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This paper describes the development of a quality assurance tool for production electron beam 

welding. The BeamAssure probe system has been installed on a number of production and development 
electron beam machines. The hardware and beam characterisation are described. Close correlation has 
been found between beam characteristics and key weld attributes. The reduction of rework and the rapid 
diagnosis of equipment variation from its normal characteristics have made significant savings – 
annually in excess of £500k for the example described. 
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Introduction 

A quality assurance tool for production electron 
beam welding has been developed, which measures 
and characterizes the electron beam immediately prior 
to welding. Electron beam welding relies upon the 
high power density of the beam to produce a keyhole 
weld. It has been found that small variations in power 
density give rise to significant variations in the weld 
profile, such that the weld can fail inspection and the 
component require expensive reworking. Since the 
introduction of electron beam into the production of 
aerospace and nuclear, efforts have been made to 
provide some assurance of the readiness of the 
equipment to carry out welding. These industries are 
typically welding high value components with 
stringent weld quality requirements. The most 
common practice is to carry out a coupon melt run 
test, which allows a quick measurement of the cap and 
root profiles and widths, or often a wedge shaped 
sample which allows the thickness at which welding 
no longer penetrates to be determined. However, for 
welding conditions sensitive to any differences in the 
beam characteristics this method of quality assurance 
has been found to be less than 100% successful, with 
expensive consequences. 

There are a number of examples of beam 
measurement devices that have been presented [1 – 4]. 

The key requirements for a more accurate 
assessment of production readiness were determined 
to be ease of use (readily integrated quickly carried 

out and automatic), quantified characteristics 
(enabling the allowance of characteristic variations 
whilst maintain weld quality to be established) and 
historical analysis of data (to allow determination of 
trends), [2]. 

The BeamAssure probe system has been installed 
on a number of production and development electron 
beam machines. The hardware and beam 
characterization is described. In particular, the 
BeamAssure system has been used at an industrial 
production site for nuclear components. A 
methodology has been developed for examining the 
beam characteristics and close correlation has been 
found with key weld attributes. The reduction of 
rework and the rapid diagnosis of equipment variation 
from its normal characteristics for production welding 
have made significant savings – annually in excess of 
£500 000 for the example described. 

Methodology 

The BeamAssure probe has been developed to 
provide quality assurance by direct measurement of 
beams at power, immediately before carrying out 
welding. 

The probe head has been made compact to fit in 
the welding chamber alongside the work piece. It 
comprises of two slit probes manufactured from 
molybdenum, positioned 90° to each other.  

Each probe finger has two slits in it. There is also a 
collector plate over which the beam is also deflected, 
see Fig. 1. 
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Fig. 1. The BeamAssure probe and the electron beam 

deflection path over the probe slits. 

The beam is placed in its free fall position and is 
deflected from this into a circular path. The currents 
from the collector and from smaller collectors beneath 
the slits inside the fingers are commoned onto a signal 
connection provided by a BNC coaxial connector. 
This signal is taken out through the vacuum chamber 
wall to an electronic unit where it is digitally captured 
and then analysed. 

The signal collected by the probe is shown in Fig. 
2 below and contains a number of built in checks. 

 
Fig. 2. A typical signal from the probe – in this case from a 

40 mA, 60 kV electron beam. 

These checks use the position of the pulses within 
the beam scan. The centre of the pulses has been 
defined in all cases by deriving the centroid of the 
pulse – i.e. the 50% position on the integral of each 
pulse. The position of the 2nd and 4th pulses provides 
a check that the beam is correctly positioned. When it 
is, the pulses will be ¼ of the deflection period apart. 
When the beam is positioned correctly, it is aligned 
with its free-fall axis at the intersection made by lines 
central to the inner X and Y slits. Under this 
circumstance, the beam is measured by the slit at zero 
apparent angle.  Beam deflection speed is determined 
by the ratio of deflection amplitude and deflection 

period. The amplitude can vary with drifts in the 
characteristics of the deflection coils and amplifiers. 
In order to avoid this dependence, the speed is 
measured and checked by measuring the interval 
between the 1st and 2nd pulses, for the X velocity, 
and the 4th and 5th pulses for the Y velocity. These 
velocity measurements are then used to convert the 
time based signal to a distance based signal. The 3rd 
pulses is produced all of the beam is passed over the 
collector and is used as a simple check of the beam 
current level. It is typically of an amplitude of 70% of 
the beam current. 

The beam measurement is carried out by deflecting 
the beam, at a typical speed of 100 msec-1 to 500 
msec-1, 10 times over the probe, with a pause between 
the scans of 100 msec. The complete measurement 
and characterization of the beam is complete within 3 
seconds, so only a minimum beam soak up block is 
required. High speeds allow intense beams to be 
measured without causing damage to the probe, but 
will typically yield a lower signal-to-noise ratio than 
lower speed scans. The average of these 10 signals is 
derived, giving an improved signal-to-noise ratio, and 
used to characterize the beam. 

The key measurements of the beam are from the 
2nd and 4th pulses. These pulses give an indication of 
the beam width in the X and Y directions, with the free 
fall axis of the beam being parallel to Z. There are a 
number of definitions of beam width in common use, 
particularly relating to laser beam measurements. 
Their relative strengths and weaknesses, when applied 
to electron beam characterization, are described 
below. 

One of the simplest beam width measurements is 
full width at half maximum (FWHM), which is the 
width of the beam measured at a level of half of its 
peak value, see Fig. 3. 

 
Fig. 3. Width characteristics derived from the signal 

directly for a 40 mA 60 kV beam, showing the FWHM and 
1/e2 measurement points and the signal peak. 

For electron beams, it is the most widely quoted 
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beam characteristic. The pulse width is a convolution 
of the slit width and the beam width. Although 
possible to deconvolve the slit from the signal, this 
has been found to be prone to increasing measurement 
noise and to date all measurements have remained on 
the convolved signal. Another commonly used 
definition of beam width is the 1/e2 value – and this is 
defined as the width at an intensity of 13.5% of the 
peak. If the beam intensity distribution is assumed to 
be Gaussian, then the 1/e2 width can be used to derive 
a number of characteristics. However, electron beam 
intensity distributions are usually not Gaussian, due to 
the typical emission characteristics of electron guns 
and the 1/e2 value has not been used widely for 
electron beam characterization. All measurements of 
the beam that use a ratio from the peak intensity are 
reliant on 3 points on the signal and are therefore 
sensitive to noise affecting these three points. 

An effective way of reducing noise effects on 
characteristics is to integrate the probe signal. This is 
shown, normalised, in Fig. 4. 

 
Fig. 4. The normalised integral of a signal collected from a 

40mA 60kV beam showing width measurement points. 

There are a number of width characteristics 
derived from the integral by measuring the distance 
interval between different limits. Full width half 
power is that width which contains 50% of the beam 
power and is found from the distance interval between 
the 25% and 75% levels of the integral, i.e. the inter-
quartile range. Similar widths are termed 20/80, 10/90 
and D86 for the 60%, 80% and 86% intervals 
respectively. 

The D4Sigma width is used in a laser standard [5]. 
It can be defined as: 
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However, for electron beam characterization it has 
been found to not provide a robust measurement of 

width, due to its sensitivity to the noise floor level of 
the signal. This is illustrated by the second moment 
signal shown in Fig. 5 below.  

 
a) The ir2 signal with a noise floor of 5% - the signal is at a 

high amplitude at high radius from the centroid. 

 
b) The integral of the ir2 signal with a noise floor of 5%. 

 
c) The ir2 signal with a noise floor of 2%. 

 

d) The integral of the ir2 signal with a noise floor of 2%. 

Fig. 5. The second moment signal. 
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The signal drops to zero at the pulse centroid, as r 
= 0 mm, but is maintained at a high level due to 
weighting of the signal with the r2 term. Fig. 5a) and 
Fig. 5b) show the integral for a signal with a noise 
floor of 5% of the peak amplitude. The derived 
D4Sigma width was 0.653 mm. Fig. 5c) and Fig. 5d) 
show the equivalent for the same signal with a noise 
floor of 2%. 

It can be seen that the integral gains a much higher 
value in the case with the lower noise floor, and this 
leads to an increase in width measurement to 0.786 
mm i.e. an increase of 20%. For this reason, D4Sigma 
is not recommended as a means of beam 
characterization. 

Results 

The beam characteristics derived with the 
BeamAssure probe have been shown to be able to be 
correlated with welding performance giving a greater 
than 85% confidence in predicting welding 
performance for an aerospace application [2]. In the 
past 2 years, a probe has been deployed for use in a 
production environment for nuclear reactor core 
manufacture from Zircaloy at Rolls-Royce Defence. 
Welding is carried out with a slightly defocused beam 
in order to minimize the spatter and impingement on 
the inside of the component.  

It has been found that the most immediate 
correlation between welding performance and beam 
characterization has been found by measuring the 
beam caustic. This can be done by fixing the focus 
coil current and taking a series of beam width 
measurements at different working distances. It can 
also be simulated by taking a series of measurements 
at fixed working distance and varying the focus lens 
coil current, and this is more convenient when there is 
not a Z axis controlled by the CNC on the welding 
machine. An example is shown in Fig. 6. By moving 
the probe to a nearby working distance and repeating 
the measurements it is possible to derive the 
relationship between the focus coil current and 
working distance locally so a caustic of the beam can 
be plotted allowing beam angle to be derived. 
Welding performance in thin sections is highly 
dependent on beam intensity, but independent of beam 
angle. In thick sections, the welding performance is 
dependent on both beam angle and intensity, and it is 
necessary to measure both in order to characterize the 
beam, and be able to predict weld quality. 

The FWHM diameters, at the welding focuses, has 
been directly correlated with keyhole size and stability, 
and therefore spatter and impingement. Empirical data 
has been generated which have enabled maximum and 

minimum spot diameter limits, outside of which 
spatter can be generated requiring additional and 
expensive rework. 

Whether a weekly acceptance plate will pass or fail 
Rolls-Royce’s statistical process control charts is 
predicted by assessment of the BeamAssure caustic. 
Indeed, cap and root widths can be predicted to an 
accuracy of < 0.1 mm. This eliminates the need to 
produce weekly acceptance plates which are likely to 
fail when the machines are out of tolerance, directly 
increasing the uptime of the machine. 

 
Fig. 6. Beam caustic measurement using FWHP and 
varying the lens current for a fixed working distance. 

Caustic geometry has also been related to the 
production of cap and root toe undercut, and has even 
now been related to the failure of gun consumables 
such as the filament and bias cup. 

The BeamAssure has shown that beam asymmetry 
(at the welding focus), as a result of a degrading 
filament can result in spatter. Again empirical data has 
been used to generate an acceptance standard in the 
form of a ratio between X and Y diameters. 

The empirical relationships between beam 
characteristics and welding performance have enabled 
a go/no go acceptance criteria for nuclear applications. 

Conclusions 

The BeamAssure probe is simple to integrate with 
an electron beam machine and is compact so that in 
most cases it can remain in the chamber with the 
production work pieces. It can quickly provide an 
accurate and robust measurement of the beam. 
Experience allows beam characteristics to be 
correlated with welding performance, enables 
prediction of weld quality and allows intervention to 
correct or maintain equipment before weld defects are 
produced. 
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