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The paper is devoted to non-vacuum electron beam apparatus based on plasma emitter. The 
developed apparatus is intended to generate electron beams of energy up to 120 keV, current up to 
200 mA and accelerating gap pressure about 10-4 Torr and to provide beam transportation to the air. 
The apparatus special features are in emitting electrons plasma of hollow-cathode reflective 
discharge, and in two-stage differential pumping system for transporting electron beam into the 
atmosphere. Forming by beam accelerating gap and by beam guide the first stage is being pumped out 
with turbo-molecular pump of 800 l/s capacity. To pump out the second stage the Roots pump at speed 
of 500 l/s is used. The developed apparatus is intended to implement non-vacuum electron beam 
technologies for nanopowder production, melting, 3D printing, welding and cutting. 

Електроннолъчев апарат без вакуум, базиран на плазмен емитер (A. Аксенов, С. 
Корнилов, М. Моторин, Н. Ремпе, Д. Шашев, С. Шидловский). Статията е посветена на 
електроннолъчев апарат без вакуум, основан на плазмен излъчвател. Разработеният апарат е 
предназначен за генериране на електронни лъчи с енергия до 120 keV, ток до 200 mA и 
ускоряващо налягане на кухината около 10-4 Torr и да осигури транспорт на лъча във въздуха. 
Особеностите на апарата са в излъчващата електрони плазма на кух катод с отразяващ 
разряд, и в двуетапната диференциална помпена система за транспортиране на електронен 
лъч в атмосферата. За формирането чрез лъча на ускоряваща кухина и насочането на лъча 
при първия етап се изпомпва с турбо-молекулярна помпа с капацитет от 800 l/s. За да 
изпомпва на втория етап се използва помпа при скорост от 500 l/s. Разработеният апарат е 
предназначен за прилагане на не-вакуумни електроннолъчеви технологии за производство 
нанопрахове, топене, 3D печат, заваряване и рязане. 

 

Introduction 
Focused electron beam is an effective instrument for 
thermal influence on different materials, especially for 
influence that needs high power density of thermal 
source. Electron beam can be formed only in vacuum. 
Therefore, the overwhelming majority of technologies 
provide electron beam application in vacuum. 
Furthermore, vacuum is a perfect protective medium 
because of lack of undesired gases. However, there 
are some cases when degassing processes provoke 
cost growth and bring limitation to the electron beam 
application. Particularly there is a rise in cost of 
degassing for large-size pieces or structural steel 
goods processing, when a big gas flows are emitted 
during the heating. At this rate, non-vacuum electron 
beam application becomes an alternative to vacuum 
electron-beam technologies.  
Transported to the air electron beam is used for 
welding, cutting of metal and especially large-size 
goods (parts) [1], for electron beam melting of 

different metals, for radiation-thermal modification of 
metal and alloy surface layers [2], and also for special 
technologies where thermal influence needs to be 
carried out with an atmospheric pressure. It can be, for 
example, plasma-chemical processes, ecological 
technologies (processing sewage of large industrial 
productions, and gas treating from nitrogen and sulfur 
oxides in thermal stations), etc. 

There are two types of apparatuses enabled to 
generate electron beams under the air pressure. The 
first one generates electrons with energy of mega-
electron-volt (relativistic electron accelerators) and the 
other type generates electron flow of low-energy (100 
– 200 keV).  

Of late years, the technologies of hardening and 
protective coating melting by electron accelerators 
were developed. Such accelerators were designed in 
Budker Institute of Nuclear Physics [3]. They provide 
emitting of electron beams to gas under the air 
pressure. The beams energy there is about 1 – 1.6 
MeV and power is up to 100 kW.  
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The use of high-energy accelerator simplifies a 
problem of electron beam transportation to the air, it 
creates a zone of several centimeters for electron 
beam technological application, because of wide range 
of relativistic electrons in the air with no essential 
beam scattering of indifferent gases.  

Comparing with the accelerators non-vacuum 
electron-beam apparatuses (with comparatively low-
energy) are characterized by simpler high-voltage 
power supply and control systems, lower radiation 
protection requirements, simplicity and more 
inexpensive design. 

The majority of non-vacuum electron-beam 
technologies include hot-cathode guns. The pressure 
at the hot cathode zone is keeping on the level of 10-

5Torr and lower. Electron beam transportation to the 
air usually goes through set of minor diameter 
diaphragms and with continuous pumping of 
intermediate stages between them (differential 
pumping system). The number of pumping stages 
depends on evacuation speed and efficiency of 
pumping equipment. From 3 to 5 stages are applied 
usually in practice. Even the minimum of pumping 
stages provokes complexity and high price of a 
system. More over it is difficult to transmit electron 
beam through many-staged diaphragm system without 
current loss. Besides, there is a risk to destroy the 
diaphragms while heating. It is possible to reduce this 
risk, if the focusing parameters of electron-beam gun 
are stable (beam current, accelerating voltage, 
focusing current). 

Our development of electron-beam transporting to 
the air includes gun with plasma emitter. Application 
of such gun as a part of apparatus for electron beam 
ejection to the air seems to be very advantageously. 
For its error-free operation an initial vacuum at  
10-4Torr is sufficient. In addition, it is of the lower 
order than the operation of hot-cathode guns required. 
Consequently, the system of pressure fall formation 
for beam ejection to the air seems to be simpler. 

Currently the guns with plasma emitter intended to 
produce focused electron beams, provide the same (or 
even better in some cases) operating and technical 
characteristics [4, 5] as hot-cathode guns do. Even at 
low electron energy, the guns with plasma emitter can 
produce the strongly focused electron beam. So, the 
possibility to support an electron beam with power 
density about 107 W/cm2 and with electron energy 
about 50 keV was demonstrated in this work. The 
results of electron beam luminance measurement 
under accelerating voltage at 60 kV and at distance 
from focusing lens more than half meter are presented. 
The measurements showed an electron beam 

brightness of the gun with plasma emitter about  
1·1010 A·m-2·sr-1, that is not worse than the electron 
beam brightness in guns with hot cathode. 

The research results [4, 5] became a basis for 
demonstration experiment of low-voltage electron 
beam ejection to the air (energy – about 60 keV). 
There was applied a standard three-staged differential 
pumping system, analogues to the system used in gun 
with hot cathode, produced by German company PTR. 
The experiments demonstrated a possibility to apply 
guns with plasma emitter in the systems for electron 
beam transporting to the air [6, 7]. The results of this 
experiment proved the further investigations in high-
voltage processes (100 kV and more) of plasma 
emitting and further developing the system of 
differential pumping.  

HV electron beam gun with a plasma emitter 
Plasma of reflective discharge with hollow cathode 

is used as an electrons emitter of the gun [8]. 
Discharge is generated in discharge cell, which is 

formed by inner surfaces of hollow cathode 3, 
cylindrical anode 4 and emitter cathode 1 (Fig. 1 a). 
Between hollow and emitter cathodes an axially 
symmetric field is forming by constant magnet 5. 
Induction of this field is about 0.1 T on its axis. 

 

 
a 
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Fig.1. 3D-model of the HV electron beam gun with a 
plasma emitter (a) and photo of the extractor (b):  
1–emitter cathode, 2–extractor, 3–hollow cathode,  

4–anode, 5–permanent magnet, 6–electromagnetic focusing 
lens, 7–case of the gun, 8–pumping tube,  

9–accelerating gap, 10–beam guide. 

The pressure of plasma-supporting gas is 
approximately about 5·10-2 Torr. Proportion gas 
puffing at the level of 10 – 20 cm3atm/h produces 
such pressure. The gas is fed through the channel of 
the hollow cathode and evacuated through channel on 
emitter cathode axis. The discharge burns in 
continuous operation under the voltage of 300 – 450 V 
and current from 0.1 to 1.5 A. The mentioned range of 
discharge currents provides an electron beam 
formation up to several hundred milliamps.  

Electrons emit from plasma through an orifice in 
emitter cathode of discharge chamber into 
accelerating field, which is between this cathode and 
grounded high-voltage anode (extractor) 2. In the 
same area a magnetic field produced by permanent 
magnet of discharge chamber influences on electron 
beam formation. This field limits the lateral 
dimensions of electron beam efficiently, as it’s shown 
in our previous works [9].  

Formed in accelerating gap electron beam is 
focused by a field of electromagnetic lens 6 и 
transported to the air through the differential pumping 
system [10, 11]. 

On of the design features is the gun case 7, 
constructed from component modules for easy 
assembling and disassembling. The case is made of 
nonmagnetic steel 1.4541. This material provides 
concentration of permanent magnet field of the 
discharge chamber at paraxial zone of accelerating 
gap. It satisfies the condition of completely non-
screened plasma emitter from magnetic field.  

In the middle part of the gun case is a pipe with 
flange ISO100-KF 8 for turbo-molecular pump 
connection. The turbo-molecular pump degasses the 
accelerating gap capacity 9 and a beam guide 10. 

Numerical calculations of gas flow and pressure 
distribution [11] demonstrate possibility to use two-
staged system of differential pumping for the guns 
with plasma emitter. This system has a channel for gas 
cross-jet formation at the entrance of the first stage. It 
provides an additional pumping of the beam guide in 
the second stage through extractor side holes (fig. 1 
b).  

The calculation showed that cross-section area 
should be no less than 6 times bigger than the axial 

 
Fig.2. the pressure distribution in the accelerating gap of the gun with a plasma emitter: 1–with beam extracted in 

the region with 10-4 Torr, 2–with beam extracted into the atmosphere. 
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bore area. 
Extractor side holes allow creating a pressure 

distribution in the accelerating gap (fig. 2), which is 
close to accelerating gap in the gun operating with 
vacuum.  

Differential pumping system 
Fig. 3 shows an exterior view of a differential 

pumping system with two stages. The second 
pumping stage design includes the accelerating gap of 
the gun (a zone between an emitter cathode surface 
and an extractor) and the beam guide, separated by an 
extractor. Counting of stages is carried out from the 
atmosphere. 

Electron beam transport channel 1 (beam guide) is 
a part of the second pumping stage. There is a beam 
guide sharpening in a cone form at the outlet, the 
smaller base of the cone is turned towards the first 
stage and then turn into an extended long cylindrical 
channel 3 with length of 10mm and diameter of 2.5 
mm. 

The conditions for electron beam focusing in the 
outlet diaphragm 4 plane of the first stage are created 
by the magnetic field of a focusing lens in the beam 
guide channel. The focusing lens has a sliding fit that 
provide an adjustment of magnification ratio. This 
ratio determines [4] the minimum diameter of the 
electron beam in the focusing plane. Pumping of the 
second stage goes through the pipe 8 (fig. 1а) by 
turbo-molecular pump, which rate is 800 l/s for 
nitrogen. 

 
Fig.3. 3D-model of the differential pumping system:  

1–beam guide, 2–pumping tube of the first stage,  
3–aperture of the second stage, 4–aperture of the first 

stage, 5–cross-jet. 

 
The first stage has an outlet aperture with diameter 

of 2 mm; electron beam is extracted through this 
aperture directly to the air pressure. The stage is 
pumping out through pipe 2 by the Roots pump, 
working together with oil-free screw pump. The pump 
speed is 500l/s. There is a channel for cross-jet 
formation in the first stage. It is perpendicular to the 
axis of the output diaphragm. Use of cross-jet – is a 
well-known [11] practice to redirect the main part of a 
flow from the air directly to pump branch pipe, 
connected with the first stage of degassing system.  

The results of experimental studies of high-
emission processes in the guns with plasma emitter 
and numerical calculations of the differential pumping 
system allowed to design an apparatus (fig. 4), which 
ensures the generation of high-energy focused 
electron beam, and its post transportation to the air. 

 
a) 
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b) 

Fig.4. Elements and devices (a) that provide operation of 
the Non-vacuum electron beam apparatus and electron 
beam extracted to the atmosphere (b): 1–robot KUKA 

KR 240 R3200 PA; 2–mass flow controller; 3–HV electron 
beam gun with a plasma emitter; 4–differential pumping 

system. 

The apparatus is located on a manipulating robot, 
which allows moving it easily along a predetermined 
path and implement such processes such as welding, 
cutting, melting, including layer-by-layer melting in 
the air. Characteristics of the apparatus are shown in 
Table 1. 

Table 1  
Technical characteristic of the apparatus  

Parameter Value 
Operation mode continuous 
Type of the electron emitter plasma emitter 
Maximum of the accelerating 
voltage, kV 

120 

The operating range of the 
electron beam current, mA 

1–200 

Maximum of the beam power, 
kW 

24 

Type of the focusing system electromagnetic 
Focusing current, mA 100–2000 
Type of the differential pumping 
system (DPS) 

gas-dynamic 

Number of stages of DPS 2 
Differential pressure, Torr from 0.0002 to 760 
Ratio of current, no less, % 80 
The transport distance of the 
electron beam in the air, no less, 
cm 

1 

 

Conclusions 
The main feature of the developed apparatus is that 

the two-stage differential pumping system supports 
the pressure drop between the region of electron beam 
generation and the atmosphere. It provides also the 
electron beam transporting to the air without 
significant loss of electron beam power at the outlet 
diaphragms. Moreover, the design solutions of the 
apparatus allow using of HV gun separately from the 
differential pumping system, for example, to conduct 
applied research and technological operation within 
the vacuum chamber. 
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