
Measurements of Noise on the Beam 
of an Electron Beam Welding Unit 

Noise does not appear to contribute to weld penetration variations 
even though it is directly proportional to beam voltage and current, 

and is influenced by filament current 

BY R. D. DIXON 

ABSTRACT. Noise on the beam of an 
electron beam welding machine has 
been observed using measurements of 
the X-ray intensity as a funct ion of 
time. The results show that the noise is 
directly proportional to the beam 
voltage and current and is also 
influenced by the filament current. It 
does not appear that the noise could 
cause penetration variations seen in 
electron beam welds. 

Introduction 

This paper presents the results of a 
study of noise on the beam of an 
electron beam welding unit. The study 
was to determine whether noise on 
the beam could account for weld 
geometry variations seen in electron 
beam welding.1- Since the electron 
beam welding process is usually con
sidered in terms of DC parameters 
(beam voltage and beam current), 
noise throughout this paper refers to 
any signals other than DC. In particu
lar, the main interest was the periodic 
signals (AC) existing above the white 
noise background. 

In this study, the X-rays emitted 
when the beam struck a tungsten 
target were monitored. The total num
ber of X-rays in a fixed energy band (10 
kilo electron volts (keV) bandwidth for 
this work) were recorded as a function 
of t ime, thus providing the t ime series 
(X-ray intensity vs. time) from which 
subsequent calculations were done. 
This technique was used, as opposed 
to observing the noise at the parame
ter-monitoring points, because the 
amount of noise present at the moni
toring points which couples onto the 
beam is unknown. In contrast, the 
periodic noise observed using the X-
ray technique indicates the presence 

of that signal (AC) on the electron 
beam, and changes in the weld param
eters are reflected by changes in the 
amplitudes of the AC signals. 

In order to determine the ampli
tudes and frequencies of the noise, the 
Fourier line spectrum was calculated 
from the t ime series by calculating the 
Fourier series from the t ime series. The 
sum of the squares of the coefficients 
at the harmonic frequencies is found 
from the Fourier coefficients and 
represents the Fourier line spectrum. 

Model Analysis 

A first approximation to the Brems-
strahlung spectrum is given by:3 

K'!Z(E„-E) (1) 

where lE = the spectral X-ray inten
sity; K' = proportionality constant; 
J = beam current density; Z = atomic 
number of the target; E„ = beam 
voltage; E = X-ray energy. 

Integrating equation (1) between 
energies E, and E.̂  wi th 0 < E , 
< E, < E„ yields: 

I = KJ(E0-D) (2) 

where K = K'ZfE.-E,); D = EL, + E,)/ 
2; E„, J, and Z are as previously 
defined. 

Both E0 and J may be t ime depen
dent and thus equation (2) is rewrit
ten: 

I (y) - K KY) [E„ (Y)-D] (3) 
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Equation (3) indicates that t ime 
dependence in the X-ray spectrum is 
produced by time dependence of the 
voltage or current, or both. Also, l(y) is 
approximated using a discrete Fourier 
series for 2N even and equally spaced 
data points: 

N - 1 

l(y) = l0/2 + 2 (A„ cos 27rfky 

+ Bk sin 27rfky) 

+ lN/2 cos 27rfN- y (4) 

For this representation, y = rA, 
where, r = 0,1,2 . . . . 2N-1, A = sam
pling time, and fk = k/2NA, k = 
1,2 N-1. 

The coefficients in equation 4 are 
defined in the usual manner, and after 
substituting for y and fk are: 

2 l ( rA) = 2N (l„/2) 

2 l(r A) cosirr = 2N(lN /2) 

2 l(r A) coswkr/N = N(Ak) 

l(r A) sinirkr/N = N(Bk) 

The coefficients l0/2, Ak, Bk/ and lN/2 
can be found from l(r A) data using a 
fast Fourier transform algorithm. The 
fundamental frequency and the high 
frequency, which determine the band-
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width over which the calculations 
are applicable, are: f, = 1/2NA and 
fN = 1/2A, respectively. 

The Line spectrum of l(y) is: 

2 l(rA)VN - 2(lf,/4) + 

2 (Ak + B2) + 2(1^/4) 

(5) 

A plot of the average AC power at 
the harmonic versus the frequency of 
the harmonic wil l display the decom
position of the mean square-power 
(Fourier line spectrum). The frequency 
at which the peak occurs and the 
change in amplitude of the peak, wi th 
corresponding changes in weld param
eters, indicate the amount of noise on 
the beam resulting from the weld 
parameters. 

The bandwidth of the line spectrum 
is determined by the fundamental 
frequency and the high frequency 
which, in turn, are l imited by the 
number of data points (2N) and the 
sampling t ime (A). For the bandwidth 
to cover a useful range, from low to 
high frequencies, the number of data 
points must be large and the sampling 

times* small. This implies that, when 
acquiring a time series by measuring 
X-ray intensity using fixed operating 
conditions, the energy bandwidth (Es-
E,) must be large to acquire an 
adequate number of X-rays. 

A 10 keV energy bandwidth was 
found to be sufficient, when a 
sampling time of 0.001 second was 
employed. The multi-channel analyzer 
had a maximum memory size of 2 " , 
which provided a frequency band
width of from approximately 0.5 to 500 
hertz (Hz) with a sampling time of 
0.001 second. 

For a time series containing 2 " data 
points, the line spectrum wi l l contain 
2'" AC power terms plus the DC term. 
Because of the large number of terms, 
the line spectrum is not easily 
inspected unless it is plotted. Also, if a 
large amount of white noise exists in 
the source, the line spectrum wil l 
contain a number of seemingly large 
amplitudes and determining if power 
is indicated by these terms wil l prove 
difficult. For this reason, statistical 
tests were developed for examining 
the line spectrum to determine which 
peaks were significant. 

Several statistical tests were used. 
The first test determined whether the 
line spectrum came from a white noise 
source. The terms in the spectrum 
were then examined, from the largest 

toward the smallest, to determine if 
they contained statistically significant 
power. This test terminates if, after 
examination, three terms are found 
containing no statistically significant 
power. The DC and the high frequency 
terms were tested for statistical signifi
cance using a Student's T-test. A more 
complete discussion of these tests is 
presented elsewhere.' 

Experimental 

The electron beam welding machine 
used for this work was manufactured 
by Sciaky Brothers and had a power 
capability of 30 kilowatts (kW) [60 
kilovolts (kV) and 500 milliamperes 
(mA)]. The electron gun was confi
gured to produce a maximum power 
of 1.5 kW (60 kV and 25 mA). 

The low power was used in order to 
eliminate craters produced in the 
target caused by high beam powers. A 
tungsten target was used throughout 
this work, because it has a high 
melting point and thus resists crater-
ing. It also has an intense Bremsstrah-
lung spectrum. The electron beam was 
incident normal to the target surface. 
A 0.18 cm (0.07 in.) thick beryll ium 
window served as an X-ray port, and 
was mounted to produce a 90 deg 
X-ray take-off angle, measured wi th 
respect to the electron beam. 
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Fig. 1—Time series (la) and resulting line spectrum (lb); the frequency of the significant peaks and their corresponding amplitudes is shown 
in h 
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F/g. 2—Time series (2a) and resulting line spectrum (2b); the line spectrum is a result of the time series originating from a white noise source. 
None of the peaks (2b) is statistically significant 

The X-ray spectrometer consisted of 
a Si(Li) X-ray detector, a 2048 channel 
pulse height analyzer, and the asso
ciated amplifiers and power supplies. 
The detector was positioned approxi
mately 70 cm from the X-ray source 
(impingement point of the electron 
beam on the target). Provision was 
made to permit the addition of 
absorber materials in the X-ray path to 
change the count rate and tailor the 
X-ray spectrum. The count rate was 
typically 30,000 counts-per-second. 

The spectrometer was calibrated 
using an AM(241) gamma ray source to 
permit setting energies E, and E2, as 
well as the electron beam voltage, to 
wi th in ±100 volts (V)5. The data were 
acquired wi th the pulse height ana
lyzer in the multichannel scaling mode 
and a sampling time of 0.001 second. A 
delay time of 400 nanoseconds per 
channel exists in this mode; thus, the 
effective sampling time is 0.0010004 
seconds. 

The energy bandwith (E.-E,) was 
adjusted so that it contained no char-

Fig. 3-DC power vs. electron beam current (a) 
and vs. beam voltage (b) 
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Fig. 4—AC power vs. electron beam current; 40 kV beam voltage: 
(a)-360 and 120 Hz; (b)-180 and 240 Hz 

acteristic X-ray lines from the tungsten 
target and the high energy (E2) was 
near the high energy cut-off of the 
X-ray spectrum. For all data reported 
here, E,-E, = 10 keV and E„-E2 = 1 
keV, where E„ is the high energy cut
off of the X-ray spectrum and is equal 
to the beam voltage/' 

The welding machine parameters 

which are expected to affect the noise 
on the beam are: 

1. Electron beam acceleration volt
age. 

2. Electron beam current control. 
3. Electron gun filament control. 

The electron gun is of the Pierce 
type, and thus, a change in beam 

voltage causes a corresponding 
change in the beam current. This rela
tionship is described by: 

I = KV3-"-' (6) 

where I = beam current; K = propor
tionality constant; V = beam volt
age. 

Above equation (6) describes the 
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F/g. 5—AC power vs. electron beam current; 
50 kV beam voltage: (a)-360 and 120 Hz; 
(b)-180 and 240 Hz 
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Fig. 6—DC and AC power vs. filament 
current. 50 kV beam voltage with 5 mA and 
2 mA. The filament is peaked at 52 A. The 
DC power (a) is similar to the electron 
emission versus filament temperature; (b) 
and (c) show smaller AC powers when the 
filament is peaked 
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Fig. 7—DC and AC power vs. focus coil current; visual sharp focus is shown by the vertical lines. 50 kV beam voltage and 2 mA and 5 mA beam 
current 

beam current as a function of the 
beam voltage. The gun is also 
equipped wi th a grid control which 
controls the current from 0 through 
the maximum available at a given 
voltage. The filament current was 
adjusted until electron emission was 
beyond the knee in the emission 
versus temperature curve. 

Results 

Figure 1 shows a time series (1a) and 
the resulting line spectrum (1b). The 

peaks in the line spectrum (1b) at 120, 
180, and 360 Hz are all significant al 
the 5% level, whi le none of the 
remaining peaks are. 

Figure 2 also shows a time series (2a) 
and the resulting line spectrum (2b). 
For spectrum (2b) none of the peaks 
is significant and, thus, the time 
series originates from a white noise 
source. This was also confirmed by the 
test for white noise. The data shown in 
Fig. 2 were taken at 20 kV and 30 
microamperes (fiA). The current was 
obtained, wi th the current control off, 

by adjusting the filament current until 
30 fiA were obtained using a Faraday 
cup. Thus, the resultant white noise 
spectrum shows that the electron 
emission from the filament is not char
acteristic of thermal emission, but 
probably consists of random thermal 
emission as well as field emission. 

The effect of current and voltage on 
the DC power [DC term from eq (5)] is 
shown in Fig. 3. With the exception of 
the data taken at 60 kV, the DC power 
is seen to be linear, wi th both current 
(3a) and voltage (3b) as predicted from 
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eq (1). For all data presented in this 
paper, an absorber consisting of 0.02 
cm (0.007 in.) thick tantalum was 
used. This required changing the 
source-to-detector distance when us
ing 60 kV at currents greater than 5 mA, 
and is partially responsible for the data 
not being directly proportional to the 
beam current. Therefore, data ob
tained at 60 kV are not discussed 
further. 

The AC power was found to be 
statistically significant at frequencies 
of 360, 120, 180, and 240 Hz. The 
amplitudes of the 360 Hz and 120 Hz 
signals were always larger than the 180 
and 240 Hz signals, whi le the 240 Hz 
signal was always the smallest. A 
summary of this data is presented in 
Figs. 4 and 5. These figures show that 
the AC power is directly proportional 
to the beam current. By comparing the 
data presented in Figs. 4 and 5 wi th 
those presented in Fig. 3 it can be seen 
that the sum of the AC power is 
approximately 10% of the DC power. 

Figure 6 shows the effect of filament 
current on both the DC and AC power. 
The DC power is monotonically 
increasing wi th filament current and is 
similar in shape to an electron emis
sion versus filament temperature 
curve. This also agrees wi th the DC 
power being linear wi th electron beam 
current (Fig. 3). At 50 kV and 5 mA, 
the filament current peaks at approxi
mately 50.5 A. 

The AC and DC power curves are 
not similar; in fact, a maximum is 
obtained before the filament is 
peaked. This shows the amplitudes of 
the AC signals being smaller when the 
filament is peaked and implies that, 
when the gun is being operated in a 
space charge l imited mode, the space 
charge actually acts as a filter. A similar 
conclusion is reached when observing 
AC power vs. DC power at constant 
current." 

The effect of variation of the focus 
coil current on the line spectrum 
amplitudes was also investigated. The 
results of this investigation are shown 

in Fig. 7. The sharp focus position 
shown was determined by visual 
inspection of the spot as the focus 
current was changed, and is the focus 
current which produced the brightest 
spot. In all cases the AC and DC power 
curves have a maximum but it does not 
occur at the same focus current as the 
visual sharp focus. However, the AC 
power does fol low the DC power, 
which is in agreement wi th previous 
work.6 

One might expect that the visual 
sharp focus current should be the 
same as the focus current for the 
maximum of the AC and DC power 
curves. However, this is not the case, 
and is probably due to self-absorption. 
The contr ibution to the total X-ray 
intensity should be the same for X-rays 
originating on the target surface 
regardless of the spot size. However, 
the contribution wil l change signifi
cantly for X-rays generated below the 
surface depending upon the amount 
of target material they must penetrate. 
Since the experimental set-up is such 
that all spot sizes are encompassed in 
the field of view of the detector, and 
the X-ray take-off angle is 90 deg, a 
large spot wi th its edge near the target 
edge wil l yield a higher intensity than 
a sharply focused spot wi th its edge 
away from the target edge. Also, non-
uniform electron distributions wi th in 
the spot could affect the intensity 
similarly in that a high density near the 
target edge would produce a higher 
intensity than either a uniform distri
bution or a high-density distribution 
further from the edge. 

Conclusion 

Line spectra derived from time series 
of X-ray intensity provide a useful 
means of observing noise on the elec
tron beam. The DC and AC powers 
were found to be directly proportional 
to the beam current and voltage. 
When operating the electron gun wi th 
the filament properly peaked, the 

resulting space charge acts as a filter, 
reducing the amplitudes of the AC 
signals. 

In no cases were large spurious 
signals detected, and the phases of the 
signals detected were apparently ran
dom. This implies that, unless the elec
tron beam welding process is frequen
cy dependent, there should be little if 
any effect on welding due to the AC 
power on the beam. Further, it does 
not appear that spiking is caused by 
voltage or current transients since 
none were detected in the line spec
tra. 
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AWS A2.4-76—Symbols for Welding and Nondestructive Testing 

Provides the means for placing complete welding information on drawings. Symbols in this publication 
are intended to be used to facilitate communications among designers and shop and fabrication 
personnel. Many changes were made from the previous edition in recognition of the increasingly 
international use of welding symbols. Illustrations showing brazing and its symbols have been added to 
more clearly define usage. 

Part B, Nondestructive Testing Symbols, establishes the symbols for use on drawings to specify 
nondestructive examination for determining the soundness of materials. 

The price of A2.4-76 Symbols for Welding and Nondestructive Testing is $5.00. Discounts: 25% to A and 
B members; 20% to bookstores, public libraries and schools; 15% to C and D members. Send your orders to 
the American Welding Society, 2501 N.W. 7th St., Miami, FL 33125. Florida residents add 4% sales tax. 
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