that these cathodes can have long life (more than 10 thousand hours) when
emission current is more than 100 A/cm?. The authors of the work [23] explain
sensitivity of the Sc-cathodes to ion bombardment by a smaller diffusion length of Sc
compared to Ba (~0.1 um in 1300K) and a limited number of Sc. Uniform
distribution of the Sc by laser evaporation provides a more rapid recovery of emission
of the cathodes after ion bombardment.

In [24] the authors generalize the results obtained by the staff of the Beijing
University of technology and BVERJ about the development of Sc-cathodes with Sc
alloyed W-matrix. For a number of years (since 2000) they conducted a complex of
works on creation of the method of producing a material for Sc-cathode, in which Sc
was evenly distributed in the W powder, and the grain size of Sc to be at the level of
nanometers. They created the following methods for alloying of W powder with Sc:

1) liquid and solid fraction, a mixture of Sc,Og;

2) liquid and solid fraction, a mixture of Sc,03+Re;

3) the liquid fractions, the mixture of Sc,03 (sol-gel method);

4) the spray drying method.

Sc-cathodes developed with the help of this technology have already been
applied in the practical development of TWT. Thus, collaborative work of employees
of BVERJ and the University of California (USA) [25] shows the results of the
development of Sc-cathode for TWT with miniature ribbon beam of the range 220
GHz, made within the American military program HiFJVE. The developed nano- and
microcomposites of scandium dispenser cathodes used W powder with addition of
Sc,03, made by sol-gel method. Scandium was present in the powder in the form of
nanoparticles. Adjustment of the size of the powder particles was carried out by
changing parameters of the sol-gel mechanism.

The matrix made from this powder had a uniform distribution of Sc and open
pores, thus ensuring uniform distribution of Ba, Sc and O on the emitting surface,

improving the uniformity of emission and lowering function work. It is established
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that this cathode with uniformly distributed dispersed Sc can resist ion bombardment
better. Powder W contained 5% of Sc,0O; (wt.). The powder particles had a size of
300-500 nm. Cathodes tests showed the possibility of achieving a durability of more
1000 h at a current density of the cathode 40 A/cm? in a continuous mode. This
current density corresponds to the working mode in the TWT with ribbon beam of the
range 220 GHz. The BVERJ experts reported on the application of the Sc-cathodes of
different modifications at the conference IVEC-2015 [26]. In particular, ellipsoidal
Sc-cathode with a size of 1.5 mm by 0.6 mm is used in TWT (SBTWTSs) in the range
of 220 GHz. There were tested two modifications of Sc-cathodes — impregnated Sc-
cathode with Sc,O; in the aluminate and Sc-cathode made with the help of
nanocomposite alloying of tungsten powder with Sc. Both types of cathodes during
the tests showed the possibility of obtaining the density of the emission current over
100 A/cm?,

Sc-cathodes are being developed in other countries. Thus, experts from India
have found [27] that the rate of evaporation of the active material from an W-Ir
cathodes is less than that of the W cathode due to the formation of e-fraction on their
surface, which improves the interaction of Ba-Sc-O layers with the cathode surface.
W-Ir cathodes are resistant to ion bombardment. It is noted that this property can be
enhanced by coating the cathodes with rhenium. The samples of the cathodes have
demonstrated a service life of more than 9000 hours at testing.

In Russia in recent years, there has also appeared a lot of works devoted to the
study of the Sc-cathodes [28-33].

These works attempt to describe the operating principle of the Sc-cathodes, in
particular, paper [31, 32] refers to a possible thermal-field emission principle of the
Sc-cathodes.

Paper [28] also notes that during the ion bombardment of the MPC surface the
rate of replenishment of surface with oxygen affects the rate of destruction of the
active layer, as the formation of the Ba-O film, which protects the cathode surface
from the ion impact, and the protection factor, to a first approximation, is

proportional to the thickness of the film. The degree of protection of the MPC surface
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from the ion impact is a critical parameter for the Sc-cathode. The author of the work
[28] proposes to increase the protective properties of the Sc-cathode by increasing the
rate of the surface replenishment with oxygen so that Sc, located on the cathode
surface, is protected from direct ion bombardment. The problem of an increase in the

intensity of replenishment of surface with oxygen is still being unsolved.

3. Matrix field-emission cathodes

In the beginning of the article we noted that in addition to the most used
thermionic emitters in TWT, there are attempts to create TWT on the matrix field
emission cathodes (MFEC) which can provide almost instant readiness of the
devices, and that is very important for a number of cases of their use.

In [34] the current density of the Spindt cathode matrix with molybdenum
cathodes with a diameter of 1 mm in TWT of C-band was approximately 100 A/cm?
under the maximum current from the cathode 121 mA. However, this construction of
TWT, as well as the other constructions of these devices with MFEC, developed in
the subsequent years, failed to provide the service life of this type of emission source
more than 150 hours. Therefore, in recent years there has significantly increased the
interest in the creation of MFEC with the use of carbon materials.

Papers [35-37] note the utility of application of a millimeter and terahertz ranges
of cathode systems in the miniature TWT, which are based on MFEC and contain
carbon nanotubes and nanoclusters. The work [36] is dedicated to creating a field
emission cathode-grid structures with low-voltage grid-controlled electronic flows of
high density based on carbon nanotube.

Currently, JSC "R&D enterprise "Almaz" continues the work on development of

laser technology of MFEC manufacturing based on glass carbon [38-42].

4. Nanocarbon material for emitters

Special attention in all countries of the world has recently been given to the
study of cathode systems based on nanomaterials. Most of them are now occupied by
carbon nanoclusters, opened in 1991 [43]. A large number of patents in the Russian
Federation describe the technology of obtaining the various forms of carbon

nanoparticles, such as nanotubes [44], polyhedral multilayer carbon nanostructures of
10
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the fulleroid type [45], multi-layered carbon nanoparticles of the fulleroid type with
toroidal shape [46] (Fig.3).

Fig. 3 TEM image of multi-layered carbon nanoparticles of the fulleroid type

agglomerated as a bundle of torus

They also consider graphene [47] and various coatings based on diamond [48-
50]. These nanoparticles are of special interest for emission electronics, due to the
possibility of obtaining high durability and superior emissive properties of cathode
systems [51-54].

A review of patent literature shows that to date the nanocarbon material is the
most promising for use in MFEC [55-60]. It should be noted that for the MPC
manufacturing nanocarbon material has not been applied yet, although it can be
assumed that its implementation in the MPC matrix can change the mechanism and
rate of occurrence of three-phase reactions of formation of active elements and
oxygen and, thereby, improve its emission properties.

Therefore, a relevant task for future research can be the development of new
technologies of implementation of the nanocarbon particles in the MPC composition
and the study of physical and chemical processes of the conglomerate system and its

emission properties.
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