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The characterization of the radial and the angular space distribution of particle trajectories (or 
respective current distributions) in powerful electron beams is an actual scientific and practical task, 
connected with the quality improvement of electron beam technologies, creating standards of electron 
beam welding machines and permitting transfer of concrete electron beam welding technology from 
one equipment to another. 

For the applications of the advantages of electron beam welding it is necessary to know the 
properties of the electron beam. There are only standards for measurements of electron beam current 
and accelerating voltage as beam characteristics, applicable at the acceptance inspection of an 
electron beam welding machine or at investigations. These parameters cannot characterize the quality 
of produced electron beam in terms of the ability to be transported over long distances and to be 
focused into a small spot with a minimum of divergence. 

During the last decade measurement of profile of intense electron beams by Enhanced modified 
Faraday cup were proposed. We develop further this tomography evaluation to be obtained the 
emittance of the beam, containing current distribution of the beam in studied cross-section, together 
with angular distribution of the beam electrons there. The emittance (or reciprocal value-the 
brightness normalized to one volt) is invariant value along the beam and could be used as а standard 
characteristic, for prognosis and optimization, as well as for transfer of technologies from one 
electron beam equipment to another. 

Характеризиране на електронния лъч при промени на параметрите на процеса 
електроннолъчево заваряване (Е. Колева, Г. Младенов, М. Карджиев, Д. Тодоров). 
Характеризирането на радиалното и ъглово пространствено разпределение на траекториите 
(или съответното разпределение на тока) при интензивни електронни снопове е актуален 
научен и практически проблем, свързан с подобрение на качеството на електроннолъчевите 
технологии, създаване на стандарти при електроннолъчевите инсталации и трансфера на 
конкретни технологии от една електроннолъчева инсталация на друга. 

За приложението на предимствата на електроннолъчевото заваряване е необходимо да 
се познават свойствата на електронния лъч. Има стандарти за измервания на тока на 
електронния лъч и ускоряващото напрежение, като характеристики, приложими при 
допусковия контрол на електроннолъчевите инсталации или при изследвания. Тези параметри 
не могат да характеризират качеството на генерирания електронен лъч, от гледна точка на 
възможността да бъдат пренасяни на дълги разстояния и да бъдат фокусирани върху малко 
петно с минимално отклонение. 

През последното десетилетие е предложено измерване профила на интензивните 
електронни снопове чрез модифициран фарадеев цилиндър. Ние развиваме това томографско 
оценяване до определянето на емитанса на лъча, включваща разпределението на тока на лъча 
в дадено сечение, заедно с ъгловото разпределение на електроните. Емитансът (или 
реципрочната му стойност – нормализирана яркост за един волт) е инвариант по дължината 
на лъча и би могла да се използва като стандартна характеристика за прогнозиране и 
оптимизация, както и за трансфер на технологии от една  електроннолъчева инсталация на 
друга. 
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Introduction 
The electron beam has developed over the years 

into a flexible and economic manufacturing tool. Due 
to the deep penetration in the work-piece, the electron 
beam is able to generate narrow weld with minimal 
thermal affected zone and without the usage of 
welding consumables. The high vacuum required by 
the method prevents the heated and melted material 
from oxidizing and affecting by atmosphere’s 
pollutions. With the advanced development of 
computer control the number of electron beam 
applications has significantly increased. For the 
electron beam welding (EBW) technologies new 
applications the EBW plants has developed into a 
complex equipment containing highly stabilized 
power sources and electronic blocks, reliable and 
effective vacuum system, technology chamber with 
precision 3D manipulator, becoming truly software 
controlled programmed manufacturing tool with high 
efficiency and excellent reproducibility. 
Technological data gathered during the process enable 
quality monitoring and support to improve the testing 
process of the manufactured components as well as to 
be recorded for future analysis of the relations of 
adjusted process parameters and weld quality and 
stability. 

The welding quality assurance contains the 
personnel, equipment and the welding process. For 
EBW process validation there are available norms and 
acceptation procedures (see Appendix 1). 

The quality of the welds has, so far, shown to be 
enough adequate in the most cases in spite of the fact 
that the optimization of the welding process and 
effects of non-controlled process parameters are still 
uncompleted. In our opinion also there are not 
sufficient statistical data to make analysis of all kinds 
of weld defects and of the flawlessness of the long 
term weld safety in the critical applications. As a 
widely discussed tool to avoid root peaks (spiking) of 
the electron beam welds is the use of local deflection 
oscillation of the beam. There is also a lack of 
knowledge for the prediction of results at chosen 
beam deflection oscillation parameters and the 
recommendations for achieving optimal results from 
the published experimental works are controversial 
and often contradictory [1-4]. 

The quality control in electron beam welding is 
similar to that in other welding processes, where the 
primary goal is to consistently produce defect-free and 
structurally sound welds. Existing process controls in 
EB welding typically are directed at controlling the 
essential machine settings, which include the 

accelerating voltage, beam current, focus coil current, 
vacuum level, travel speed, and work distance. 
Additional quality-control checks are performed after 
the completion of the weld, with non-destructive 
evaluation techniques to detect any potential defects in 
the components. In the case of critical applications 
preliminary destructive tests of welded samples to 
adjust welding regime to consumer requirements at 
real time equipment conditions are typical. 

Measurements of accelerating voltage, beam 
current, focus coil current, and vacuum level provide 
little insight into the characteristics of the beam used 
to make the weld. The profile of the beam is 
monitored in the last time with the enhanced modified 
Faraday cup (EMFC) diagnostic tool, proposed from 
J. Elmer and co-workers [5,6]. The benefit of 
integrating this diagnostic tool into future process 
control regimes is that the beam radial current 
distribution characteristics as the peak power density, 
full width at half maximum and full width at 1/e2 
values, can be quantified. Results show that machine 
performance, in terms of these measured beam 
characteristics, varies over time. Testing has shown 
that the variability of the beam characteristics can be 
measurably decreased with the use of the EMFC 
diagnostic tool. With the implementation of this 
diagnostic tool in the process control procedures, 
every electron beam weld, which encompassed 
approximately 90 welds over an 18 month time frame, 
met all of the requirements defined in the weld 
process specification and passed all of the postweld 
quality control checks [7]. 

For the weld quality assurance the right choice of 
the beam focus position in respect to the work-piece 
surface is important. The interaction of the beam with 
the welded material, different for various metals and 
for changed beam focus positions is a limiting factor 
to guarantee the right choice of the sharp focus by 
subjective operator decision. The visualization and the 
focusing of the beam spot could be done by directing 
beam on a block of refractory metal. When the metal 
become hot, the operator adjusts the beam focusing 
current until the spot’s optical brightness appear to be 
at maximum. The sharp focus beam position, 
evaluated more precisely by EMFC in absence of 
beam-sample metal interaction is also un-applicable 
for control of EBW due to changes from the beam 
scattering and from gas focusing of beam electrons in 
the metal vapors and the generated plasma in the 
interaction beam/metal-work-piece zone [8, 9]. 

It is known also, that there are methods of electron 
beam focus control and monitoring at electron-beam 
welding based on registration of secondary emissions 
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from the welding area [10]. The used relation between 
the secondary emissions and the focus lens current has 
an extreme character. Due to that this relation 
specifically has a dead zone and two current values of 
the focus lens current which provide equal value of 
secondary current signal parameters. Therefore 
adaptive systems of electron beam focus stabilization 
of that kind involve using low-frequency scanning 
which substantially limits fast operation speed of these 
systems and has a negative effect on the weld joint 
formation quality. 

This paper is a review of our research results in 
development of further steps aiming quality 
improvement at electron beam welding. 

Evaluation of intense electron beam quality 
The knowledge of radial current distribution in one 

beam cross-section plane is not enough to characterize 
the beam/work-piece interaction along the beam 
penetration depth. Better understanding and ability to 
prognostication is simultaneously evaluation of radial 
and angular distribution of the beam electrons. The 
electron beam emittance is chosen as a suitable 
parameter for standardization of the electron optical 
technology systems. The evaluation of this parameter 
is a condition for achieving good quality, repeatability 
and reproducible performance of electron beam welds. 
This parameter forms the basis for transferring a 
concrete technology from one machine to another 
which will minimize the volume of preliminary 
experimental tests to adjust satisfactory regime 
parameters as well as will extend the capability of the 
expert systems to choose the process regimes of 
specific welds. In previous authors papers [11-25] the 
methods for intense beam emittance evaluation were 
analyzed. A new method for emittance determination 
utilizing three beam profile measurements along the 
beam axis was proposed. Another method using the 
changes of the beam focusing current during the beam 
profiles measurement utilizing non-movable modified 
Faraday cup was also developed. 

Emittance and brightness 

An ideal intensive electron beam is such laminar 
electron beam, in which the distribution of the 
velocities of the electrons is defined in every point, 
i.e. the trajectories of the electrons do not cross. In 
reality, the chaotic initial velocities of emission of the 
electrons, the aberrations of the forming electron-optic 
system and the non-homogenities lead to non-laminar 
movement of the electrons of the beam. In these cases 
for characterization of the beams is used the 
characteristic emittance, signed ε. In one axial-

symmetrical beam under use is the plane rr' and here 
every trajectory can be presented by a point of 
coordinates - radius r (namely distance between 
electron trajectory and beam axis) and divergence or 
convergence angle of trajectory to the normal of beam 
axis  r'=(dr/dz).   

 
Fig.1. Diagram of the  electron beam emittance  

The emittance is the divided to π area of the region 
on the plane rr' where are situated the points, 
representing the particles of the beam (Fig.1). 

The stationary particles distribution function in one 
monochromatic stream there four variables: x,y,x',y'. 
For the geometry presentation more suitable is to use 
two-dimensional projections xx' and yy'. Here the  
sign  '  means the first derivative of the corresponding 
value taken at a distance measured along the beam z 
(x' = dx/dz ; y' = dy/dz).  There the projections, 
together with the beam cross-section are able to give 
sufficient visual aid. 

The emittance is a quality characteristic of the 
beams that determines the non-laminarity of the 
particle trajectories in the beam. Smaller emmittance 
value means higher brightness of the beam. In general, 
the emittance diagram is elliptical and inclination of 
ellipse axis demonstrates the convergent or divergent 
beam trajectories. For real electron beams the 
emittance is always larger than 0. In these beams the 
beam region is not clearly limited, the distribution of 
the points of the diagram in the plane rr' id not 
uniform, and it has decreasing density near the 
boundary region. Then, for the definition of the 
emittance the area, which contains a certain part of 
these points, e.g. 90% is used. 

Since the numerical value of the emittance depends 
on the velocity of the electrons Vz in the movement 
direction often it is used the characteristic normalized 
emittance: 

 ε






=ε
c

Vz
n , 

where c is the velocity of light.   
From the Liouville’s theorem considering the 
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movement of particles in the phase space (the space of 
the coordinates and the impulses of movement of the 
particles) follows that the value of the normalized 
emittance should not change along the whole length of 
the beam. This is true only for ideal systems without 
aberrations and non-homogeneities, as well as without 
collisions between the electrons and the particles of 
the environment and interaction between separate 
electrons. 

As were mentioned the emittance is connected 
with the electron brightness.  The emittance and the 
electron brightness, considered as characteristics of 
the electron beam, have an advantage over the 
mentioned current density (or the power density) 
because these parameters contain also information 
about the direction of the impulses of the separate 
electrons. In most cases of technological applications 
these are important characteristics. 

The pointed above disadvantage of the electron 
brightness as a characteristic of the gathering of 
moving electrons is that it is difficult to measure and 
mainly - more difficult and not generally accepted 
choice of the limits of averaging in any unspecified 
cross-section of the beam. In the characteristic cross-
sections of the beam: at the cathode, at the narrowest 
place in front of it called crossover, at the place of the 
image of the cathode and in the focus spot after the 
focusing lens, the electron beams are better outlined 
and the choice of the area and the space angle for 
determination of the average electron brightness are 
not so undefined. 

 
Fig. 2. Scheme of emittance measurement of an electron 
beam in the plane. (The screen A is immovable; B moves. 

The position of the fissure in A defines r, and the one in B – 
the magnitude of r′ for a given value of r). 

In order to avoid the difficulties when choosing the 
limits of averaging, it is accepted the following 
definition for the electron brightness: 

(1)          
Ω∂∂

∂=
s

I
B

2

, 

where ∂s and ∂Ω are small elements of the surface and 
the space angle. Here B characterizes the brightness in 

definite direction z (Ω=0), and s is a corresponding 
normally placed surface. The brightness, 
corresponding to eq. (1) can be measured, by choosing 
and placing corresponding apertures and screens 
(Fig.2). Such brightness value is necessary for the 
determination and building a more detailed emittance 
diagram in which areas with various brightness ranges 
could be distinguished.  

In that a way, at differentiating the areas on the 
diagram with equal brightnesses, the respective beam 
parts can be considered as separated-independent sub-
beams. 

Beams with large brightness have small area at the 
diagram of the emittance, and this means small 
emittance value. 

An important characteristic of the electron guns 
and beams is the relative electron brightness B/U, 
which is calculated as the electron brightness divided 
by the accelerating voltage. This characteristic 
corresponds to the normalized emittance and is 
constant along the beam in elecrton beam systems 
without aberrations. In real technological electron 
beam systems with intensive electron beams this 
invariability is a result also of partial or full 
compensation of the space charge of the beam. The 
knowledge of B/U gives possibility to compare 
electron beam systems, to choose highly effective 
emitters for them and to define the maximum possible 
current density or the power in the focus and the 
length of the active interaction zone. 

The increase of the current of the beam leads to an 
increase of the radius of the cathode and of the 
crossover (the minimum cross-section of the beam in 
front of it), where the electron trajectories cross and 
the aberrations increase, as well as the electron 
brightness decreases. The increase in the space charge 
in the beam acts in the same direction. In the case of 
higher voltage guns the electron brightness is higher. 
Using the relative brightness B/U values and the data 
for the aperture angle in the crossover (the angle 
between the outer trajectories 2αm), corresponding to 

the spatial angle 2
mπα=Ω , and maximal reachable 

power density in the focus pmax can be calculated by: 

 2
m

22
mmax U

U

B
BUp α







π=απ= . 

The initial chaotic velocities of emitting electrons, 
the aberrations, diaphragms and the collisions of the 
electrons of the beam with other elements of the 
electron optic system decrease the maximum density 
of the real electron beams. 
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Fig.3. Block-scheme of beam current distribution (or radial 

profile) monitor 

The emittance of a beam is not a directly measured 
parameter. It can be inferred by beam current profile 
in the transverse cross-section (radial intensity profile) 
and by angular distributions of beam particles in that 
transverse position, evaluated or measured (see   
below). 

A beam profile monitor placed in the beam path 
convert the beam flux density in a measurable signal 
that is a function of positions towards the beam axis. 
A schematic presentation of radial profile monitor is 
shown on Fig.3. There: I is objective (usually part of 
electron gun); II is scanning (modulation device); III 
is Faraday cup and IV is data processing and display 
system  

When measuring beam profile of an intense beam 
(with power exceeding 1 kW and going to tens or 
hundreds of kW), the beam has enough energy to 
deteriorate most sensors or current collectors, that 
might be placed in the beam path. So, a sampling 
assembly, often consisting of a scanning (rotating, 
moving) wire, pinhole, drum or disc containing a 
knife-edge or a slit, permits to measure passed or 
absorbed part of the beam using one collector, 
Faraday cup or a sensor, irradiated with this small 
beam part at any time. 

Measurement of the angular distribution of the 
beam particles and calculation the beam emittance 

The base way to measure the angular distribution 
of the beam electrons is to use two movable pin-hole 
plates and one collector electrode (see Fig.2). 

The pinhole method, shown in Fig. 2 is difficult for 
direct use in the case of characterization of powerful 
beams, due to the destroying of the first screen by the 
beam heating. Note, that as a result it was concluded, 
that a matrix of 32×32 sufficiently short sampling 
impulses and a transfer rate twice higher than the 
maximum spectrum frequency can create adequate 
detailed image of the beam current distributions. This 
means that for an enough adequate image a signal, 
collected from a lot of (namely hundreds thousand) 
measuring positions of both plates must be transferred 

and treated. 
Another possibility to measure angular beam 

electron distribution is to use pinhole beam modified 
profiler (see Fig. 4). 

a) 

b) 
Fig.4. a) Scheme of modified pinhole beam profiler. The 

signs are: 1- input first water cooled plate; 2- second 
analyzing plate; 3- Faraday cup; 4-collector of deflected 

EB; 6-focusing coil; 7-  deflecting coils, b) Design of 
measuring slit in the first water cooled plate and position of 

EB during the measurement 

More practical approach for evaluation of the beam 
angular distribution (and estimation of the beam 
emittance) for powerful electron beams, based on 
multiple beam profile measurements, is proposed in 
[11]. The emittance calculation by: a) the 
measurement of two beam profiles and a known 
focusing plane position or b) by three measurements 
of the beam current density profiles at three locations 
along the beam axis was proposed. 

There a 2D Gaussian distribution of the current in 
the phase plane is assumed. Disadvantage of that 
method is the need for mechanical movement of the 
measuring device along the beam axis. To avoid that 
authors proposed to evaluate emittance utilizing one 
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or two slits in static position (or enhanced modified 
faraday cup) and change of the beam focus. 

 
Fig. 5. Measuring of the beam integral current distribution 

by changing the position of the focal plane 

 
Fig. 6. Experimental measuring device and two 

measurements of the integral current distributions along X- 
and Y-axes. 

In [15] a method for electron beam 
characterization based on the current distribution 
measurements at changes of the beam focus (Fig. 5) is 
considered. The measuring device used is shown in 
Fig. 6. During the experiments the ‘focus’ position of 
beam changes. Two scans are made – along X-axis 
and after that along Y-axis. The measured current 
distributions represent a set of linear integrals of the 
current distributions along the other axis. They are 
presented on a single bitmap for different focus 
positions also on Fig. 6. There, each line corresponds 
to the integral current distributions for different cross-
sections and for different focus positions. 

Tomographic approach 

The measurement technique, using a Faraday cup 
and few radial slits in a disc, on which the monitored 
electron beam is rotated, actually measures the 
electron beam integrated radial current density 
distributions by integrating the current passing along 
these thin slits in projections of the beam intensity, 
taken at equally spaced angles around the beam (Fig. 

7). Tomography is a technique for reconstruction a 
two-dimensional object image from a set of its one-
dimensional projections, measured as an array of line 
integrals (or slices) of the studied object. This 
technique is widely used in different scientific areas, 
starting from medical applications, material sciences 
etc. There a Fourier transformation from real to 
frequency space and a consequent back Fourier 
transformation permits to reconstruct the beam cross-
section current density image (beam radial intensity 
profile) with their asymmetry features. 

 
Fig. 7. Tomographic approach – measurement of integral 
current densities at different angles and obtaining a set of 

radial distribution images in the frequency domain for each 
angle θ 

 
Fig. 8. Experimental measuring device 

 
Fig. 9. The measured voltage from five slits 

On the base of the tomographic approach the 3D 
beam radial current density distribution is 
reconstructed and the angular beam distribution and 
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the beam emittance are estimated. For the application 
of the computer tomographic approach for estimation 
of the radial current density distribution a refractory 
metal disk (W) with several radial slits is needed. The 
voltage signal is measured and the integral radial 
current density distributions are determined at the 
different angles of the slits (see Fig. 8 and Fig. 9). 

Table 1. 
Experimental conditions 

 

 
Fig. 10. The measured signal 

Integral current densities at different angles: 
a) θ = 0°; b) θ = 51°; c) θ = 90°; d) θ = 102°; e) θ = 

153°; f) θ = 204°;  g) θ = 255°; h) θ = 306°. 
are obtained at variation of the parameters: If – 
focusing current, Ie – the beam current, Uv – venelt 
voltage and the distance to the measuring device H. 

The regions for these parameters are given in Table 

1. As a result 72 measurements (signals) are made and 
each signal containing the integral current density 
from all 8 different angles from the slits of the 
measuring device, like the one, presented on Fig. 10. 

As a result from the application of thomograpic 
reconstruction algorithm the initial image of the beam 
radial current distributions are obtained for every set 
of experimental conditions (see Fig. 11 and Fig. 12). 

 

 
Fig. 11. 2D reconstruction of the electron beam radial 
current distribution for If=221 mA, Ie=6 mA, Uv=-50 V, 

H=350 mm 

 
Fig. 12. 3D reconstruction of the electron beam radial 
current distribution for If=221 mA, Ie=6 mA, Uv=-50 V, 

H=350 mm 

The focus position can be determined after beam 
2D and 3D reconstruction and the calculation of the 
emittance for every set of experimental conditions (24 sets) 
is determined. On Fig. 13 and Fig. 14 the emittance for 
I f=221 mA, Ie=6 mA and Uv=-50 V is presented in 2D and 
3D view. 
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Fig. 13. 2D view of beam emittance for If=221 mA, Ie=6 

mA and Uv=-50 V 

 

 
Fig. 14. 3D view of beam emittance for If=221 mA, Ie=6 

mA and Uv=-50 V 

Conclusion 
The management of quality of electron beam 

welding directed to optimization of process 
parameters is an important way to improve the use of 
the expensive equipment and to make the EBW 
process more efficient in consuming materials, time 
and energy.  

The beam emittance as well as the beam profile are 
significant and appropriate characteristics of the beam 
quality. The measurement of these characteristics will: 
(i) help standardization of electron optical systems, 
(ii) provide adequate conditions for welding 
production quality control by keeping a high 
reproducibility of the welds (iii) support the attempts 
to transfer the concrete technology from one welding 
machine to another and (iv) at creating expert systems 
for an operator choice of suitable regimes for gaining 
desirable welds. 

 

Appendix 1 

AWS C7.3:1999R -   American National Standard 
“Process Specification for Electron Beam Welding” 

1.1 ANSI Documents (American National 
Standards Institute, 11 W. 42nd Street, New York, NY 
10036-8002) 

1.1.1 ANSI Z49.1, Safety in Welding, Cutting, and 
Allied Processes 

2.1.2 ANSI Z87.1, Occupational and Educational 
Eye and Face Protection 

1. 2 AWS Documents (American Welding 
Society, 550 N.W. LeJeune Road, Miami, FL 33126) 

1.2.1 AWS A2.4, Standard Symbols for Welding, 
Brazing, and Nondestructive Examination 

1.2.2 AWS A3.0, Welding Terms and Definitions 
1.2.3 AWS B2.1, Standard for Welding Procedure 

and Performance Qualification 
1.2.4 AWS C7.1, Recommended Practices for 

Electron Beam Welding 
1. 3 MSDS. Material Safety Data Sheet, available 

from producer of chemical or other material. 
1.4 AVS Documents (American Vacuum Society, 

120 Wall Street, 32nd Floor, New York, NY 10005) 
American Vacuum Society Vacuum Hazards 

Manual 

Safety 

These safe practice recommendations are 
abstracted from AWS C7.1. That document and the 
manufacturer’s manuals should be consulted for a 
more complete treatment of the subject. The following 
potential hazards are associated with electron beam 
welding: electric shock, toxic or hazardous materials 
(e.g. cleaning solutions, solvents, etc.), fumes and 
gases, X-radiation, visible radiation, and vacuum. 
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