
An Accurate Method for Determining 
Electron Beam Welding Voltages 
X-ray technique provides the absolute measure of oper
ating voltage needed for reproducibility 

BY R. D. DIXON 

ABSTRACT. A simple and accurate 
method of measuring the operating 
voltage of an electron beam welding 
machine is descr ibed. The method in
volves using an energy dispersive 
spectrometer to measure the x-ray 
spectrum generated by an electron 
beam and determining the voltage 
from the high energy cutoff (short 
wave-length cutoff). A series of meas
urements was made to compare the 
voltages determined by this method 
with the beam voltage meter on a 
Hamilton Standard W2 electron beam 
welding machine. The result of this 
study shows that reproducing the 
beam voltage meter values does not 
reproduce the beam voltage. The ac
tual voltage can be as much as 5% dif
ferent from that indicated on the 
voltage meter. 

Introduction 

A great deal of research effort on 
electron beam welding has resulted in 
phenomenological theories which are 
reasonably successful in predicting 
the beam voltage and current de
pendence of penetration (Refs. 1, 2), 
power density (Ref. 3) and minimum 
beam diameter (Refs. 3, 4). Penetra
tion theories predict that the penetra
tion is directly proport ional to the 
power density (Refs. 1, 2): 

( 1 ) 

where, X = depth of penetration 
D = power density. 

The power density is in turn in
versely proportional to the beam di 
ameter squared and directly propor-
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tional to the beam voltage and cur
rent: 

D oc V l /d 2 
(2) 

where, V = beam voltage, 
I = beam current, 
d = beam diameter. 

If a weld development program es
tablishes that all welds should be 
made at a fixed beam diameter or at 
the minimum beam diameter (meas
ured for example by a flying wire) 
(Ref. 4) the power density and thus 
the penetration can still vary from 
weld to weld due to changes in beam 
voltage and/or current. In particular, 
Schwarz's (Ref. 3) equation for the 
maximum power density attainable 
for given voltage, current, cathode 
emission density, cathode temper
ature, and lens system is: 

D <x p/4V7 '4. (3) 

Equation 3 describes the power 
density dependence on beam volt
age, current, and minimum beam 
diameter where the minimum beam 
diameter has been written in terms of 
voltage and current. Combining equa
tion 3 with equation 1 gives the pene
tration: 

X = KP' 4 V 7 ' 4 (4) 

where K is a proportionality constant 
which depends on the material pa
rameters and the weld ing speed 
(Refs. 1, 2). 

Using equation 4, the standard 
deviation of the penetration due to 
errors in beam voltage and current is 
given by: 

; x = [(7KI1/4V3'4/4)S2
V 

+ (KI3/4V7 '4/4)2S2] , /2 

where, S x = standard deviation 
of the penetration, 

S v = standard deviation 
of the voltage, 

Si = standard deviation 
of the current. 

If one assumes that the standard 
deviation of the current is zero, the 
standard deviation of the penetration 
is: 

7K I 1 / 4 V 3 ' 4 S u /4 . (6) 

(5) 

Thus, the penetration error can still be 
signif icant and is in fact an in
creasing function of the voltage. This 
can only be minimized by minimizing 
the error on the voltage (S v ~ 0). As 
will be shown, there is a significant 
error in reproducing the beam volt
age using the voltage meter on the 
machine. In particular, the results of a 
recent study (Ref. 5) show that repro
ducing the electron beam welding 
machine settings will not reproduce 
the weld geometry better than ±40%. 
It is for this reason and the fact that 
voltage errors could produce large 
penetration errors that the present 
work was done. 

Measurement of the beam voltage 
by a calibrated voltmeter is an ac
curate means of determining voltage. 
However, this is an indirect measure 
of the beam voltage since it does not 
measure the energy of the electrons 
in the beam. The method described 
here is to measure the x-ray spec
trum generated when the beam inter
acts with the target and to determine 
the beam voltage from the x-ray spec
trum. Thus, we have a first principle 
means of measuring the beam volt
age. 

The x-ray spectrum generated by 
an electron beam machine is com
posed of the characteristic x-rays of 
the target material as well as a large 
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Fig. 1 — Block diagram of the experimental set-up 

amount of background radiat ion 
(bremstra lung) . The bremst ra lung 
spectrum is continuous with the dis
crete charactersistic spectrum super
imposed upon it. For this work, the 
primary interest was in the bremstra
lung spectrum. However, the charac
teristic x-ray lines do provide an addi
tional means of calibration. 

The bremstralung spectrum is gen
erated when the electrons of the 
beam are scattered by the target 
atoms. The electron energy loss per 
scattering event appears as x-ray 
photons. Since there are scattering 
events occurring until there is elec
tron capture, the resulting spectrum is 
continuous. 

The electrons in the beams are 
considered to be monoenergetic be
cause the spread in energy is essen
tially due to the thermal energy dis
tribution at the filament. This is usual
ly less than 1 eV. This implies that the 
energy of the beam electrons is equal 
to the accelerating voltage (i.e., the 
voltage one desires to measure). 

Now, an electron energy of E can
not generate an x-ray photon having 
an energy greater than E. Also, there 
is a finite probability that an electron 
will be stopped in one scattering 
event. All the electrons in the beam 
have nearly the same energy and 
hence they will produce a significant 
number of x-ray photons having ener
gies equal to the accelerating volt
age. The energy of these x-rays is 
given by: 

he 
Em = h v = - j - (7) 

where, Em = maximum photon energy 

= m a x i m u m e l e c t r o n 
energy, 

h = Planck's constant, 

c = speed of light, 

v = photon frequency, 
A, = photon wavelength. 

The electron energy is related to 
the accelerating voltage through: 

eV (8) 

where, e = electron charge 
where, V = accelerating voltage. 
Combining equations 7 and 8 yields: 

eV he 

A. 
(9) 

From equation 9 we see that the 
accelerating voltage in volts is numer
ically equal to the x-ray photon energy 
in electron volts. The technique used 
to measure the accelerating voltage 
was to acquire an x-ray spectrum 
(number of photons vs. energy) and to 
determine the maximum energy. This 
method has been successfully used to 
determine the operating voltage of an 
electron microprobe (Ref. 6). In the 
m i c r o p r o b e a p p l i c a t i o n the i n 
creased precision permits eliminating 
the operating voltage as a source of 
error in quantitative microanalysis. 

Exper imental 

An energy dispersive spectrom
eter (EDS) was used to obtain the x-
ray spectra. The EDS consists of a Li 
dr i f ted Si (Si(Li)) x-ray detector , 
detector bias power supply, pre
amplifier, amplifier, multichannel an
alyzer (MCA), and read-out facilities. 
The MCA separates voltage pulses, 
from the amplifier, into energies ac
cording to pulse heights. 

The voltage pulses originate in the 
detector and the pulse heights are 
proportional to the energy of the x-
rays which created the pulse. The 
pulses are stored in the MCA memory 
channels with each channel corres
ponding to a particular energy incre
ment. The EDS system was ca l 

ibrated with an Am(241) gamma ray 
source. The calibration yielded the 
energy increment per channel and the 
energy of channel zero. The calibra
tion permitted x-ray energy deter
minations to within ±0.1 kV. The EDS 
could be adjusted to obtain the entire 
x-ray spectrum from 0 to 150 kV. For 
this work, all spectra were taken using 
a 1 /us t ime constant and high level 
baseline restoration. After acquiring a 
spectrum, the spectrum could be dis
played immediately on a cathode ray 
tube (CRT) or outputted to a plotter, 
printer, or paper tape. 

T h e e l e c t r o n b e a m w e l d i n g 
machine used for this work was a 
Hamilton Standard W2. A 7 cm diam 
by 0.2 cm thick beryll ium window was 
fixed 61 cm above the chamber floor 
and in the center of one of the view
ing ports. The view port window was 
replaced by an aluminum sheet 2.5 
cm thick in order to mount the beryl
lium window. The beryll ium window 
was necessary in order to eliminate 
absorption of low energy x-rays. 

The entire view port, with the ex
ception of a 1.3 cm hole at the center 
of the beryll ium window, was cov
ered with 0.64 cm of lead to reduce 
radiation levels in the laboratory and 
to serve as partial col l imation. Addi 
tional coll imation and shielding were 
obtained with another 0.64 cm thick 
lead sheet placed 12 cm away. The 
aperature in this sheet was also 1.3 
cm. The x-ray take-off angle was 90 
degrees and the source to detector 
distance was approximately 92 cm. 

In all cases absorber material had 
to be placed in the x-ray path in order 
to decrease the dead t ime of the 
MCA. The absorber material was 
placed between the two lead sheets. 
All spectra were taken with the elec
t ron beam impact point approx 
imately 0.3 cm from the edge of the 
target. This was done to eliminate the 
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Fig. 2 — X-ray spectrum taken using tungsten target, beam voltage meter setting of 74 kV, 
beam current meter setting of 1 ma, and 0.13 cm of molybdenum absorber. The peaks 
shown on this spectrum are the tungsten Ka„ Ka2, K0„ and K/32. The measured energy is 
given above each peak along with the identification of the peak and its known energy (in 
parentheses). The high energy cutoff is 81.5 kV 

to zero was needed, a log display of 
the spectrum was used because the 
small number of counts is amplified. 
In this display mode a zero count 
appeared as a one so the voltage was 
determined by the channel number 
for which the count was zero or one. 

In all the spectra taken to date, 
there were a significant number of 
counts beyond the point at which the 
spectrum went to zero. The possible 
causes for this are: there was a high 
frequency voltage fluctuation which 
would generate high energy x-rays; 
two or more voltage pulses from the 
x-ray detector occurred in such a 
short time that they add together and 
the MCA interpreted them as one 
pulse of increased amplitude (and 
thus energy) (this is known as pulse 
pile-up); or, a combination of both. No 
attempt has been made to determine 
which of these explains the observed 
counts beyond the high energy cutoff. 
It suffices to say that they are both 
likely; the voltage fluctuations be
cause the shape of the spectrum 
beyond V0 is similar to that below V0 
and the pulse pile-up because of the 
high count rate and low efficiency of 
the detector beyond 60 kV. 

i r 

63155 71.559 79.663 87.767 95. 
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Fig. 3 — X-ray spectrum taken using a copper target, beam voltage meter setting of 90 kV, 
beam current meter setting of 1 ma, and 8.6 cm of aluminum absorber. High energy cutoff 
is 97.1 kV 

large amount of self-absorption which 
occurs for the take-off angle used. 
The target material was copper or 
tungsten. A block diagram of the ex
perimental system is shown in Fig. 1. 

The experimental procedure used 
was to set the beam voltage using the 
voltage meter on the welder, obtain 
an x-ray spectrum, and compare the 

voltage determined from the x-ray 
spectrum (V0) to that set on the 
welding machine (Vm ). 

The operating voltage was deter
mined from the x-ray spectrum by 
noting that the x-ray intensity de
creases linearly to zero on the high 
energy side of the spectrum. Since 
the point at which the spectrum goes 

Results 

Figures 2-4 are actual spectra ob
tained for different beam voltages. 
These spectra show the rapid de
crease in x-ray intensity on the high 
energy side of the spectra and thus 
the ease with which the beam voltage 
can be determined. Also shown in 
Figure 2 are the tungsten Ka,, Ka2, 
K0„ and K/32 lines, their measured 
energies, and their known energies. 
From this it is seen that the energies 
of these lines is within ±0.1 kV of their 
known energies and thus the high 
energy cutoff can be determined to 
within ±0.1 kV. The dotted line is the 
extrapolation of the bremstralung to 
zero for the voltage determination. 
The portion of the high energy brem
stralung excluded by the dotted line 
indicates that counts were obtained 
beyond 81.5 kV. As mentioned 
before, this can be due to pulse pile-
up and/or voltage fluctuations. 

A series of 55 measurements was 
made comparing the voltage meter 
(Vm) to the voltage determined using 
the x-ray technique (V0). The voltage 
range was from 70 kV to 140 kV and 
currents of 1, 2, and 4 ma were used. 
The maximum and minimum values 
of these measurements are plotted in 
Fig. 5. The remaining values, for a 
fixed Vm , appear to be uniformly dis
tributed between those shown. The 
voltage did not appear to depend 
upon the current. The straight line 
shown in Fig. 5 is that expected if 
there is an exact correspondence 
between Vm and V0 (i.e., Vm = V0). 
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It is obvious from the figure that 
there can be a significant error (as 
much as 5%) in the operating voltage 
when the meter is used. Since the cal-, 
ibration of the EDS permits deter
mination of the voltage, using the x-
ray technique, to within ±0.1 kV, the 
deviations seen are indeed real. The 
x-ray technique offers a much better 
means of determining the operating 
beam voltage and therefore should 
improve weld reproducibil i ty. 

Discussion 

There are several precautions 
which are necessary in making this 
kind of measurement. The intensity of 
the spectrum is directly proportional 
to the beam current and the square of 
the beam voltage. For a weld devel
opment program the beam current 
and voltage used should be those 
which are to be used for the weld. 
However, this may produce exces
sive count rates and cause degrada
tion of the linearity and resolution of 
the EDS. This can be overcome to 
some extent by using absorber mate
rial in the x-ray path. A large high 
energy x-ray intensity is essential and 
thus the absorber should be chosen 
so as to pass these x-rays. 

In general, the absorber should be a 
material of higher atomic number than 
the target material. This allows the low 
energy character is t ic l ines of the 
target to be absorbed and passes the 
higher energy bremstralung. The high 
count rate can be accommodated 
somewhat by using a short t ime con
stant in the amplifier ( V s ) and using 
baseline restoration. This will permit 
operation at a high count rate but will 
cause s o m e d e g r a d a t i o n of the 
system resolut ion. The resolut ion 
probably will not exceed 400 eV, de
pending upon the detector amplifier 
system, and thus will still allow 
the voltage determination to within < 
±0.2 kV. It is also essential that the 
EDS be carefully calibrated. This is 
easily accomplished using gamma 
ray sources. 

The method described is simple, 
rapid, and accurate. Measuring the 
beam voltage using the x-ray tech
nique provides an absolute measure 
of the operating voltage which is inde
pendent of the measur ing circui t 
within the instrument. This work has 
shown that there is a significant error 
in setting the operation voltage by the 
present meter method. 

Acknowledgements 

I thank C. W. Weidner, L. Pollard, and D. 
Lucas for arranging time on the EB weld
ing machine and continued interest in this 
work. I also thank the staff of the physics 
group for many helpful discussions. In par
ticular, I thank A. DiGiallonardo for valu
able assistance in setting up the exper
iment. 

I I8272 

ENERGY (KV) 

134.448 

Fig. 4 — X-ray spectrum using a copper target, beam voltage meter setting of 130 kV, beam 
current meter setting of 2 ma, and 1 cm of copper absorber. High energy cutoff is 136.6 kV 
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Fig. 5 — X-ray voltage vs meter voltage. The data shown indicate the extreme values ob
tained. The solid line is that which would be expected if there were a 1-1 correspondence 
between the voltage meter and the voltage determined by the x-ray technique 
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