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Мeasurements of fluctuations of the ion current, collected by the plasma, generated during 
electron beam welding and treatment of the acquired data with modern digital methods are executed. 
Through the application of Coherent accumulation the random impulses of ion current are 
transformed in well determined probability of excitation of instabilities of ion current. In the paper 
experimental data at electron beam welding of  chromium-nickel steel with the following composition: up to 
0.12 % carbon, 18 % chrome, and 0.8 % titanium   are analysed and the functions of evaluated probability, 
obtained by Matlab computer software and data for the dimensions of the crater in welding bath, 
obtained on this base, are presented. There are also given amplitudes of maxima of the probability of 
excitation of instabilities of ion current and time lags of these maxima towards the moments of change 
of the direction of deflection current. These data can be used as base of remote control of electron 
beam welding process in real time. 

Йонен ток, получен от плазмата над зоната на заваряване при електроннолъчево 
заваряване (Д. Трушников, Г. Младенов, В. Бененкий, Е. Колева). Направени са измервания на 
флуктуациите на йонния ток, течащ към отрицателен колектор от плазмата, генерирана по 
време на електроннолъчево заваряване и обработка на събраните данни с модерни числени 
методи. Чрез прилагане на метода „Кохерентно набиране“ случайните импулси на йонния 
ток се превръщат в добре детерминирани вероятности на възбуждане на нестабилности на 
йонния ток. В работата са анализирани експериментални данни от електроннолъчево 
заваряване на хром-никелова стомана със следното съдържание: до 0.12 % въглерод, 18 % хром, 
и 0.8 % титан и е представена функцията на оценената вероятност, получена чрез 
компютърния софтуер Matlab и данни за размерите на кратера в заваръчната вана, получени 
на тази основа. Дадени са също амплитудите на максимумите на вероятността на 
възбуждане на нестабилности на йонния ток и времената на закъсняване  на тези максимуми 
по отношение на моментите на промяна на посоката на тока през отклоняващите бобини. 
Тези данни могат да се използват като база за дистанционен контрол  на заваръчния процес в 
реално време.  

 

Introduction 
Electron beam welding has been 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. The complex processes of energy 
deposition in narrow crater in welding bath make 
difficulties for clear understanding of the all 
approaches of electron beam welding optimization.  

Experiments to receive new information for the 
processes in welding crater through studying the 
collected secondary charged particle currents above 
the welding zone is realized from many years [1-13]. 
In the papers from 80-th and 90-th years of 20-thies 
century were searched a coincidence of separated 
fluctuations of the collected current and the root peaks 
or weld defects as gas voids in the weld metal [1-7]. 
In later investigations [8-13] is accepted, that due to 
interaction between various factors, the behavior of 
the instabilities of collected current is more complex 
and there is searched more complicated correlations 
between the measured signals and the welding results. 

 From the some pioneer investigations [14, 15, 
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4, 5] had been understood, that in interaction zone is 
generated plasma and the crater in the welding zone is 
filled by vapor and plasma. In the earlier 
investigations by intuition was accepted, that the 
instabilities in the crater shape are resulted in 
variations of fluctuations of vapor-plasma flow and 
respectively lead to instabilities of the collected 
currents. But in former time were appointed, that 
propagation of plasma and vapor above the welding 
zone are governed by various natural laws [16]. Thus 
in the last time new investigations of collected 
currents by plasma above the welding zone had been 
provided [10-13] at use of modern computer modes of 
data acquisition, accumulation and analysis. There are 
studied the collected electron current by a positively 
polarized ring metal electrode, situated down of the 
electron gun end. At welding with stationary electron 
beam and at local deflection oscillations of the beam 
was observed that oscillations of the current, collected 
by plasma above welding zone containing low 
frequency and high frequency components. The low 
frequency oscillations are envelope of high frequency 
oscillations of collected current and are explained by 
instabilities of crater shape and length. The high 
frequency component, representing short impulses of 
collected from plasma current, with amplitude 
reaching to 0.5 A, is connected with instabilities 
thermionic emission of electrons in cathode region of 
a not independent discharge with hot cathode 
(overheated areas by beam of crater liquid wall) and 
anode (collector electrode). In [17] as second reason 
of generating high frequency oscillations of collected 
by plasma current are appointed the relaxation 
processes in the plasma plume above the welding 
zone. In the high frequency spectra are observed 
peaks, first is of which of frequency 16-17 kHz and 
harmonic components at 33 kHz and 50 kHz.  
Analogical signal spectrum with first harmonic in 
region of 15-25 kHz was observed in various regimes 
of electron beam welding and at use of different 
welded materials. These frequency peaks was 
independent from the beam power and focus position.  
In the case of welding with deflection oscillations of 
the beam the excitation probability of such high 
frequency signal oscillations increases at beam 
position on the upper part of the crater wall. 

In this paper the fluctuation of ion current, 
collected by plasma from a negatively polarized 
electrode are studied. In the papers where are 
registered the ion current is accepted, that ions are 
generated mainly in interaction zone beam-crater wall. 
In [2,3,5] is accepted also that ions are carry out  by 
gas flows and in this way the ion current oscillation 

are indicator of the instabilities of crater shape and 
length. Ion current have less amplitude and 
instabilities in comparison with electron current. The 
registered ion current if the collector potential is 50 V-
150 V is of order of 2-3 mA. In [8] is shown, that at 
electron beam welding of steel with thickness up to 50 
mm, the ion current is collected as impulses of various 
amplitudes and width 1÷8.10-3s. At increase the crater 
depth the direct ion current component and amplitude 
of the low-frequency oscillations grow. Behavior of 
the collected ion current depends on welding regime 
and mainly from the position of the beam focus. 

Experiment 
Block-scheme of experiment is shown on Fig.1. 

There the collector of ions is polarized with negative 
potential of -50 V. Signs D, W and  L are respectively 
thickness, width and length of the welded sample, R is 
distance between sample and collector of ions from 
plasma. For shielding collector from back-scattered 
electrons, between the collector and sample, on 
distance r that is bigger than Debye radius is situated 
grounded shielding metal electrode. At beam current 
46 mA spiking of the weld root reach the back side of 
sample without to open crater there (Fig.2). 

 
Fig.1. Block scheme of measuring ion current collected 

from plasma above interaction zone of beam with sample 
during electron beam welding 

 
Fig. 2. Image of back side of the welded sample in the case 

of reaching the penetration of electron beam just to that 
sample surface, but do not opening the crater from this side 
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The photo-image of the polished back side of 
welded sample is shown on Fig.2. Holes that can be 
seen there are of micrometer range. 

Records of the ion current, collected from the 
plasma above the sample and current on the electrode, 
situated on back side of the welded sample are shown 
on fig.3a and fig.3b respectively. In the beginning of 
treatment crater reach the back side surface only some 
times and back-side electrode do not register current. 
The ion current records contain short peaks with 
random amplitudes. In case of more long time opening 
of the crater from back side of sample, the observed 
ion current decreases (see about 0.13 s, when back 
side current is shown). These current changes could be 
used for identification of regime deviation and control 
of weld penetration, exactly to back side of sample 
and lack of liquid metal flowing from back side crater 
opening. 

The digital data of ion current, acquired at beam 
deflection oscillation in longitude or transverse 
directions of welding bath are recorded in computer 
memory and then are processed by coherent 
accumulation method [13]. As a result functions of 
probability of excitation of ion current peaks S on 
time τ of sweep period T is created. This function S(τ)  
as well as its presentation in phase space ‘‘signal-
deflection of the beam’’ are shown on fig.4. In former 
representation on abscissa are given the beam 
deflection values representing beam position at its 
traveling across or along   crater in the liquid metal. In 
these fig.4a and fig.4b the beam oscillations are along 
seam, the focusing current was If=820.303 mА; 
oscillation frequency was 675.6 Hz; amplitude of 
deflection was 1 mm; beam current was 32 Ma; 
welding velocity was 5 mm/s. The collector position 
(its center) was in coordinates׃ x=-5 mm, y=-40 mm, 

z=60 mm. The straight lines are deflection along the 
joint; the curves are the probability of excitation ion 
instabilities. 

 
a) 

 
b) 

Fig.4. Function S(τ)  and a)  beam deflection on time τ at 
If=820.303 mА, b) depending on beam deflection 

 
Fig.3. Record ion current fluctuations in case of full thickness beam penetration of the sample 

(a); below (b) is shown record of current from the back sample side 
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On Fig.5 and fig.6 are shown provided by coherent 
accumulation functions S(τ), if the focusing currents 
are: 826.834 mА and 833.349 mА. The other 
characteristics of the process are the same as for Fig.4. 

 
Fig.5 Function S(τ) at If=826.834 mА 

 
Fig.6. Function S(τ)  at If=833.349 mА 

Analogically to collecting electrons from plasma 
above welding zone, at study ion current on collector, 
at every passage through the crater in inward or 
outward direction is appearing maximum probability 
excitation instabilities of the ion current connected 
with passage of front and trailing crater’s wall. There, 
analogically to the electron current collecting the 
amplitude of the maximum, when the beam is situated 
on the front wall of the welding crater is bigger, than 
in case of beam irradiating the trailing wall.   

In the case of collecting ion current is observed not 
full symmetry of maxima delay from beam deflection 
changes from inward to outward and opposite 
directions. In one of the cases (fig.6) a small 
maximum is appeared in the region near the maximal 
beam deflection. At increase focusing current the  
distributions around these maxima become more 
narrows. 

On fig.7 to fig.10 are shown S(τ), obtained through 
coherent accumulation of  instabilities the ion current, 
collected shielding collector electrode from plasma 
above interaction zone beam and sample. The beam 
deflection oscillations are across the joint, the beam 
current is 30 mА, the coordinates of collector center 
are x=5 mm; y=-40 mm; z=35 mm. Frequency of the 
beam deflection is 675,6 Hz; the deflection 
oscillations amplitude is 1mm.  

 
Fig.7 Function S(τ)׃  If=832.431 mA 

 
Fig.8 Function S(τ)׃ If=838.952 mA 

 
Fig.9 Function S(τ);  If=845.467 mА 
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Fig.10. S(τ); If=851.98 mA 

The straight lines are deflection across the joint; 
the curves are the probability of excitation ion 
instabilities. 

There on functions S(τ), created by coherent 
accumulation method from digital files containing 
data for ion current at transverse scanning of the 
crater, the maxima S(τ) situated symmetrically 
respectively the points of change direction of 
deflection current in every semi-period. At various 
deflection current the lagging behind of 1.4908.10-4 s 
to 3.4075.10-4 s (at period deflection current 
Т=1.4801.10-3 s). The reason for different amplitudes 
observed maxima from the left and right side of crater 
in welding bath for first three focusing currents. Due 
to this it was executed new trial of electron beam 
welding with deflection oscillations across the joint. 
Parameters oscillation and sample material were the 
same as in previous experiments; beam current 33 
mА, coordinates collector center- х=-5 mm; у=-40 
mm; z =60 mm. 

 

 
Fig.11. Function S(τ); If=821mА 

 
Fig.12. Function S(τ); If=826.765mА 

 
Fig.13. Function S(τ);    If=833.277mА 

At this record series the function S of the 
coherently accumulated ion current on time τ is 
shown, that together with decrease of dispersion the 
ion current distribution and observed before  (fig.7 – 
fig.10) inequality of both maxima can be seen, but in 
this case higher is the left-hand (instead the right 
front). The explanation, that there collector is on a 
higher distance from the welding bath is un-probable. 
This was reason to produce one more experiment on 
collection of ion current at electron beam welding 
with the beam oscillation across the joint. In this case 
beam current was 35 mА; the center of the ion current 
collector is in coordinates х=0 mm; у=-25 mm; z =40 
mm. Oscillation frequency is 675.6 Hz, and the 
amplitude of deflections is 1 mm. At beam situated on 
left-hand front of the crater the ion current 
fluctuations again obey a bigger maximum, than at the 
beam, situated on the right hand front.   It can be seen, 
that at increase the focusing current and respectively 
elevation the focus position from crater bottom to 
sharp focus regime, this difference becomes visible, 
together with decrease of the ion current dispersion.  
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Fig.14  Function S(τ); If=820.25 mА 

 

 
Fig.15  Function S(τ);    If=826.784 mА 

The method coherent accumulation is based on the 
law of large numbers of discrete random variables and 
on central limit theorem of probability theory. 

 
Fig.16. Function S(τ) of the ion current; the beam 

oscillations are  across the joint: If=833.297mА, А=1 mm 

The law of large numbers is a theorem of 
probability theory that describes the result of 
performing the same experiment a large number of 
times. According to the law, the average value of the 
results obtained from a large number of trials should 
be close to the expected value, and will tend to 
become closer as more trials are performed. In our 
case the impulses of the collected current are results 
of the trials. In this way nevertheless that result of 
various observations of current impulses, collected at 
equal conditions  are strongly various, as result of 
effects of large amount of random factors, as the 
number of impulses increases, the average of the 
values will tend to a stable result, weakly depending 
from the value of a single impulse. The reason of this 
stability and possibility to predict the average result of 

Table 1.  
Amplitude of the maxima and lag of their delay, together with the width of the crater in the liquid bath during 

electron beam welding with oscillations of  steel samples 

Kind of 

oscillation 

Figure Lag1, 
sec 

Max.1 Lag2. 
sec 

Max.2 Crater 
width, 
mm 

Longitudinal fig.4 3,17.10-4 0,15 5,6.10-4 0,13 1,3143 
 „          „ fig.5 1,90.10-4 0,165 3,17.10-4 0,96 1,1715 
 „          „ fig.6 1,27.10-4 0,144 2,64.10-4 0,81 1,1713 
Transverse fig.7 2,13.10-4 0,055 2,13.10-4 0,06 0,978 
„           „ fig.8 1,49.10-4 0,05 1,49.10-4 0,06 0,977 
„           „ fig.9 1,49.10-4 0,068 1,49.10-4 0,078 0,965 
„           „ fig.10 3,407.10-4 0,09 3,194.10-4 0,09 0,963 
Transverse fig.11 4,23.10-4 0,13 4,23.10-4 0,125 1,0 
„           „ fig.12 2,55.10-4 0,113 2,768.10-4 0,83 1,0 
„           „ fig.13 1,903.10-4 0,1 1,903.10-4 0,075 1,0 
Transverse fig.14 3,194.10-4 0,33 5,11.10-4 0,274 1,237 
„           „ fig.15 2,326.10-4 0,3 4,02.10-4 0,21 1,2374 
„           „ fig.16 1,93.10-4 0,25 2,83.10-4 0,153 1,086 
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large number trials is that combined effect of a great 
number of independent random factors lead to result 
which is not random value. An additional condition is 
that every random value is small in comparison with 
random values sum.    In this way the observed 
fluctuations of the collected current are transformed 
by the coherent accumulation in average result, which 
is not random value, and tend to strongly defined 
probability.  

The central limit theorem states that, given certain 
conditions, the arithmetic mean of a sufficiently large 
number of iterates of independent random variables, 
each with a well-defined expected value and well-
defined variance, will be approximately normally 
distributed. So, the collected current impulses are 
form under interaction of few random compatibility 
factors, their distribution is normal one. 

In the end of this study are given numeric data for 
amplitudes and lag of maxima of function S(τ), as 
well as the width crater (with exactness up to our 
incomplete understanding of sensitivity to excitations 
instability the ion current and exact positions of the 
beam with various focusing. 

From data in Table 1 one can see some 
conformities: the crater dimension in longitudinal 
direction is longer from about 30-35 % for down 
position of the focus to about 18-15 % in the case of 
upper position of the focus in comparison with 
transverse direction of deflection oscillations; the time 
lag in respect to moments of the  changes of deflection 
coil current directions is changing in analogous way in 
both kind of deflections; the rise of the focus position 
is connected with a decrease of the crater dimension 
for the beam oscillations along the crater and 
practically not changes of crater dimensions at 
oscillations in direction across the joint. 

Conclusions 
This paper shows results of study of ion current 

collected by negative electrode situated in plasma 
above the welding zone during electron beam welding 
with oscillations across and along the joint. By 
application of the method of coherent accumulation 
the random impulses of ion current are transformed in 
stable well determined by complementary factors 
probability of excitations of the current instability 
values and normal distributions of this probability. 
This permits to measure the maxima values 
difference, the time lags of these maxima respective to 
the moments of the changes of deflection coil current 
direction and the dimension of crater in liquid welding 
bath. In this way new approaches for the control of 
electron beam welding process as example the 

determination of the beam focus position during the 
welding can be created. From the distortions of the 
base picture of functions S(τ) containing only  two 
maxima and two minima is possible to study defects 
in formations of the welds. 
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