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(54) Title: METHOD AND APPARATUS FOR GENERATING ELECTRON BEAMS

(57) Abstract: Various embodiments of the present invention relate to a

plasma electron source apparatus. The apparatus comprises a cathode dis-
charge chamber in which a plasma is generated, an exit hole provided in said
cathode discharge chamber from which electrons from the plasma are extrac-
ted by an accelerating field provided between said cathode discharge cham-
ber and an anode, at least one plasma confinement device, and a switching
mechanism for switching the at least one plasma confinement device between
a first value allowing for electron extraction from the plasma and a second
value prohibiting electron extraction from the plasma. Associated methods
are also provided.
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METHOD AND APPARATUS FOR

GENERATING ELECTRON BEAMS

Field of the Invention

[0001] Various embodiments of the present invention relate to a plasma electron
source apparatus, a method for generating pulsed electron beams and the use of a

plasma electron source apparatus.

Description of Related Art

[0002] Freeform fabrication or additive manufacturing is a method for forming
three-dimensional articles through successive fusion of chosen parts of powder layers
applied to a worktable. A method and apparatus according to this technique is disclosed
in US Patent Application Publication No. 2009/0152771.

[0003] Such an apparatus may comprise a work table on which the three-
dimensional article is to be formed, a powder dispenser, arranged to lay down a thin
layer of powder on the work table for the formation of a powder bed, a ray gun for
delivering energy to the powder whereby fusion of the powder takes place, elements for
control of the ray given off by the ray gun over the powder bed for the formation of a
cross section of the three-dimensional article through fusion of parts of the powder bed,
and a controlling computer, in which information is stored concerning consecutive cross
sections of the three-dimensional article. A three-dimensional article is formed through
consecutive fusions of consecutively formed cross sections of powder layers,
successively laid down by the powder dispenser.

[0004] When using an electron beam for delivering energy to the powder in additive
manufacturing it is desirable to switch on and off the electron beam relatively fast in
order to control the heat distribution and the fusion mechanism.

[0005] The switching frequency is limited by the temperature time constant for the
filament material when an electron beam is generated from a heated metal filament. It is
difficult for not saying impossible to switch the electron generation from a hot filament
on and off faster than 50 Hz.

[0006] The switching frequency of hot filament eclectron generation may be

increased by using a so called triod design. In the triod design a grid is used, which
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rapidly may switch on and off the electron beam. However, with a triod design it may
be difficult to form a usable electron beam for freeform fabrication with good quality
with respect to focus and intensity stability over space and time and for variable current.
[0007] When an electron beam is generated from a plasma source the switching
frequency is limited by the time for creating a plasma and extinguish a plasma. It is also
limited by the switching time for the high voltage needed for turning on and off the
plasma. The highest possible plasma generating frequency is in theory about 10 MHz,
but in practice limited by the switching time of the high voltage drive electronics.

[0008] The known methods for creating pulsed electron beams do not have a
sufficiently high pulse rate without influencing electron beam quality, which may be a

problem in additive manufacturing.

BRIEF SUMMARY

[0009] Having this background, an object of the invention is to provide a method
and apparatus which enables faster pulsing of an electron beam than is known in the
prior art. The above-mentioned object is achieved by the features according to the
claims contained herein.

[0010] According to various embodiments, a plasma electron source apparatus is
provided. The apparatus comprises: a cathode discharge chamber in which a plasma is
generated; an exit hole provided in the cathode discharge chamber from which electrons
from the plasma are extracted by an accelerating field provided between the cathode
discharge chamber and an anode; at least one plasma confinement device; and a
switching mechanism for switching the at least one plasma confinement device between
a first value allowing for electron extraction from the plasma and a second value
prohibiting electron extraction from the plasma.

[0011] According to various embodiments, a method for generating a pulsed
electron beam is also provided. The method comprises the steps of: generating a plasma
in a cathode discharge chamber; extracting electrons from an exit hole in the cathode
discharge chamber by an accelerated field provided between the cathode discharge
chamber and an anode; providing at least one plasma confinement device; and switching
the at least one plasma confinement device between a first value allowing for electron
extraction from the plasma and a second value prohibiting electron extraction from the

plasma.
2-
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[0012] According to various embodiments an alternative plasma electron source
apparatus is also provided. The apparatus comprises: a cathode discharge chamber in
which a plasma is generated, an exit hole 120 provided in the cathode discharge chamber
100 from which electrons from the plasma 107 are extracted by an accelerating field
provided between the cathode discharge chamber 100 and an anode 104, at least one
means for plasma confinement within the cathode discharge chamber 100, a switching
means for switching the at least one means for plasma confinement between a first value
allowing for electron extraction from the plasma 107 and a second value prohibiting
electron extraction from the plasma 107.

[0013] The at least one means for plasma confinement within the cathode discharge
chamber may be at least one electromagnetic coil, at least one electromagnetic wave
generator and/or at least one beam controlling plate (125).

[0014] A parameter for regulating a confining force on the plasma between the first
and second value may be: a current through a coil, where the coil is provided inside or
outside the cathode discharge chamber; and/or a voltage on a plate, where the plate is
arranged inside the cathode discharge chamber; and/or a wavelength or amplitude of an
electromagnetic wave generated by an electromagnetic wave source provided inside or
outside the cathode discharge chamber.

[0015] In certain embodiments, such parameters comprise means for plasma
confinement within the cathode discharge chamber. By providing the means for plasma
confinement within the cathode discharge chamber and switching the means between a
confining and a non-confining state for achieving pulsed electron beam will give a fast
control of the pulsed electron beam.

[0016] The at least one means for plasma confinement may be arranged inside
and/or outside the cathode discharge chamber (100). By arranging the means for plasma
confinement inside the cathode discharge chamber may affect the resonance frequency
of the chamber but it is a compact solution. By arranging the means for plasma
confinement outside the cathode discharge chamber is a more inexpensive and
sometimes more efficient solution compared to having a similar means inside the
cathode discharge chamber. The arrangement may also depend on the nature of the

means for plasma confinement.
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[0017] In various embodiments, a control unit for varying the duty cycle of the first
value of the current through the at least one means for plasma confinement for varying
the average electron current from the plasma electron source is provided.

[0018] The advantage of this embodiment is that it provides an easy control of beam
power without interfering with the beam quality, i.e., good focus and intensity stability
over space and time. The varying of the duty cycle of the first value of the plasma
confinement provides for a very efficient means for beam power adjustment. The beam
power may be switched between two different power levels in the order of as fast as the
control mechanism may change the duty cycle of the first value of the current through
the at least one means for plasma confinement. The plasma may be created, destroyed
and/or reshaped very quickly.

[0019] In various embodiments, an electromagnetic wave source is provided for
emitting electromagnetic wave power acting on the gas inside the cathode discharge
chamber for producing the plasma. In an example embodiment the electromagnetic
wave power is RF-power. In another example embodiment the electromagnetic wave
power is microwave power. The plasma may be created or destroyed by changing the
wavelength of the wave power to be out of resonance frequency for the plasma. The
resonance frequency may depend on the type of molecules in the plasma and the size
and shape of the cathode discharge chamber.

[0020] The advantage of such embodiments is that the plasma generation is separate
and independent from the switching coil. Another advantage is that the electromagnetic
wave source is an effective means for plasma generation.

[0021] In still other exemplary embodiments, the cathode discharge chamber is
provided with an inlet connectable to a gas source for introducing gas into the cathode
discharge chamber. The advantage of such embodiments is that the lifetime of the
electron source is as long as there is supply of gas into the cathode discharge chamber.
[0022] In still other exemplary embodiments a frequency of switching between the
first and second current values is higher than 100Hz, 1kHz or 100kHz. The advantage
of such embodiments is that the switching time is faster than the melting time constant.
[0023] In still other exemplary embodiments, at least one electron beam controlling
plate 125 provided inside the cathode discharge chamber 100 and arranged so that at
least a part of the plasma is provided between the electron beam controlling plate 125

and the exit hole 120. An advantage of such embodiments is that it provides for
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additional control of electron emission. Another advantage of the embodiment is that it
provides for increased beam power. Still another advantage is that the electron beam
leakage through the exit hole may be completely reduced. Still another advantage is
that the at least one electron beam controlling plate is an effective means for plasma
generation.

[0024] In still other exemplary embodiments, the electromagnetic coil 103 is
substituted by at least one electron beam controlling plate 125 provided inside the
cathode discharge chamber 100 and arranged so that at least a part of the plasma is
provided between the electron beam controlling plate 125 and the exit hole 120. An
advantage of such embodiments is that it is simpler than with a coil for forcing the
electron through the exit hole.

[0025] In another aspect of various embodiments, a plasma electron source
apparatus according to the present invention may be used for forming a three
dimensional article through successive fusion of parts of at least one layer of a powder
bed provided on a work table, which parts correspond to successive cross sections of the
three-dimensional article.

[0026] In still other embodiments, a method is provided for generating a pulsed
electron beam comprising the steps of: generating a plasma in a cathode discharge
chamber, extracting electrons from an exit hole in the cathode discharge chamber by an
accelerated field provided between the cathode discharge chamber and an anode,
providing at least one means for plasma confinement within the cathode discharge
chamber, switching the at least one means for plasma confinement between a first value
allowing for electron extraction from the plasma and a second value prohibiting electron
extraction from the plasma.

[0027] The method has similar advantages as its corresponding apparatus.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)
[0028] The invention will be further described in the following, in a non-limiting
way with reference to the accompanying drawings. Same characters of reference are
employed to indicate corresponding similar parts throughout the several figures of the
drawings:

[0029] FIG. 1 depicts a first example embodiment of a plasma electron source

apparatus according to the present invention;

-5-
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[0030] FIG. 1b depicts a second example embodiment of a plasma electron source
apparatus according to the present invention;

[0031] FIG. 1c depicts a third example embodiment of a plasma electron source
apparatus according to the present invention;

[0032] FIG. 2 depicts an example embodiment of operation of the inventive plasma
electron source apparatus with variable duty cycle to control the average electron beam
current;

[0033] FIG. 3 depicts an example embodiment of a freeform fabrication or additive
manufacturing apparatus in which the present inventive plasma electron source apparatus
may be implemented;

[0034] FIG. 4a depicts a fourth example embodiment of a plasma electron source
apparatus according to the present invention;

[0035] FIG. 4b depicts a fifth example embodiment of a plasma electron source
apparatus according to the present invention;

[0036] FIG. 4c depicts a sixth example embodiment of a plasma electron source
apparatus according to the present invention; and

[0037] FIG. 5 depicts a seventh example embodiment of a plasma electron source

apparatus according to the present invention.

DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS

[0038] Various embodiments will now be described more fully hereinafter with
reference to the accompanying drawings, in which some, but not all embodiments of the
inventions are shown. Indeed, the various embodiments of the present invention may be
embodied in many different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are provided so that this
disclosure will satisfy applicable legal requirements.

[0039] To facilitate the understanding of this invention, a number of terms are defined
below. Terms defined herein have meanings as commonly understood by a person of

[P 1
a

ordinary skill in the areas relevant to the present invention. Terms such as an” and
“the” are not intended to refer to only a singular entity, but include the general class of
which a specific example may be used for illustration. The terminology herein is used to
describe specific embodiments of the invention, but their usage does not delimit the

invention, except as outlined in the claims.
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[0040] The term “three-dimensional structures” and the like as used herein refer
generally to intended or actually fabricated three-dimensional configurations (e.g. of
structural material or materials) that are intended to be used for a particular purpose. Such
structures, etc. may, for example, be designed with the aid of a three-dimensional CAD
System.

[0041] The term “electron beam” as used herein in various embodiments refers to any
charged particle beam. The sources of charged particle beam can include an electron gun, a
linear accelerator and so on.

[0042] Figure 3 depicts an embodiment of a freeform fabrication or additive
manufacturing apparatus 300 in which the present inventive plasma electron source
apparatus may be implemented. The apparatus 300 comprising an electron gun 302; two
powder hoppers 306, 307; a start plate 316; a build tank 312; a powder distributor 310; a
build platform 314; and a vacuum chamber 320.

[0043] The vacuum chamber 320 is capable of maintaining a vacuum environment
by means of a vacuum system, which system may comprise a turbo-molecular pump, a
scroll pump, an ion pump and one or more valves which are well known to a skilled
person in the art and therefore need no further explanation in this context. The vacuum
system is controlled by a control unit.

[0044] The electron gun 302 is generating an electron beam which is used for
melting or fusing together powder material 318 provided on the start plate 316. At least
a portion of the electron gun 302 may be provided in the vacuum chamber 320. A
control unit 340 may be used for controlling and managing the electron beam emitted
from the electron beam gun 302. At least one focusing coil (not shown), at least one
deflection coil and electron beam generating means may be electrically connected to the
control unit 340. In an example embodiment of the invention the electron gun generates
a focusable electron beam with an accelerating voltage of about 60kV and with a beam
power in the range of 0-3kW. The pressure in the vacuum chamber may be in the range
of 10°-10° mBar when building the three-dimensional article by fusing the powder
layer by layer with the energy beam.

[0045] The powder hoppers 306, 307 comprise the powder material to be provided
on the start plate 316 in the build tank 312. The powder material may for instance be
pure metals or metal alloys such as titanium, titanium alloys, aluminum, aluminum

alloys, stainless steel, Co-Cr-W alloy, etc.
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[0046] The powder distributor 310 is arranged to lay down a thin layer of the
powder material on the start plate 316. During a work cycle the build platform 314 will
be lowered successively in relation to the ray gun after each added layer of powder
material. In order to make this movement possible, the build platform 314 is in one
embodiment of the invention arranged movably in vertical direction, ie., in the
direction indicated by arrow P. This means that the build platform 314 starts in an initial
position, in which a first powder material layer of necessary thickness has been laid
down on the start plate 316. The build platform is thereafter lowered in connection with
laying down a new powder material layer for the formation of a new cross section of a
three-dimensional article. Means for lowering the build platform 314 may for instance
be through a servo engine equipped with a gear, adjusting screws etc.

[0047] The three-dimensional article which is formed through successive fusion of
parts of a powder bed, which parts corresponds to successive cross sections of the three-
dimensional article, comprising a step of providing a model of the three dimensional
article. The model may be generated via a CAD (Computer Aided Design) tool.

[0048] A first powder layer may be provided on the work table 316 by distributing
powder evenly over the worktable according to several methods. One way to distribute
the powder is to collect material fallen down from the hopper 306, 307 by a rake
system. The rake is moved over the build tank thereby distributing the powder over the
start plate. The distance between a lower part of the rake and the upper part of the start
plate or previous powder layer determines the thickness of powder distributed over the
start plate. The powder layer thickness can easily be adjusted by adjusting the height of
the build platform 314.

[0049] An energy beam is directed over the work table 316 causing the first powder
layer to fuse in selected locations to form a first cross section of the three-dimensional
article. The energy beam may be an electron beam or a laser beam. The beam is directed
over the work table 316 from instructions given by a control unit (not shown). In the
control unit instructions for how to control the beam gun for each layer of the three-
dimensional article is stored.

[0050] After a first layer is finished, i.e., the fusion of powder material for making a
first layer of the three-dimensional article, a second powder layer is provided on the
work table 316. The second powder layer is preferably distributed according to the same

manner as the previous layer. A powder distributor in the form of a single rake system,
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.., where one rake is catching powder fallen down from both a left powder hopper 306
and a right powder hopper 307, the rake as such can change design.

[0051] After having distributed the second powder layer on the work table 316, the
energy beam is directed over the work table causing the second powder layer to fuse in
selected locations to form a second cross section of the three-dimensional article. Fused
portions in the second layer may be bonded to fused portions of the first layer. The
fused portions in the first and second layer may be melted together by melting not only
the powder in the uppermost layer but also remelting at least a fraction of a thickness of
a layer directly below the uppermost layer.

[0052] After having fused selected portions of the first powder layer, at least one
first image is captured of at least a first fusion zone of the first powder layer.

[0053] Figure la depicts a first examplary embodiment of a plasma electron source
apparatus 150 according to the present invention. The plasma electron source apparatus
150 comprises a cathode discharge chamber 100, an optional gas inlet 101, an exit hole
120, an electromagnetic coil 103, an anode 105, and optional beam shaping optics 105.
[0054] The cathode discharge chamber 100 is provided with a gas inlet 101 for
introducing gas into the cathode discharge chamber. The gas may for instance be Argon,
Helium, Neon or Krypton. Gas introduced into the cathode discharge chamber 100 will
leak through the exit hole 120. The exit hole 120 is provided for extracting electrons
from a plasma 107 provided in the cathode discharge chamber 100.

[0055] In another example embodiment depicted in figure 1b the plasma is
generated by an RF source 102 provided on the outside of the cathode discharge
chamber 100. The RF source 102 may be a coil into which an RF signal is introduced.
The frequency of a RF power may be 10-15 MHz. The RF power from the coil will
generate an RF induction discharge of the gas in the cathode discharge chamber 100
thereby creating the plasma 107 comprising electrons and ions. The RF power may be
in the range of 50-500 Watt.

[0056] In an alternative embodiment according to figure lc the plasma 107 is
generated by a filament discharge, i.c., an anode 130 and cathode 132 arranged inside
the cathode discharge chamber 100 provided with a sufficiently high voltage for
creating the plasma 107 with ions and electrons instead of the RF source 102 as

depicted in figure 1b.
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[0057] There are other various ways of generating plasma, for instance by means of
microwaves acting on the gas inside the cathode discharge chamber. The hollow
cathode discharge technique is another way. Diclectric barrier discharge is still another
way of creating the plasma within the cathode discharge chamber. Indeed, although
certain techniques and/or means may be described herein, any of a variety of suitable
techniques for generating the plasma may be used in this context, without departing
from the scope and nature of the present invention.

[0058] The electromagnetic coil 103 may be provided so that a plasma confinement
within the cathode discharge chamber 100 is produced. In the example embodiment in
figure 1b, the electromagnetic coil 103 may provided outside the RF coil 102. In an
alternative embodiment the electromagnetic coil 103 may be provided between the
cathode discharge chamber 100 and the RF-coil 102 (not illustrated). In still another
embodiment the electromagnetic coil 103 may be provided inside the cathode discharge
chamber 100 (not illustrated). The magnetic field intensity inside the cathode discharge
chamber 100 generated by the electromagnetic coil 103 may be in the range 10-300
gauss for generating the plasma confinement. The plasma confinement may be used for
extracting electrons from the cathode discharge chamber 100 at a relatively low gas
pressure and for increasing the electron extraction efficiency. If the field intensity inside
the cathode discharge chamber 100 is below a predetermined value generated by a
predetermined current through the electromagnetic coil 103, not enough electrons may
be extracted from the exit hole 120 to form an electron beam 106. However, if the field
intensity is above a predetermined value inside the cathode discharge chamber 100 a
suitable plasma confinement may be generated and electrons may be extracted from the
exit hole 120 to form an electron beam 106. The field intensity inside the cathode
discharge chamber 100 when no electron beam may be formed may be 0 or essentially 0
field intensity. The field intensity in which a constant and reliable electron beam may be
extracted from the cathode discharge chamber may very much be dependent on the size
and dimensions of the chamber 100 and the gas pressure in the cathode discharge
chamber. A cylindrical chamber with a diameter of 15 ¢cm may need a field intensity
above 10 gauss inside the chamber for extracting electrons from the exit hole 120.
Larger diameters may need larger field intensity for extracting electrons with constant
gas pressure. The gas pressure inside the cathode discharge chamber 100 may be in the

range of 10” — 10° mbar.
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[0059] The radio frequency used for plasma confinement in the electromagnetic coil
103 may be between 2-80GHz. The frequency of the RF source or microwave source
may be set to the resonance frequency of the gas inside the cathode discharge chamber
100 and/or the size and shape of the cathode discharge chamber, i.c., the resonance
frequency of the chamber.

[0060] The plasma 107 may be arranged in the middle of the cathode discharge
chamber 100. In an example embodiment there may be provided a distance between the
exit hole and the plasma inside the cathode discharge chamber being 3-4 times the
diameter of the exit hole.

[0061] A pulsed electron beam may be generated by switching on and off the field
intensity inside the cathode discharge chamber, i.c., by switching on and off the current
through the coil 103. Switching the current from a first value being essentially 0 and a
second value for creating sufficient field intensity inside the cathode discharge chamber
100 may therefore be used for generating a pulsed electron beam. The frequency of the
switching may be higher than 100Hz, 1 kHz or 100kHz. Switching means for making
the switching of the current in the coil 103 may be accomplished by using a high
frequency electronic circuit as a driver for the coil current, which is well known to a
skilled person in the art.

[0062] Also the operation of the source is more stable when the switching of the
electron beam is performed using the confinement coil 103 rather than switching the
plasma generating circuit, as this would mean that the plasma would have to be
recreated for each pulse cycle.

[0063] An anode may be provided outside the cathode discharge chamber 100 in the
vicinity of the exit hole. A voltage is applied between the cathode discharge chamber
and the anode, typically the potential provided on the cathode discharge chamber is -60
kV and the potential provided on the anode is at ground potential. By this arrangement
electrons will be accelerated in the accelerating field between the cathode discharge
chamber 100 and the anode 104. Reversing the potential difference will extract positive
ions instead of negative electrons from the cathode discharge chamber.

[0064] Optional beam shaping optics may be arranged downstream of the anode for
shaping, scanning and/or focusing the electron beam.

[0065] Figure 2 illustrates an example embodiment of variable duty cycle to control

the average eclectron beam current by means of pulse width modulation. Higher
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switching duty cycle (illustrated to the left in figure 2) will create a higher average
electron beam current compared to a lower switching duty cycle (illustrated to the right
in figure 2). Changing the on/off switching duty cycle of the current in the coil 103 will
affect the average electron beam current which is extracted from the cathode discharge
chamber 100.

[0066] This may be useful in additive manufacturing when the electron beam source
is a plasma source. The melting power may be changed instantancously by changing the
pulse duty cycle up or down depending on what is needed. A rapid control of melt
power may result in better produced articles with respect to surface finish,
microstructures and/or mechanical properties.

[0067] With the above mentioned generation of an electron beam it is far easier to
make a high quality electron beam (non-varying electron beam intensity over time).
Since the plasma inside the cathode discharge chamber is not switched on and off,
influences of switching on and off the plasma on the electron beam quality has been
eliminated. The variance of electron beam current is more or less constant. The average
beam current may be alternated by changing the duty cycle of switching on/off the
current in the coil 103.

[0068] Figure 4a depicts a fourth non-limiting exemplary embodiment of a plasma
electron source apparatus according to the present invention. The only difference of the
fourth example embodiment to the first example embodiment as illustrated in figure 1a
is an additional electron beam controlling plate 125.

[0069] The electron beam controlling plate 125 may be set to a positive or negative
potential with respect to the cathode discharge chamber 100. The potential provided on
the electron beam controlling plate 125 may be in the range of a+¢ kV, where a is the
potential provided on the cathode discharge chamber and ¢ is a potential difference with
respect to the cathode discharge chamber 100. o may be in the range of 10-100kV and ¢
in the range of 10-1000V. In an example embodiment where ¢ is -50V the electrons in
the plasma inside the cathode discharge chamber will be forced towards the exit hole
120. An electromagnetic coil 103 which is switched on cooperates with an electron
beam controlling plate having an & which is negative, i.e., more electron are forced
through the exit hole 103 enabling higher electron beam current.

[0070] In another example embodiment where € is +50V the electrons in the plasma

inside the cathode discharge chamber will be forced towards the electron beam
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controlling plate 125. An electromagnetic coil 103 which is switched off cooperates
with an electron beam controlling plate having an ¢ which is positive, i.c., electron are
prohibited from being extracted through the exit hole 103.

[0071] Figure 4b depicts a fifth example embodiment of a plasma electron source
apparatus according to the present invention. The only difference of the fifth example
embodiment relative to the second example embodiment as illustrated in figure 1b is an
additional electron beam controlling plate 125.

[0072] In still another exemplary embodiment the coil 103 may be completely
replaced by the electron beam controlling plate 125, as may be seen in the sixth example
embodiment of the present invention depicted in figure 4c. Extraction of electrons from
the exit hole 103 is in this embodiment only dependent on the potential of the electron
beam controlling plate 125. When ¢ is negative electrons in the plasma are forced to the
exit hole. When ¢ is positive electrons in the plasma are prohibited from being extracted
through the exit hole.

[0073] It may also be that the overall charge state of the plasma is positive due to
more ions than electrons in the plasma. The electric force from the plate 125 acting on
the electrons may be screened by the ions. In such case the plasma is pushed towards
the exit hole 129 by a positive voltage.

[0074] Having only the electron beam controlling plate, i.e., no coil 103, for
switching on and off the electron beam, the ¢ may need to be in the range of 100-
10 000V.

[0075] While in certain embodiments the electron beam controlling plate 125 may
be substantially planar, in an alternative embodiment as depicted in figure 5 the electron
beam controlling plate 125 may be non-flat to provide not only a field pushing the
electrons downwards towards the exit hole 120, but also pushing the electrons towards
the center axis of the cathode discharge chamber 100. The non-flat controlling plate 125
may also be used in the embodiment as depicted in figure 4a and/or 4b. In still another
example embodiment of the present invention the controlling plate may be a ring with
its opening in the direction of the exit hole 120. By using the ring shaped controlling
plate the plasma may both be concentrated within the ring and moved to or from the
hole depending on the potential on the ring, a negative potential will force the plasma

towards the exit hole 120 and a positive potential will force the plasma from the exit
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hole 120. It could also be reversed for the same reason as indicated above, ic., it
depends on the momentary overall charge state of the plasma.

[0076] Fast switching may also be useful for switching off the beam in additive
manufacturing when the beam is scanned from a first position to a second position. The
beam is switched on when the beam is in its correct melting or heating position. This
will result in no incorrect melting or heating, i.e., the melting will only take place at
predetermined positions. For instance, no heating of the powder may take place while
scanning the electron beam over the powder material since the electron beam may be
switched off during electron beam scanning.

[0077] In an example embodiment of additive manufacturing for forming a three
dimensional article through successive fusion of parts of at least one layer of a powder
bed provided on a work table, which parts correspond to successive cross sections of the
three-dimensional article, a plasma electron gun is used for fusing the powder material.
Electron beam generation is switched off during scanning of the electron beam, i.c.,
while changing the settings of a scanning coil provided downstream an exit hole of a
cathode discharge chamber of the plasma electron gun.

[0078] In still another example embodiment of additive manufacturing for forming
a three dimensional article through successive fusion of parts of at least one layer of a
powder bed provided on a work table, which parts correspond to successive cross
sections of the three-dimensional article, a plasma electron gun is used for fusing the
powder material. An average beam current is alternated by changing the duty cycle of
switching on/off the current in the coil 103.

[0079] In yet another example embodiment of the present invention, the current
provided to the coil 103 may be changed for changing the number of electrons extracted
from the exit hole 120. Varying the current in coil 103 may change the number of
electrons extracted from the exit hole 120. An increase in current through the coil 103
typically increases the number of electrons extracted through the exit hole 120.
Decreasing the current through the coil 103 typically decreases the number of electrons
extracted through the exit hole 120. An analog variation of the current through the coil
103 may rapidly change the number of electrons being emitted from the exit hole 120.
In similar fashion this also applies to the electron beam controlling plate, i.¢., a variation
of the potential applied to the electron beam controlling plate 125 may affect the

number of electrons emitted from the exit hole 120. As in the examples given above the
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current may be varied in the coil 103 only or the potential may be changed to the
electron beam controlling plate 125 only or the current may be varied in the coil 103
and the potential may be changed to the electron beam controlling plate 125 only
simultaneously for varying the number of emitted electrons from the exit hole 120.
[0080] In an alternative embodiment the current through the coil is varied
simultancously as the current through the coil is switched on and off to produce a pulsed
electron beam, i.c., each pulse of the electron beam may comprise different number of
electrons due to a different amount of current through the coil 103. This also applies to
the electron beam controlling plate, i.c., the potential can be varied simultancously as
the potential is switched on and off, meaning that two consecutive on switching of the
potential may be of different values for effecting the number of electrons emitting
through the exit hole 120. The combination of varying the potential of the electron beam
controlling plate and changing the current through the coil 103 as both the coil and the
electron beam controlling plate are switched on and off is also possible.

[0081] The switching means for switching at least one means for plasma
confinement between a first value allowing for electron extraction from the plasma 107
and a second value prohibiting electron extraction from the plasma 107 may be a
computer controlled signal generator 190. The signal generator may be a power supply,
a current supply, a voltage supply and/or a frequency supplier.

[0082] The invention is not limited to the above-described embodiments and many
modifications are possible within the scope of the following claims. Such modifications
may, for example, involve using a different source of energy beam than the exemplified
electron beam such as laser beam. Other materials than metallic powder may be used,
such as powder of polymers or powder of ceramics. Indeed, a person of ordinary skill
in the art would be able to use the information contained in the preceding text to modify
various embodiments of the invention in ways that are not literally described, but are
nevertheless encompassed by the attached claims, for they accomplish substantially the
same functions to reach substantially the same results. Therefore, it is to be understood
that the invention is not limited to the specific embodiments disclosed and that
modifications and other embodiments are intended to be included within the scope of
the appended claims. Although specific terms are employed herein, they are used in a

generic and descriptive sense only and not for purposes of limitation.
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CLAIMS

1. A plasma electron source apparatus comprising:

a cathode discharge chamber in which a plasma is generated,;

an exit hole provided in said cathode discharge chamber from which
electrons from the plasma are extracted by an accelerating field provided between
said cathode discharge chamber and an anode;

at least one plasma confinement device; and

a switching mechanism for switching the at least one plasma confinement
device between a first value allowing for electron extraction from the plasma and a

second value prohibiting electron extraction from the plasma.

2. The apparatus according to claim 1, wherein said plasma confinement device is
selected from the group consisting of: at least one electromagnetic coil, at least one
clectromagnetic wave generator, at least one beam controlling plate, and any

combination thereof,

3. The apparatus according to Claim 2, wherein said plasma confinement device is at
least one electromagnetic wave generator configured to emit at least one of RF
power and microwave power so as to act on said gas inside said cathode discharge

chamber for producing said plasma.

4. The apparatus according to claim 1, wherein said plasma confinement device is

arranged outside the cathode discharge chamber.

5. The apparatus according to claim 1, wherein said plasma confinement device is

arranged inside the cathode discharge chamber.
6. The apparatus according to claim 1, wherein the at least one plasma confinement

device comprises at least one electromagnetic coil and at least one electron beam

controlling plate.
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7. The apparatus according to claim 6, wherein the at least one electron beam
controlling plate is provided inside the cathode discharge chamber and arranged so
that at least a part of the plasma is provided between said electron beam

controlling plate and said exit hole.

8. The apparatus according to claim 7, wherein said at least one electron beam

controlling plate is curved.

9. The apparatus according to claim 7, wherein said at least one electron beam
controlling plate is an annular structure having an opening passing through a
center portion thereof, said opening being directed substantially toward said exit

hole.

10. The apparatus according to claim 1, wherein said plasma confinement device is at
least one electron beam controlling plate (125) provided inside the cathode
discharge chamber (100) and arranged so that at least a part of the plasma is
provided between said electron beam controlling plate (125) and said exit hole

(120).

I1. The apparatus according to claim 1, wherein said plasma confinement device is at
least one electromagnetic coil and said switching mechanism for regulating a
confinement force between said first and said second values is a current passing

through said at least one electromagnetic coil.

12. The apparatus according to claim 1, wherein said plasma confinement device is at
least one electromagnetic wave generator and said switching mechanism for
regulating a confinement force between said first and said second values is at least
one of a wavelength generated by an eclectromagnetic wave source and an

amplitude of an electromagnetic wave generated by the source.

13.  The apparatus according to claim 12, wherein said electromagnetic wave source is
located outside said cathode discharge chamber.
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14. The apparatus according to claim 12, wherein said switching mechanism is
configured to switch at least one of a frequency and an amplitude of said

electromagnetic wave generator.

15. The apparatus according to claim 1, wherein said plasma confinement device is at
least one electron beam controlling plate and said switching mechanism for
regulating a confinement force between said first and said second values is a

voltage applied on said plate.

16. The apparatus according to claim 1, further comprising a control unit for varying
the duty cycle of the at least one means for plasma confinement for varying the

average electron current from the plasma electron source.

17. The apparatus according to claim 1, wherein said cathode discharge chamber is
provided with an inlet connectable to a gas source for introducing gas into the

cathode discharge chamber.

18.  The apparatus according to claim 1, wherein a frequency of switching between
said first and second current values is higher than at least one of 100Hz, 1kHz, and

100kHz.

19.  Use ofa plasma electron source apparatus according to claim 1 for forming a three
dimensional article through successive fusion of parts of at least one layer of a
powder bed provided on a work table, which parts correspond to successive cross

sections of the three-dimensional article.

18-



WO 2013/167391 PCT/EP2013/058652

20.

21.

22.

23.

24,

25.

A method for generating a pulsed electron beam comprising the steps of:

generating a plasma in a cathode discharge chamber;

extracting electrons from an exit hole in said cathode discharge chamber by
an accelerated field provided between said cathode discharge chamber and an
anode;

providing at least one plasma confinement device; and

switching the at least one plasma confinement device between a first value
allowing for electron extraction from the plasma and a second value prohibiting

electron extraction from the plasma.

The method of Claim 20, wherein said at least one plasma confinement device is
selected from the group consisting of: at least one electromagnetic coil, at least one
frequency generator, at least one beam controlling plate, and any combination

thereof.

The method of Claim 20, wherein said at least one plasma confinement device is

positioned inside the cathode discharge chamber (100).

The method of Claim 20, wherein said at least one plasma confinement device is

positioned outside the cathode discharge chamber (100).

The method of claim 20 further comprising the step of varying a duty cycle of the
switching between said first and second values for controlling the average electron

current from the plasma electron source.

The method of claim 20, further comprising the step of generating said plasma
within said cathode discharge chamber by an RF field acting on a gas being

present inside the cathode discharge chamber.
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26. The method of claim 20, further comprising the step of providing an inlet to said
cathode discharge chamber connectable to a gas source for introducing a gas into

the cathode discharge chamber.

27. The method of claim 20, further comprising the step of providing an electron beam
controlling plate inside the cathode discharge chamber arranged so that at least a
part of the plasma is provided between said electron beam controlling plate and

said exit hole.

28. The method of claim 20, further comprising the step of varying the current through

said coil for varying the number of electrons being emitted through the exit hole.

29. The method of claim 20, further comprising the step of varying the potential
applied to said electron beam controlling plate for varying the number of electrons

being emitted through the exit hole (120).

30.  The method of claim 20, further comprising the step of at least one of switching
the current through said coil, switching a voltage of said beam controlling plate,
and switching a frequency or amplitude of said electromagnetic wave generator
between said first and second value for switching on and off electron beam

generation.
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