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ABSTRACT. A procedure for transfer-
ring electron beam welding parameters
between different machines using the En-
hanced Modified Faraday Cup (EMFC)
electron beam diagnostic tool is described.
Unlike existing qualitative methods based
on the transfer of machine settings, this
procedure utilizes quantitative measure-
ments of specific beam parameters, which
can be correlated to the size and shape of
the welds produced by the different weld-
ing machines. As a demonstration of this
transfer procedure, a sharply focused 100-
kV, 10-mA beam produced on one ma-
chine at a work distance of 457 mm is
replicated on another machine with a de-
focused beam at a work distance of 210
mm. Measurements made with this diag-
nostic tool show that the peak power den-
sities of the resulting beams vary by only
2%, while the beam distribution parame-
ters, which are a measure of the beam
width, vary by 4 to 7%. Using these well-
characterized beams, autogenous welds
with similar shapes and depths were then
produced on 304L stainless steel samples.
The measured depths of these welds vary
by only approximately 8%, thus providing
evidence for the utility of the use of this di-
agnostic tool in the transfer of beam para-
meters between different machines. 

Introduction

The process for transferring a set of
electron beam welding parameters from
one machine to another can be broken
down into three consecutive steps: weld
development, weld transfer, and produc-
tion. Each of these categories includes a
number of independent operations per-
formed on a dedicated development weld-

ing machine and one or more dedicated
production welding machine(s). Signifi-
cant redundancy is introduced into the de-
velopment and transfer of these welding
parameters by the cost and critical nature
of the applications. As a result, a series of
costly and time-consuming weld develop-
ment cycles are typically required before
the transfer of a set of welding parameters
is complete. 

A typical weld development study begins
with the development of a set of welding pa-
rameters on a dedicated development weld-
ing machine. The essential electron beam
weld parameters include weld power as a
combination of beam voltage and current,
travel speed, working distance, vacuum
level, focus coil current setting, and any
unique beam oscillation requirements. The
weld parameters are initially chosen based
on operator experience and are further re-
fined through a series of parametric weld
studies using subsize mock parts, which
allow the effects of the weld joint geometry
on the weld shape and size to be deter-
mined. The selection of acceptable welding
parameters is also complicated by the even
larger number of possible permutations
available for achieving a given weld size and
shape. After choosing the most suitable set
of welding parameters, a full-size mock part
is then welded in order to provide a final test
of the acceptability of these parameters. 

Once a set of acceptable welding para-
meters is chosen, the entire process is re-
peated on the production welding ma-
chine. This repetition is necessary in order
to take into account any differences in the

design of the electron guns in the two ma-
chines, the size of the vacuum chambers
that affects the placement of the part in
each chamber, the capabilities of different
welding machines, and general differences
in the performance of the welding ma-
chines dictated by age and maintenance
history. As a result, welding parameters
developed on one machine do not easily
replicate the weld size and shape pro-
duced by the other, making this process
more consistent with two distinct weld de-
velopment operations. This complicated
and time-consuming procedure for deter-
mining and transferring acceptable weld
parameters is in need of replacement by a
more quantitative method. 

One of the primary areas in need of
better quantitative understanding is the
measurement and characterization of the
electron beam. In recent years, several
major advancements have been made in
the development of diagnostic tools for
characterizing electron beams (Refs. 1–7).
These beam probing techniques are pri-
marily based on modifications to a tradi-
tional Faraday Cup and utilize direct mea-
surements of the electron beam current to
obtain a profile of the beam energy distri-
bution as the beam passes over an edge,
slit, or pinhole (Ref. 8). The resulting sig-
nal obtained as the beam passes over the
edge or slit can provide information about
the beam shape and size along with the
power density. 

Using the data obtained with a given
diagnostic system, estimations of the
sharp focus setting, the beam diameter,
the general beam profile, and the power
density distribution can be made, assum-
ing that the machine has been properly
calibrated. However, since these rudimen-
tary beam probing systems take only a sin-
gle profile of the beam, it must be assumed
that the beam is radially symmetrical and
has a circular cross section for the results
to be generally useful. While this assump-
tion may be valid for idealized Gaussian-
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shaped beams, electron beams typically
take on elliptical and noncircular shapes
or power density distributions, especially
when out of focus. Previous research (Ref.
9) has also shown that sharply focused
beams can take on non-Gaussian charac-
teristics in different welding machines.
Therefore, a means for efficiently produc-
ing a complete profile of the beam size,
shape, and power density distribution is
needed.

An advanced diagnostic tool, which
utilizes a variation of the slit detection sys-
tem, has been developed at Lawrence Liv-
ermore National Laboratory (LLNL) to
provide quantitative information on the
properties of electron beams used in weld-
ing (Refs. 4–7). The Enhanced Modified
Faraday Cup (EMFC) system collects the
beam through a series of radial slits as the
beam is oscillated in the shape of a circle
over a tungsten disk. Once the radial slit
data are collected, computer tomography
algorithms are used to reconstruct the
power density distribution of the beam.
Based on this reconstruction, several im-
portant beam parameters, including mea-
sures of the peak power density and beam
width, are determined. 

Given the unique capabilities of this
tool, it is envisioned that the EMFC diag-
nostic tool can be incorporated into the
development, transfer, and production as-
pects of an improved weld transfer proce-
dure. This improved procedure is based
on a thorough characterization of the
welding machines used in development
and production. The steps inherent in
characterizing and comparing the perfor-
mance of different welding machines
using this diagnostic tool have been dis-
cussed previously (Ref. 9). With this im-
proved understanding of machine perfor-
mance, the reliance on qualitative
measures for choosing welding parame-
ters will decrease as a database of beam
characteristics produced by each machine
and the resulting weld properties are com-
piled. As a result, many of the redundant
steps described previously can be re-
moved, and a more streamlined process
will result. 

In this study, the EMFC diagnostic tool
is used to characterize the beams pro-
duced by welding machines located at the
Lawrence Livermore National Labora-
tory (LLNL) and the BWXT Y-12 Na-
tional Security Complex (Y-12) over a
range of focus settings at different work
distances. The effects of these changes on
the beams produced by each machine are
analyzed, and the characteristics of each
welding machine are then compared at the
same machine settings. By taking advan-
tage of the knowledge gained through
these characterization efforts, beams with
similar peak power density and beam

width values are produced at widely
separated work distances on the two
welding machines. 

These work distances are based on
the typical locations where welds are
made in each welding machine. Previous
work has emphasized the effect of
changing work distance to produce
sharply focused beams with similar prop-
erties on different welding machines
(Ref. 9). This study, though, focuses on
the use of changes in the focus settings
on one machine to produce a beam
equivalent to a sharply focused beam on
another. Welds with a similar size and
shape are then produced, showing that a
significantly streamlined and modern-
ized weld transfer procedure can be uti-
lized with the integration of this ad-
vanced EB diagnostic tool.

Experimental

Electron Beam Diagnostic Tool

A photograph of the EMFC device
is shown in Fig. 1A. This device has a
number of unique features, which are
described in more detail elsewhere
(Refs. 4–7, 9). During operation, the
beam enters the top of the device
through a tungsten slit disk containing
17 radial linear slits. Figure 1B shows
the interaction between the beam and
the radial slits as the beam is deflected
in a circular path over the tungsten slit
disk. When the beam is deflected along
a circular path approximately 25.4 mm
in diameter, it passes over each slit, and
a portion of the beam current is captured.
The signal is then converted into a voltage
drop across a known resistor and captured
by a fast sampling analog-to-digital (A/D)
converter before being transferred to the
data acquisition software. 

As the beam passes through each slit, it
is sampled at a different angle, providing
17 different profiles of the beam shape
after each revolution of the beam around
the tungsten slit disk. These waveforms
are then compiled into a single sinogram.
An example of a typical sinogram, con-
taining 17 waveforms, is shown in Fig. 2A.
If necessary, a digital filtering routine is
applied to the data to remove any elec-
tronic noise that may appear. The data are
then fed into a computer-assisted tomo-
graphic (CT) imaging algorithm in order
to reconstruct the power density distribu-
tion of the beam (Refs. 7, 10) — Fig. 2B.

Once reconstructed, the peak power
density of the electron beam and two dis-
tribution parameters are then measured.
Figure 2C provides an illustration of how
these parameters are determined. The
first distribution parameter is the full
width of the beam at one-half its peak

power density (FWHM). This parameter
represents the width at 50% of the beam
peak power density. The second parame-
ter is the full width of the beam measured
at 1/e2 of its peak power density (FWe2).
This parameter represents the width of
the beam at 86.5% of the beam peak
power density. For simplicity, this mea-
surement is considered to be a suitable
representation of the beam diameter.
Since the cross section of the measured
beam is not always circular, the area of the
beam at each of these two points in the re-
constructed power density distribution
curve is measured, and the diameter of a
circle having the same area is used to rep-
resent both values. These approximations
are good for most beams with generally
circular cross-sectional shapes, such as the
Gaussian-like distributions typically
found near the sharp focus setting. 

Electron Beam Welding Machines and
Integration of Diagnostics

The general characteristics of the
LLNL and Y-12 welding machines used in
this study are listed in Table 1. Each weld-
ing machine is capable of an accelerating

Fig. 1 — A — The Enhanced Modified Faraday Cup; B
— an electron beam being deflected in a circular pattern
over the radial slits in the tungsten slit disk located on
the top of the EMFC.
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voltage of 150 kV and a beam current of
50 mA. However, because of the 20-year
difference in the age of the two welding
machines, there are differences in the con-
struction of the upper column and elec-
tron gun assembly. The two machines also
have vacuum chambers that are signifi-
cantly different in size, with the chamber
on the Y-12 welding machine being much
larger. As a comparison, the height of the
chamber on the Y-12 welding machine is
approximately 1070 mm, while that for the
LLNL machine is approximately 750 mm.
Such a difference in the chamber height

can have a direct effect
on the size of fixturing
used to hold the work-
piece and the work dis-
tances used during weld-
ing. In this case, the work
distance typically used in
the LLNL welding ma-
chine (210 mm) is much
smaller than that used
for the Y-12 welding ma-
chine (457 mm).

The EMFC diagnostic
tool was then used to ex-
amine the effects of
changes in the focus set-
ting on the properties of
a 100-kV, 10-mA beam
produced by both the
LLNL and Y-12 welding
machines at a number of
work distances. Only a
single accelerating volt-

age and beam current at a vacuum level of
5 × 10–5 Torr are chosen in order to mini-
mize the number of weld parameters
being altered and to concentrate on the ef-
fects of changes in focus setting and work
distance. Gauges measuring the accelerat-
ing voltage, beam current, and focus coil
current are all within the limits of their re-
spective annual calibrations. Beam cur-
rents are verified by using the EMFC as a
traditional Faraday Cup (Ref. 10). The
focus response for each welding machine
is characterized by measuring the beam

properties at focus settings both above
and below the operator-determined sharp
focus setting. Each set of data presented
here has been filtered using a high-fre-
quency electronic cut-off filter to remove
unwanted electronic noise. Changes in
peak power density, FWHM, and FWe2
values are then measured and tracked
with changes in the focus settings. 

Without diagnostics, the sharp focus
setting for a given set of weld parameters
is typically determined by the operator di-
recting the beam onto a high melting point
target material, such as tungsten, and ad-
justing the focus coil current setting. As
the beam comes in contact with the target,
light is emitted. The intensity of this light
varies with changes in the focus coil cur-
rent setting. When the emitted light
reaches a maximum intensity, the beam is
considered to be at sharp focus (Ref. 11).
Different operators may interpret the
brightest emission from the target mater-
ial differently, resulting in different defin-
itions of “sharp focus” for the same set-
tings on the same machine. These
differences can become more pronounced
when the definition of “sharp focus” in-
volves multiple machines and operators. 

With the aid of the EMFC diagnostic
tool, the “sharp focus” setting can be de-
fined in a more quantitative fashion (Ref.
9). This setting corresponds to the focus
coil current setting at which the highest
peak power density value for a given set of
machine settings is obtained. Because the
focus coil current settings vary between
welding machines, it is necessary to define
a relative focus setting so that the same
relative focus condition can be achieved
on different welding machines. The focus
coil current at the sharp focus setting is
used as the reference value and is set to a
value of zero. Focus coil current settings
above this value are given a positive value,
while those below are given a negative
value, as shown in the following 
relationship:

Relative Focus Setting = Focus Coil 
Current – Sharp Focus Coil Current (1)

Fig. 2 — Basic overview of operation of the EMFC system beginning with
(A) a computed sinogram compiling the profiles seen by all 17 slits; B —
a 3D tomographic reconstruction of the power density distribution of the
beam; and C — a slice through the center of the reconstructed beam with
the peak power density, FWHM, and FWe2 measurements indicated. 

Table 1 — Characteristics of Electron Beam Welding Machines Used in This Study

Welding Machine #1 Welding Machine #2

Location Lawrence Livermore National Laboratory BWXT Y-12 Plant
Manufacturer Hamilton Standard Leybold Herareus
Serial number 175 649
Voltage (kV) 150 150
Current (mA) 50 50
Filament Type Ribbon* Ribbon
Electron Gun Type R167-R R167-R
Size of Chamber (m3) 0.393 1.54
Year of Manufacture 1964 1984

* Ribbon filament upgrade made to machine circa 1990.

A B

C
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where the focus coil current (mA) is the
value for each focus setting and the sharp
focus coil current (mA) represents the
focus coil current at which the highest
peak power density is obtained. The ma-
chine focus setting corresponds to the
amount of defocus above (positive) or
below (negative) the point of sharpest

focus. A more in-depth de-
scription of the utility of this
methodology for defining
sharp focus is provided else-
where (Ref. 9).

Using the EMFC diag-
nostic tool, the effects of
changes in the focus settings
at a number of work dis-
tances are monitored on
each welding machine.
Here, the work distance is
defined as the distance from
the top of the chamber to the
top of the tungsten slit disk
on the EMFC diagnostic
tool. The minimum work
distance in this study is lim-
ited by the ability of the de-
flection coils to produce a
25.4-mm-diameter circle. In

both welding machines, this minimum
work distance is 127 mm. The maximum
work distance in each welding machine is
limited by the size of the chamber and the
positioning systems within the chamber.
These work distances correspond to 457
mm on the LLNL welding machine and
508 mm on the Y-12 welding machine. The
changes in focus settings at each work dis-

tance are varied between values of approx-
imately 25 units above and 25 units below
the sharp focus settings. 

Particular attention is paid to the work
distances at which welds are typically made
in each machine. For the LLNL welding
machine, a work distance of 210 mm is com-
mon, while a work distance of 457 mm is
used in the Y-12 welding machine. At these
work distances, the effects of positive
changes in focus on the peak power density
and width of beams produced by both ma-
chines are analyzed. Based on these results,
the feasibility of producing beams with sim-
ilar peak power density and beam distribu-
tion parameters, as measured by the EMFC
diagnostic tool, is determined. In order to
produce these similar beam characteristics,
a defocused beam is required on the LLNL
welding machine in order to match the
sharply focused beam produced by the Y-12
welding machine. 

As a final step, autogenous welds are
made on 9.5-mm-thick 304L samples using
nominally equivalent beams on each ma-
chine at each work distance using an accel-
erating voltage of 100 kV and a beam cur-
rent of 10 mA at a travel speed of 17 mm/s.
The weld coupons are fabricated from ma-
terial taken from a single heat, and the

Fig. 3 — Plots comparing the following measured values: A — Peak
power density, B — FWHM ,, and C — FWe2 with changes in the
focus setting for 100-kV, 10-mA beams at different work distances on
the LLNL welding machine.

Table 2 — Chemical Composition of 304L Stainless Steel Samples Used in This Study (All values are in wt-%.)

Fe Cr Ni Mn Mo C N Si Co Cu S P
Bal. 18.20 8.16 1.71 0.47 0.020 0.082 0.44 0.14 0.35 0.0004 0.03 

Table 3 — Summary of Beam Parameters Made at the Sharp Focus Setting Measured at Each Work Distance on the LLNL and Y-12 Welding
Machines for a 100-kV, 10-mA Beam

Work Distances
127 mm 184 mm 229 mm 305 mm 381 mm 457 mm 508 mm

LLNL Welding Machine
Peak Power Density (kW/mm2) 34.9 21.6 20.0 14.1 10.2 7.79 —
FWHM (mm) 0.155 0.204 0.210 0.251 0.298 0.344 —
FWe2 (mm) 0.262 0.332 0.346 0.413 0.486 0.557 —

Y-12 Development Welding Machine
Peak Power Density (kW/mm2) 50.3 — 27.5 19.4 14.9 11.6 10.2
FWHM (mm) 0.131 — 0.178 0.212 0.240 0.278 0.294
FWe2 (mm) 0.221 — 0.299 0.357 0.408 0.462 0.493 
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chemical composition is given in Table 2.
After welding, a single sample is removed
from each weld at a point approximately
halfway between the beginning and end of
the weld interface. The sample is then
mounted in cross section and metallo-
graphically prepared and etched using an
electrolytic oxalic acid solution to expose
the fusion zone. Measurements of the
depth, width at the top surface, and melted
area are made on each cross section, and
the results obtained from the different
welding machines are compared. These
measurements are made on electronic im-
ages of each weld cross section using a com-
mercially available image analysis software
package, Image Pro Plus, Version 4.1 from
Media Cybernetics, Inc., Silver Spring, Md.

Results and
Discussion

Characterization of
Welding Machines

In the development of a
procedure for transfer-
ring weld parameters, it
is first necessary to char-
acterize the perfor-
mance of each welding
machine using the
EMFC diagnostic. The
procedures used here
match those described in
a previous publication
(Ref. 9). In each welding
machine, the effects of
changes in focus setting
and work distance on the
peak power density,

FWHM, and FWe2 values of each beam are
examined. At each work distance, the ma-
chine focus settings are varied between val-
ues approximately 25 units above (positive
defocus setting) and 25 units below (nega-
tive defocus setting) the sharp focus setting.
This range of focus settings provides a
nearly complete picture of the focus re-
sponse of each welding machine at a given
work distance, accelerating voltage, and
beam current. Further changes in the focus
settings follow the same trends as the beams
continue increasing in width, while the peak
power density slowly approaches a mini-
mum value.

Figures 3A–C and 4A–C show the ef-
fects of these changes in focus on the peak
power density, FWHM, and FWe2 values

at work distances between 127 and 508 mm
for the LLNL and Y-12 welding machines,
respectively. It is evident in Figs.  3A and
4A that changes in work distance have a
pronounced affect on the measured peak
power density in each welding machine. At
the shortest work distance (127 mm), both
welding machines produce beams with the
highest peak power density values both at
the sharp focus setting as well as over the
range of focus settings. The focus response
of each welding machine at this work dis-
tance shows a sharply defined peak power
density maximum at the sharp focus set-
ting. As the work distance is increased, the
peak power density values measured
across the range of focus settings decrease.
These changes in work distance also alter
the general shape of the curves, with the
changes in focus setting having a less pro-
nounced affect on the peak power density,
especially at settings near the sharp focus.
The resulting curves, therefore, take on a
much flatter appearance. 

Changes in work distance and focus
setting also have an affect on the resulting
FWHM and FWe2 values, as shown in Fig.
3B, C for the LLNL welding machine and
Fig. 4B, C for the Y-12 welding machine.
At the shortest work distance (127 mm),
the narrowest FWHM and FWe2 values
are observed across the range of focus set-
tings for each welding machine. There are
also several differences between the
trends observed in these distribution pa-
rameters with changes in focus setting and
those observed with the peak power den-
sity measurements. For example, there is
not a well-defined peak in the FWHM and
FWe2 values at the sharp focus setting. At
each work distance, changes in the focus
setting near the sharp focus setting have a
rather small affect on the resulting
FWHM and FWe2 values. A minimum of
five or more focus setting increments in ei-
ther the positive or negative direction is
required in order to produce a substantial
change in these values for any work
distance.

These changes in the peak power den-

Fig. 4 — Plots comparing the following measured  values: A — Peak
power density, B — FWHM, and C — FWe2 with changes in the focus set-
ting for 100-kV, 10-mA beams at different work distances on the Y-12
welding machine.

Table 4 — Summary of Linear Regression Coefficients in the Relationships between Beam 
Distribution Parameters and Work Distance for Both Welding Machines

FWHM = y0 + m (WD)
FWHM FWe2

y0 m y0 m
LLNL Welding Machine 8.97 × 10–2 5.49 × 10–4 7.84 × 10–2 4.30 × 10–4

Y-12 Welding Machine 7.16 × 10–2 7.66 × 10–4 1.34 × 10–1 7.15 × 10–4
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sity and beam distribution parameters as a
function of work distance can be corre-
lated to changes in the focal length of the
electron focusing lens. As the focal length
of the beam is changed, the divergence
angle of the beam exiting the optics in the
upper column is altered. For example, as
the focal length of the lens decreases at
shorter work distances, the beam diver-
gence angle increases. With the increase
in the divergence angle of the beam, small
changes in the focus setting near the sharp
focus produce larger changes in the peak
power density and beam width. At longer
work distances, the focal length of the lens
is increased, thus causing the divergence
angle to decrease. With this decreased di-
vergence angle, small changes in the focus
setting near sharp focus produce only
small changes in the peak power density
and beam width. 

The effects of changes in work distance
on the beam properties at the sharp focus
setting are of greater interest in providing
a quantitative characterization of individ-
ual welding machine performance. A sum-
mary of the characteristics of sharply fo-
cused beams produced at each work
distance on both machines is given in
Table 3. As shown in this table, changes in
the work distance have a marked effect on
the resulting beam parameters of the
sharply focused beams, with the shorter
work distances displaying significantly
higher peak power density values and nar-
rower beam distribution parameters. 

It is also apparent that beams pro-
duced at the same work distance on the
two welding machines display different
peak power density and beam width val-
ues. In general, the sharp focus beams pro-
duced by the Y-12 welding machine dis-
play a higher peak power density and
narrower FWHM and FWe2 values than
the LLNL welding machine over the range
of work distances studied here. For exam-
ple, at a work distance of 127 mm, the
measured peak power density values for
the LLNL and Y-12 welding machines are
34.9 and 50.3 kW/mm2, respectively, cor-

responding to a differ-
ence of nearly 31%. As
the work distances in-
crease up to 457 mm,
similar differences be-
tween approximately
27 and 33% are ob-
served in the peak
power density values
measured at the re-
spective sharp focus
settings of each ma-
chine. In the case of
the FWHM and FWe2
beam distribution pa-
rameters, the mea-
sured values for the
beams produced by
the LLNL welding ma-
chine at the sharp
focus setting are typi-
cally between 15 and
19% higher than those
measured on the Y-12 welding machine
over the range of work distances. 

Direct comparisons between the peak
power density, FWHM, and FWe2 values
measured on each welding machine at the
sharp focus setting at each work distance
are plotted in Fig. 5A–C. Even though the
measured values differ, both welding ma-
chines show similar trends in how these
beam parameters change with work dis-
tance. For example, both the FWHM and
FWe2 values measured at the sharp focus
settings over a range of work distances in
the LLNL welding machine decrease lin-
early with decreasing work distance, as
shown in Fig. 5B, C. On the other hand,
the peak power density trends for the two
welding display machines similar nonlin-
ear behavior.

These results obtained using the EMFC
device can also be used to determine
unique characteristics of each welding ma-
chine (Ref. 9). The FWHM-Work Dis-
tance relationships for both machines are
plotted in Fig. 6A, while the FWe2-Work
Distance relationships are plotted in Fig.
6B. The coefficients corresponding to the

linear regressions for the LLNL and  Y-12
welding machines, respectively, are sum-
marized in Table 4. In the relationship
shown in this table (FWHM = y0 +
m*WD), WD represents the work distance
measured from the top inside of the vac-
uum chamber to the top of the diagnostic.
The slopes (m) of the FWHM relation-
ships vary by a factor of approximately 1.4,
with the Y-12 welding machine displaying
the higher values. With these two relation-
ships, the work distances on the two ma-
chines can be adjusted to produce beams
with the same FWHM and FWe2 values,
thus allowing the work distance to be used
as a variable to produce similar welds on
different welding machines. 

A comparison between the peak power
density measurements of the beams pro-
duced by each welding machine at the
sharp focus setting and the various work
distances is shown in Fig. 7. Overlaid on
these experimental measurements are
curves of the predicted peak power den-
sity, based on the FWHM relationships as
a function of work distance, as defined in
Table 4. The following relationship for the
peak power density (PPD) of the beam is

Fig. 5 — Plots showing the comparisons between the measured values of
the following: A — Peak power density, B — FWHM, and C — FWe2 mea-
sured at the sharp focus settings over the range of work distances for both
the LLNL and Y-12 welding machines.
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Fig. 6 — Comparisons between the following measured values A — FWHM; and B — FWe2 measured at sharp focus settings for both welding machines as a
function of work distance for 100-kV, 10-mA beams. 

Fig. 7 — Comparison between peak power density values measured on
both welding machines at their respective sharp focus settings as a func-
tion of work distance for 100-kV, 10-mA beams. The theoretical peak
power density for each welding machine is also plotted as a function of
the work distance. 

Fig. 8 — Schematic drawing showing the major components found in
the upper column of an electron beam welding machine. The location of
the focus coils and the beam crossover location are also highlighted. 

Table 5 — Overview of Beam Crossover Locations in the Two EB Welding Machines

Work Distance Lens Lens to Crossover Lens to Magnification Crossover Peak FWHM d*(mm)
(mm) Distance Workpiece Distance* Crossover to Workpiece Power (mm)

(mm) Distance (mm) (mm) Distance (mm) Distance (mm) Density
(kWmm–2)

LLNL Welding Machine
127 115 242 163 48 5.04 290 34.9 0.155 0.031
184 115 299 163 48 6.23 347 21.6 0.204 0.033
229 115 344 163 48 7.17 392 20.0 0.210 0.029
305 115 420 163 48 8.75 468 14.1 0.251 0.029
381 115 496 163 48 10.33 544 10.2 0.298 0.029
457 115 572 163 48 11.92 620 7.79 0.344 0.029

Y-12 Welding Machine
127 130 257 183 53 4.85 310 50.3 0.131 0.027
229 130 359 183 53 6.77 412 27.5 0.178 0.026
305 130 435 183 53 8.21 488 19.4 0.212 0.026
381 130 511 183 53 9.64 564 14.9 0.240 0.025
457 130 587 183 53 11.08 640 11.6 0.278 0.025
508 130 638 183 53 12.04 691 10.2 0.294 0.024

* Calculated based on FWHM measurements. 
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then used to fit the experimental data
(Ref. 10).

where kV is the beam voltage and mA is the
beam current. This relationship is based on
the assumption that each welding machine
produces a Gaussian-shaped beam at each
work distance. The factor of 2.35 originates
from the relationship between the FWHM
value for an ideal Gaussian beam and its
standard deviation (Ref. 11).

Using this relationship, the work dis-
tance corresponding to a desired peak
power density at the sharp focus can be
predicted for each welding machine. The
plot shows that equivalent peak power
density values at different work distances
for two or more welding machines can also
be predicted. This plot also points out the
differences in the performance of the two
welding machines, indicating that at a
given work distance, the two machines
produce sharply focused beams with dif-
ferent peak power densities. Overall,
though, beams produced by different ma-
chines can be matched by changes in ei-
ther the work distance or focus settings. 

Estimation of the Beam Crossover
Location

The work distance, as defined up to this
point, is the distance from the top of the
chamber to the surface of the workpiece.
This definition of the work distance pro-
vides a means for consistently placing the
workpiece at the same location in the
chamber of each welding machine. How-
ever, this measurement is really only ap-
plicable on the welding machine on which
it is made and cannot be transferred to a
different welding machine that may have a
different construction of the upper column.
The effects of variations in the construction
of the two welding machines studied here
can be at least partly responsible for differ-

ences in the measured
peak power density and
beam distribution para-
meters at the sharp focus
condition for each work
distance.

Given the differences
in the age, maintenance
records, and construc-
tion of the upper
columns of the two weld-
ing machines, it becomes
difficult to attribute dif-
ferences in performance
to specific characteristics
of each machine. In
order to compare the
performance differences
of these two electron
beam welding machines
more easily, a simplified
upper column construc-
tion is used here. Using
this simplified design as a
baseline, general perfor-
mance characteristics of the two welding
machines can then be compared. A
schematic diagram of this simplified
upper column is shown in Fig. 8. For this
discussion, only the location of the mag-
netic focusing lens, where the beam is at
its widest, and the beam crossover loca-
tion, where the size of the beam is at its
narrowest (d*), are considered in order to
simplify the analysis. Of these two, the lo-
cation of the magnetic focusing lens in the
upper column can be physically measured,
while the beam crossover location and d*
value are determined using results ob-
tained by the EMFC diagnostic. 

Physical measurements made in the
upper column of each welding machine
show that the focus lens in the LLNL ma-
chine is located approximately 115 mm
above the top of the vacuum chamber,
while the focus lens in the Y-12 machine is
located approximately 130 mm above the
top of the chamber. These measurements
represent only general locations for the
focus coil and do not discriminate be-

tween the top, center, or bottom of the
focus lens. The performance of the elec-
tron focus lens can also vary due to differ-
ences in construction or degradation over
time. Such unique internal characteristics
are difficult to quantify when comparing
different welding machines and may affect
the beam properties in unknown ways
even under the same experimental condi-
tions. Since the location of these coils and
their performance varies between welding
machines, they are not suitable for defin-
ing a standard work distance to be used
between machines. Therefore, it becomes
necessary to develop a means for taking
into account other more difficult to quan-
tify differences in machine performance. 

The beam crossover location depends,
in part, on the gun design and can be cor-
related with the location of the anode.
However, the electron guns used on the
two systems are different, with the anodes
in the upper columns mounted at different
distances from the cathode in the elec-
tron gun (Ref. 12), and physical measure-
ments of the anode are difficult. The the-

PPD W mm
kV mA

FWHM

/
*2

2

2
2.35

(2)⎛
⎝

⎞
⎠ =

⎛

⎝
⎜

⎞

⎠
⎟π

Fig. 9 — Plots comparing the following  measured values: A — Peak
power density; B — FWHM; and C — FWe2 measured in the LLNL and
Y-12 welding machines for 100-kV, 10-mA beams at work distances of
210 and 457 mm, respectively. Results from the LLNL welding machine
are representative of multiple measurements made at each focus setting.
Error bars represent the standard deviation of the results around an av-
erage value. The dashed lines show the amount of defocus required on
the LLNL machine in order to match parameters on the Y-12 machine. 
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oretical beam crossover location can be
estimated using the results obtained with
the EMFC on sharply focused beams at
different work distances. It corresponds to
the work distance where the electron gun
would theoretically produce a sharply fo-
cused beam with a FWHM or FWe2 of
zero. In Fig. 6A, B, the linear regressions
of the measured beam distribution para-
meters are extended to FWHM and FWe2
values of zero. The two distribution para-
meters produce slightly different results
for both machines. With the FWHM val-
ues, the beam crossover location is ap-
proximately 163 mm above the top of the
chamber for LLNL welding machine and
183 mm above the top of the chamber for
the Y-12 welding machine. Measurements
of the FWe2 values provide beam
crossover locations of approximately 175
and 188 mm above the top of the cham-
bers on the LLNL and Y-12 welding ma-
chines, respectively. Unlike physical mea-
surements of the focus lens location, the
estimation of this crossover point takes
into account the performance of the weld-
ing machine and gives some meaning to
difficult-to-define variables. 

The fundamentals of electron beam
optics are analogous to those of tradi-
tional optics (Refs. 13, 14), thus allowing
the analysis of machine performance to be
estimated using traditional geometric op-
tics relationships. As shown in the
schematic diagram of the upper column in
Fig. 8, there are several important mea-
surements that define the performance of
the electron optics on each machine.
Starting at the surface of the workpiece
and proceeding up to the top of the vac-
uum chamber, there are three important
measurements: the work distance (WD),
the lens distance (LD), and the crossover
distance (CO). These measurements de-
fine the distances between the surface of
the workpiece and the top of the vacuum
chamber (WD), the magnetic focusing
lens and the top of the vacuum chamber
(LD), and between the beam crossover
point and the top of the vacuum chamber
(CO), respectively. In addition, the diam-
eter of the electron beam at the crossover
point (d*) is required to determine the di-
ameter of the beam at the surface of the
workpiece (D). 

Measurements of these distances have

been made on each machine and are listed
in Table 5. Whereas LD and WD are phys-
ical measurements, the CO measurement
is determined from measurements of the
FWHM values of sharply focused beams
at each work distance made using the
EMFC diagnostic tool. In practice, the
WD measurement is the only one that can
be varied by the operator. With these mea-
surements, it becomes possible to use the
results obtained with the EMFC to better
understand the characteristics of each
welding machine. The calculation of the
lens magnification, which is described in
the relationship shown below, is one
means for characterizing the performance
of both machines. 

This relationship is based on standard
optics equations available in standard ref-
erences (Ref. 15). Equation 3 states that
the magnification is the ratio of the beam
diameter at the surface of the workpiece
(D) to the beam diameter at crossover
(d*) in the upper column, which is a func-
tion of the machine settings, construction
of the upper column, and cathode design.
As shown in Table 5, the calculated mag-
nifications for the LLNL welding machine
are approximately 4 to 7% higher than
those for the Y-12 welding machine. 

Such differences in magnification can
be the result of variations in the d* values
in each machine. These d* values can be
determined using the physical and diag-
nostic measurements described in the sec-
tions above. Using the data in Table 5, the
d* values at each work distance are calcu-
lated using Equation 3 and the magnifica-
tion and FWHM values, which are consid-
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Table 6 — Summary of Beam Parameters and Weld Dimensions Produced by the LLNL Welding
Machine and the Y-12 Welding Machine in the Transfer of Beam Parameters for a 1-kW (100-kV,
10-mA) Beam at Work Distances of 210 and 457 mm, Respectively (All welds were made at a
travel speed of 17 mm/s.)

LLNL Welding Machine (S/N 175) Y-12 Welding Machine
Sharp +11 Defocus Sharp

Peak Power Density (kW/mm2) 19.9 11.0 11.6
FWHM (mm) 0.212 0.259 0.278
FWe2 (mm) 0.346 0.444 0.461
Weld Depth (mm) 4.08 2.89 2.64
Weld Width at Top Surface (mm) 1.34 1.93 1.46
Weld Width at Half Depth (mm) 0.62 0.67 0.60
Aspect Ratio 3.04 1.50 1.80
Cross-sectional Area (mm2) 2.51 2.64 2.16

Fig. 10 — Plots showing the reconstructed beams made at a constant voltage of 100 kV and current of 10 mA on the following: A — The LLNL welding ma-
chine at a defocus setting of +11 and a work distance of 210 mm (PPD = 11.9 kW/mm2); and B — the Y-12 welding machine at the sharp focus setting and a
work distance of 457 mm (PPD = 11.6 kW/mm2).
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ered to be the beam width (D). As shown
in Table 5, each welding machine displays
a different d* value over the range of work
distances, with the LLNL welding ma-
chine displaying an average value of 0.030
±0.002 mm and the Y-12 welding ma-
chine displaying an average value of 0.026
±0.001 mm. The observed variations in
the calculated d* values are small and the
result of experimental variations in the
measurement of the FWHM values. 

This difference in d* values between the
two welding machines, most likely caused by
the differences in the anode noted previ-
ously, explains the differences in beam char-
acteristics over the range of work distances
studied here. Additional factors, such as the
alignment and vacuum level of the upper
column and differences in the characteris-
tics of the focus lenses, can also contribute
to variations in beam properties but are dif-
ficult to quantify. With this knowledge,
though, it is now possible to produce beams
with similar characteristics at different work
distances in these two welding machines,
thus providing the basis for developing
modern transfer procedures for electron
beam welding. 

Transferring Weld Parameters

Based on the results detailed above, it
is apparent that these two welding ma-
chines produce beams with different char-
acteristics at the same machine settings
and work distances. These performance
differences, as defined by the characteris-
tics of the beams produced by each weld-
ing machine, are the reason that existing
qualitative means for weld transfer are
lacking. With the characterization of the
two welding machines described above, it
is possible to produce similar beams at dif-
ferent work distances on the two welding
machines by taking into account differ-
ences in d* and beam magnification that
result from differences in the construction
of the upper columns. However, in many
cases, the work distances, particularly in
production welding machines, are fixed by
either the size of the weld fixturing or the
requirements of the appropriate Weld
Process Specification. Under these condi-
tions, it thus becomes necessary to use
changes in focus to obtain similar beams. 

In this case, the work distances are fixed,
with the LLNL welding machine having a
work distance of 210 mm and the Y-12
welding machine with a work distance of
457 mm. The EMFC diagnostic tool, with
its ability to provide quantitative informa-
tion on the beams produced by each weld-
ing machine, is used to measure differences
in the performance of the two machines at
their respective work distances. Because of
the shorter work distance employed on the
LLNL welding machine, the beam must be

defocused in order to replicate that pro-
duced by the Y-12 welding machine. The
amount of defocusing required for the
LLNL welding machine is determined by
characterizing the focus response of this
machine and comparing it with that for the
Y-12 welding machine at their respective
work distances. 

Comparisons between the peak power
density, FWHM, and FWe2 values mea-
sured at work distances of 210 mm for the
LLNL welding machine and 457 mm for
the Y-12 welding machine are shown in
Fig. 9A–C. In these figures, the effects of
positive changes in the focus settings on
each welding machine are shown. A pos-
itive defocus setting is desirable for par-
tial penetration welds because the
crossover point for the beam, where the
peak power density would be at its maxi-
mum, is located above the surface of the
part to be welded. With the crossover
point above the part, the beam is diverg-
ing by the time it reaches the part, mak-
ing the potential for weld overpenetra-
tion less likely. Dashed lines on each
figure also represent the defocus re-
quired on the LLNL welding machine in
order to produce a beam with similar pa-
rameters to those produced at sharp
focus on the Y-12 welding machine.

Table 6 provides a summary of the
measured beam parameters at the re-
spective sharp focus settings for the
LLNL and Y-12 welding machines at
work distances of 210 and 457 mm, re-
spectively. The sharply focused beam
produced by the LLNL welding ma-
chine displays a peak power density
nearly 42% larger than that produced by
the Y-12 welding machine. In turn, the
FWHM and FWe2 values for this
sharply focused beam are both approxi-
mately 25% smaller than those mea-
sured for the sharply focused beam on
the Y-12 welding machine. 

In order to replicate the beam pro-
duced by the Y-12 welding machine on the
LLNL machine, the beam is defocused.
With a +11 change in the focus setting, the
peak power density for the LLNL welding
machine decreases by 40% and the FWHM
and FWe2 values increase by approximately
22 and 28%, respectively. After the defocus
correction is made to the beam produced by
the LLNL welding machine, the resulting
peak power density values vary by only ap-
proximately 2%, while the difference in the
beam distribution parameters is 7% for the
FWHM values and 4% for the FWe2 values. 

Reconstructions of the power density
distribution for the defocused beam on
the LLNL welding machine and the sharp
focused beam on the Y-12 welding ma-
chine are shown Fig. 10A, B. These fig-
ures provide a great deal more informa-
tion concerning the power density

distribution and the orientation of the
beams than available in the measurements
given in Table 6. For example, the defo-
cused beam produced by the LLNL weld-
ing machine is slightly elongated along the
x-axis. Such variations from the circular-
shaped beams observed at sharp focus
conditions are typical for defocused
beams. On the other hand, the sharply fo-
cused beam produced by the Y-12 welding
machine is round, consistent with that typ-
ically observed with beams at sharp focus.
Even though the orientations of the beams
differ, the power density distribution and
general size of the beams produced by the
two welding machines are very similar. 

Cross sections of the welds made on the
LLNL and Y-12 welding machines using the
beams described above are shown in Fig.
11A, B. Table 6 also includes a summary of

Fig. 11 — Micrographs showing the weld cross sec-
tions in 304L stainless steel produced by the follow-
ing: A — The LLNL welding machine at a work dis-
tance of 210 mm and a focus condition of +11; and
B — the Y-12 welding machine at a work distance of
457 mm and at the sharp focus setting for 100-kV, 10-
mA beams at a travel speed of 17 mm/s.
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the measurements of the weld depth, width,
and cross-section area. In general, the two
welds display similar depths, differing by
only 0.30 mm or approximately 8%, with the
weld produced by the LLNL welding ma-
chine being the deeper of the two. Even
though the width of the beam produced by
the Y-12 welding machine is larger, the
width of the weld produced by the LLNL
welding machine, as measured at the top
surface of the weld, is approximately 0.5 mm
wider than that produced by the Y-12 weld-
ing machine, corresponding to a difference
of nearly 25%. This difference in width can
be attributed, in part, to the orientation of
the beam produced by the LLNL welding
machine, which is elongated along the axis
lying parallel to the direction of welding. On
the other hand, the widths of the welds, as
measured at the half-depth level, are fairly
similar, varying by only approximately 10%.

The above experiments show that it is
possible to produce welds that are similar in
shape and size by considering the differ-
ences in the performance of two machines
determined using the EMFC diagnostic
tool. With this tool, the characteristics of the
electron beam are quantified to a level that
allows similar beams to be reproduced with
ease on different welding machines. Using
these results as a baseline, a procedure for
the transfer of electron beam welding para-
meters between two machines can be
adapted to specific needs. In any modified
procedure, the EMFC diagnostic tool is in-
tegrated into each step of this procedure.
Beginning with the weld development
stage, the EMFC diagnostic tool provides a
means for quantitatively characterizing the
beam and ensuring that it exhibits the same
characteristics each time that it is used. Dur-
ing the transfer of weld parameters, the use
of the EMFC diagnostic tool significantly
streamlines the process by removing redun-
dant test welds on each machine and mini-
mizes the time and cost required to move a
part from development to production.
Therefore, traditional methodologies that
rely on multiple test welds to transfer weld-
ing parameters from development to pro-
duction can be replaced by one based 
on a thorough knowledge of machine 
performance.

Summary

With the use of an advanced electron
beam diagnostic tool, a means for quickly
and easily transferring a set of welding pa-
rameters between electron beam welding
machines at two widely separated loca-
tions has been demonstrated. The EMFC
diagnostic tool is first used to characterize
the beams produced by each welding ma-
chine over a range of focus settings at work
distances spanning the height of the vac-
uum chamber on each welding machine.
The characterization of these beams gen-

erally shows that increases in the work dis-
tance can significantly decrease the result-
ing peak power density and increase the
beam width of sharply focused beams.
These effects, though, are not consistent
across the two welding machines, with the
Y-12 machine producing sharply focused
beams with higher peak power density and
lower FWHM and FWe2 values at the
same work distance, accelerating voltage,
and beam current. 

Because the two machines have vac-
uum chambers of different sizes, the weld
is made at a longer work distance in the Y-
12 welding machine (457 mm) than the
LLNL welding machine (210 mm). Using
the EMFC tool, the effects of changes in
focus settings on the beams produced by
the two machines at these work distances
are examined. Based on these results, a
machine focus setting of +11 on the
LLNL welding machine is found to pro-
duce a beam very similar to the sharply fo-
cused beam produced by the Y-12 welding
machine at a work distance of 457 mm.
Welds have been made using these well-
characterized beams. The resulting weld
cross sections are similar in appearance
and size. 

Overall, the results of this weld trans-
fer exercise show that with minimal effort,
a weld produced on one electron beam
welding machine can be repeated on a sec-
ond machine at a significantly different
work distance using diagnostics. Transfer-
ring weld parameters from one machine to
another utilizing the EMFC diagnostic
tool results in a significant decrease in the
time, effort, and money required to de-
velop weld parameters on two or more
machines. It also represents a significant
advance by utilizing quantitative measures
of the beam parameters produced by each
welding machine and correlating these
values to the resulting weld dimensions. 
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