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Miniature X-ray source with guiding means for electrons and / or ions

The invention relates to a miniature X-ray source

comprising a vacuum tube containing a cathode and an
anode spaced apart from each other, and guiding means

and/or ions from impacting at least a part of a wall of the
vacuum tube, e.g. at the wall of the vacuum tube in a
region of the vacuum tube where, in use, an electric field

for guiding electrons and/or ions to prevent the electrons is present.
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Description

[0001] The invention relates to a miniature X-ray
source comprising a vacuum tube containing a cathode
and an anode spaced apart from each other.

[0002] X-ray sources are known per se. The sources
are used for generating X-ray radiation by applying an
electrical potential difference between the cathode and
the anode so that electrons, emitted by the cathode are
accelerated towards the anode. The accelerated elec-
trons impact at the anode causing X-ray radiation to be
emitted if the energy of the impacting electron is high
enough. Typically, electron energies of 10 - 50 keV (re-
quiring a potential difference or acceleration voltage of
10-50 kV) are desired for generating X-ray radiation with
photon energies of 10- 50 keV, e.g. for use in (medical)
imaging, inspection, detection, material analysis (diffrac-
tion, fluorescence, Auger), lithography (e.g. LIGA, e.g.
for MEMS devices), sterilisation and medical treatments.
Miniature X-ray sources, i.e. with typical dimensions on
the order of millimetres, e.g. smaller than 10 mm, are
also known. These known miniature X-ray devices, e.g.
for medical application, can only be operated at low ac-
celeration voltages, e.g. up to 20 kV. To generate high
energy X-ray radiation, i.e. radiation with X-ray photon
energy higher than 20 keV, high acceleration voltages
are needed, i.e. voltages higher than 20kV. The reduced
size of the miniature X-ray device, however, results in
local high electrical fields strengths initiating destroying
electrical breakthroughs.

[0003] The object of the inventionis to provide the min-
iature X-ray source with which it is possible to generate
high energy X-ray radiation. Alternatively the object of
the invention is to provide the miniature X-ray source with
the reduced risk of electrical breakthroughs. Alternatively
the object of the invention is to provide further miniatur-
isation of the X-ray source.

[0004] Thereto, according to a first aspect of the inven-
tion, the miniature X-ray source is provided with the guid-
ing means for guiding electrons and/or ions to prevent
the electrons and/or ions from impacting at least a part
of a wall of the vacuum tube. Preferably, the guiding
means are arranged for guiding electrons and/or ions to
prevent the electrons and/or ions from impacting the wall
of the vacuum tube in a region of the vacuum tube where,
in use, an electric field is present.

[0005] It has been found that electrons and/or ions im-
pacted at the wall of the vacuum tube, especially in the
region of the vacuum tube where, in use, the electric field
is present, are likely to act as an electron source and may
therefore function as the origin of electrical breakthrough.
Alternatively, electrons and/or ions impacted at the wall
of the vacuum tube may electrically charge that wall. This
in turn may cause the wall to act as an electrical lens,
which upsets the desired path of flight of the electrons
from the cathode to the anode.

[0006] The guiding means guide electrons and/or ions
away from the wall of the vacuum tube, e.g. in the region
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of the vacuum tube where, in use, the electric field is
present. Hence, the risk of electrons and/or ions impact-
ing the wall of the vacuum tube, e.g. in the region of the
vacuum tube where, in use, the electric field is present,
is reduced. Thus, by reducing the chance of electrons
and/orions impacting the wall at these locations, the guid-
ing means reduce the risk of electrical breakthrough
and/or electrical charging of the wall.

[0007] As the risk of electrical breakthrough is reduced
in the miniature X-ray source of the invention, the accel-
eration voltage between the anode and the cathode may
be increased, e.g. until an acceptable level of break-
through-risk is attained. Thus, it is possible with the min-
iature X-ray source according to the invention to generate
high energy X-ray radiation, e.g. with a photon energy of
30 keV or more, preferably 40 keV or more, most pref-
erably 50 keV or more.

[0008] The guiding means may comprise a directional
barrier interposed between the cathode and the anode
wherein the barrier is arranged to transmit, in use, elec-
trons emitted by the cathode towards the anode, and
wherein the barrier is arranged to, in use, substantially
prevents electrons and/or ions to pass the barrier in the
direction of the anode towards the cathode.

[0009] Electrons impacting on the anode may, instead
of X-ray radiation, also cause electrons or ions to be emit-
ted (or reflected) by the anode. Since the directional bar-
rier substantially prevent electrons and/or ions to pass
the barrier in the direction of the anode towards the cath-
ode, substantially none of these electrons and/or ions
can impact the cathode or the inner wall of the vacuum
tube between the cathode and the directional barrier. The
directional barrier, thus, reduces the risk of electrical
breakthrough and/or electrical charging of the wall of the
vacuum tube.

[0010] In an embodiment the directional barrier is an
electrically conducting diaphragm comprising an aper-
ture, wherein the diaphragm is arranged to be maintained
at the same electric potential as the anode. Hence, in
use, the diaphragm makes that the accelerating electrical
field is maintained between the cathode and the dia-
phragm, and that substantially no electrical field is
present between the diaphragm and the anode. Since
there is substantially no electrical field between the dia-
phragm and the anode, electrical breakthrough will not
occur between the diaphragm and the anode. Further,
as the diaphragm substantially prevents electrons and/or
ions to pass the barrier in the direction of the anode to-
wards the cathode, substantially none of these electrons
and/or ions can impact the cathode or the inner wall of
the vacuum tube between the cathode and the directional
barrier, i.e. in the region of the vacuum tube where, in
use, the electric field is present.

[0011] Preferably, the anode and the diaphragm to-
gether form the, electrically conducting, walls of a cham-
ber which is preferably closed except for the aperture.
Thus, achamberis created in which substantially no elec-
trical field is present. Electrons and/or ions emitted or
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reflected by the anode are highly likely to strike a wall of
the chamber. The risk that such electron or ion exits the
chamber through the aperture is very small.

[0012] Alternatively, or additionally, the guiding means
may comprise electron focussing means for directing, in
use, the electrons emitted by the cathode in a direction
towards the anode, such that substantially all electrons
emitted by the cathode are prevented from impacting the
at least a part of the wall of the vacuum tube. Preferably,
the electron focussing means are arranged for directing,
in use, the electrons emitted by the cathode in a direction
towards the anode, such that substantially all electrons
emitted by the cathode are prevented from impacting the
wall in the region of the vacuum tube where, in use, the
electric field is present. Hence, the electrons emitted by
the cathode will follow a path such that they do notimpact
the inner wall of the vacuum tube between the cathode
and the anode, thus reducing the risk of electrical break-
through.

[0013] Preferably, the electron focussing means direct
the electrons emitted by the cathode in a direction such
that substantially all electrons emitted by the cathode are
transmitted by the directional barrier. Hence, substantial-
ly no electrons emitted by the cathode can impact the
inner wall of the vacuum tube between the cathode and
the directional barrier, the directional barrier itself or the
vacuum tube after collision with the directional barrier.
Since, electrons impacted at the vacuum tube are likely
to act as electron source and may therefore function as
the origin of electrical breakthrough, the electron focusing
means, thus, reduce the risk of electrical breakthrough.
[0014] The directional barrier allows the electrons
emitted by the cathode to be transmitted towards the an-
ode, so that efficiency of the X-ray source is not, at least
hardly, adversely affected by the presence of the barrier.
[0015] Preferably, the electron focussing means are
arranged for directing substantially all electrons emitted
by the cathode through the aperture in the direction of
the anode. Hence, substantially all electrons emitted by
the cathode pass through the aperture and are effectively
caught downstream of the aperture, e.g. in the chamber,
so that these electrons cannot cause electrical break-
through.

[0016] In an embodiment the electron focussing
means comprise an electric and/or magneticlens. Hence
it is possible to in a simple manner direct the electrons
emitted by the cathode in a direction such that substan-
tially all electrons emitted by the cathode are transmitted
by the directional barrier.

[0017] Inan embodiment the cathode is concave, in a
direction towards the anode, wherein the concave shape
acts as the electric lens for directing, in use, the electrons
emitted by the cathode in a direction such that substan-
tially all electrons emitted by the cathode are transmitted
by the directional barrier.

[0018] In an embodiment in the vacuum tube a grid
shaped electron absorbing element is disposed between
the cathode and the directional barrier for absorbing any
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electrons being reflected from the barrier towards the
cathode or the wall of the vacuum tube. Thus, even more
efficiently electrical breakthrough may be prevented.
[0019] According to a second aspect of the invention
the cathode is of a cold cathode type comprising carbon
nanotubes for emitting electrons. The use of the cold
cathode poses less thermal load to the X-ray source
which enables further miniaturisation of the X-ray source.
[0020] Preferably, the carbon nanotubes are aligned
mono-wall nanotubes, aligned multi-wall nanotubes, ran-
domised mono-wall nanotubes or randomised multi-wall
nanotubes. The nanotubes provide an efficient source of
electrons for the cathode of the miniature X-ray source.
[0021] According to a third aspect of the invention, the
miniature X-ray source may comprise a tubular housing
of an electrically isolating material having an electrically
conductingfirst cap or first plug associated with the anode
at a first end and an electrically conducting second cap
or second plug associated with the cathode at the other,
second end. Hence, a structure is provided which allows
easy miniaturisation. The electrically isolating material
may for instance be a ceramic material, such as alumin-
ium oxide (alumina) or another material defect free ma-
terial such as diamond or mono crystalline quartz. A par-
ticularly suitable material is optically transparent alumina,
which appears to have a high dielectric strength.
[0022] According to a fourth aspect of the invention the
vacuum tube, e.g. the tubular housing, is at least partly
made of an electrically isolating material. Inside the wall
of the vacuum tube an electric field is generated, e.g.
adjacent the anode and/or cathode which may be at a
potential difference with an outer side of the vacuum tube.
[0023] Preferably, the vacuum tube comprises an in-
ner wall, of a first material and an outer wall of a second
material. Preferably, a dielectric constant of the first ma-
terial is higher than a dielectric constant of the second
material, and a dielectric strength of the second material
is higher than a dielectric strength of the first material.
Herein the dielectric strength is the maximum electric
field strength that a material can withstand without elec-
trical breakthrough, i.e. without experiencing failure of its
insulating properties. The first material may be a ceramic
material, such as aluminium oxide (alumina), and the
second material may be a polymeric material, such as
polyethylene.

[0024] Preferably, the thickness of the inner wall and
the outer wall is such that the electric field strength inside
the inner wall is smaller than the electric field strength in
the outer wall. It will be appreciated that it is, thus, pos-
sible to ensure that by choosing the desired thickness
for the inner and outer wall the electric field strength in-
side the inner wall can be kept smaller than the dielectric
strength of the first material, and the electric field strength
inside the outer wall can be kept smaller than the dielec-
tric strength of the second material. Hence, it is possible
to provide a wall of the vacuum tube comprising the inner
and the outer wall, such that the total wall thickness is
minimized, while breakthrough across the wall is sub-
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stantially prevented. Thus, further miniaturisation of the
miniature X-ray source may be achieved.

[0025] According to a fifth aspect of the invention, a
triple junction may be shielded by an electrically conduct-
ing, e.g. metal, layer at the outside surface of the elec-
trically isolating tubular housing.

[0026] When placed in a electrical field, local materials
defects and roughness of materials initiate local high
electrical field strengths. These locations act as electron
source and often function as the origin of electrical break-
through. In particular, triple junctions of electrical con-
ductor (e.g. metal), electrical insulator and vacuum act
as such. A tubular triple junction may be formed where
the electrically conducting first and/or second cap or plug,
the electrically isolating tubular housing and the vacuum
meet. Such tubular triple junction thus poses a risk for
electrical breakthrough. Since, according to the fifth as-
pect of the invention, the tubular triple junction may be
shielded by an electrically conducting, e.g. metal, layer
at the outside surface of the electrically isolating tubular
isolator, which layer may be kept at the same electrical
potential as the respective cap or plug, the electrical field
inside the electrically isolating tubular housing at or near
that triple junction is caused to be more homogeneous,
thus reducing the risk of electrical breakthrough.

[0027] According to a sixth aspect of the invention, a
high electrical resitivity coating (resistivity in the rang 108
-1010 ohm-cm may be applied on the inner side and/or
outer side of the vacuum tube, e.g. on the electrically
isolating tubular housing. The high resistivity coating may
be electrically conducting connected to the anode and
the cathode, e.g. at the first end of the tubular housing
and the second end of the tubular housing, respectively.
Thus, the high resistivity coating may enforce a gradual
linear voltage distribution along the wall of the vacuum
tube, e.g. along the isolating tubular housing (glass or
ceramic) as a result of a small electric current (e.g. 0.1
to 100 pwA) that may flow through the high resistivity coat-
ing.

[0028] Preferably, the high resistivity coating substan-
tially completely covers the vacuum tube between the
anode and the cathode. In an embodiment, the high re-
sistivity coating substantially completely covers the tu-
bular housing between afirst electrically conducting layer
associated with the triple junction associated with the an-
ode and a second electrically conducting layer associat-
ed with the triple junction associated with the cathode.
[0029] Itwill be appreciated that the first, second, third,
fourth, fifth and sixth aspect of the invention may be prac-
ticed separately or in any combination thereof.

[0030] The invention will now be further elucidated by
means of the following, non-limiting, examples and the
accompanying drawing in which,

Fig. 1a shows a schematic sectional view of a first
embodiment of a miniature X-ray source according
to the invention;

Fig. 1b shows a schematic sectional view of a vari-
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ation of the embodiment according to Fig. 1a;

Fig. 2 shows a graph in which the highest electric
field value occurring in a tubular wall comprising an
inner wall and an outer wall is demonstrated;

Fig. 3 shows a schematic sectional view of a second
embodiment of a miniature X-ray source according
to the invention;

Fig. 4 shows a schematic sectional view of a third
embodiment of a miniature X-ray source according
to the invention; and

Fig. 5 shows a schematic sectional view of an array
of miniature X-ray sources according to a fourth em-
bodiment of invention.

[0031] Inthe figures similar features are indicated with
the same reference numerals.

[0032] Fig. 1a shows a schematic sectional view of a
first embodiment of a miniature X-ray source 1 according
to the invention. The source 1 comprises an anode 2 and
acathode 4. In the example of Fig. 1a the source 1 further
comprises a housing in the form of a vacuum tube 8 en-
closing an inner space 10 in which a vacuum is present.
[0033] This miniature X-ray source may e.g. be of gen-
erally cylindrical design, having a diameter of approxi-
mately 1-2.5 mm and a length of less than approximately
3 cm, preferably less than approximately 2 cm.

[0034] In the example of Fig. 1a the miniature X-ray
source 1 further comprises a diaphragm 12 comprising
an aperture 14. Here the diaphragm is made of an elec-
trically conducting material. In this example the anode 2,
a tubular extension 2’ of the anode 2, and the diaphragm
12 together form electrically conducting walls of a cham-
ber 16 which is closed except for the aperture 14. It will
be appreciated that in this embodiment, the anode 2,2’
and the diaphragm 12 may be considered to form an
electrically conducting box 2,2’,12 with the aperture 14
as entrance for the accelerated electrons.

[0035] The miniature X-ray source explained so farcan
be operated as follows.

[0036] In this example the cathode 4 is maintained at
earth potential (0 V), and the anode is maintained at a
high voltage, e.g. 60 kV. In Fig. 1a a power supply line 6
is drawn electrically conducting connected to the anode
2. The cathode 4 may also be supplied with a power
supply line. In this example the cathode is directly con-
nected to earth, e.g. through an electrically conducting
cooling fluid, such as water. Maintaining the cathode 4,
i.e. the electron emitter at earth electric potential helps
providing an electrical field inside the X-ray source which
is substantially mainly axial and directed towards the an-
ode 2, as the surroundings of the tubular housing 18 are
also likely at earth electric potential. It will be appreciated
that maintaining the cathode at earth electric potential
will also be beneficial in the following examples of Figs.
3, 4 and 5, of tubular miniature X-ray source.

[0037] When the high electrical potential difference is
maintained between the cathode 4 and the anode 2, the
cathode 4 will emit electrons which, due to the electric
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field caused by the electric potential difference, will be
accelerated towards the anode 2.

[0038] Atleasta portion of the electrons emitted by the
cathode 4 passes through the aperture 14 and impacts
ontheanode 2. Uponimpact X-ray radiation is generated.
This X-ray radiation passes through the wall 2’ of the box
and through the wall of the vacuum tube 8. Thus sub-
stantially a point-source of X-ray radiation is obtained.
[0039] Some electrons impacting on the anode may,
instead of X-ray radiation, also cause electrons or ions
to be emitted (or reflected) by the anode. These electrons
and/or ions may travel in the direction of the wall of the
vacuum tube or in the general direction of the cathode 4.
[0040] The diaphragm blocks the path of flight of at
least a portion of the electrons and/or ions travelling in
the general direction of the cathode 4. Hence, these elec-
trons and/or ions will be prevented from impacting the
cathode 4 or the inner wall of the vacuum tube 8 between
the cathode 4 and the diaphragm 12, where in this case
an electric field is present. Hence, these electrons and/or
ion will not form electron sources, so that the risk of elec-
trical breakthrough is reduced.

[0041] Thus, the diaphragm 12 forms a directional bar-
rier interposed between the cathode 4 and the anode 2
wherein the barrier is arranged to transmit, in use, elec-
trons emitted by the cathode 4 towards the anode 2, and
wherein the barrier is arranged to, in use, substantially
prevent electrons and/or ions to pass the barrier in the
direction of the anode 2 towards the cathode 4

[0042] The diaphragm 12 at the same electrical poten-
tial as the anode 2 also causes that between the anode
2 and the diaphragm 12 no electrical field is present.
Thus, electrons and/or ions impacting the wall of the vac-
uum tube 8 (or the wall 2’) between the anode 2 and the
diaphragm 12 will not cause electrical breakthrough.
[0043] Itwillbe appreciated thatthe diaphragm 12 may
also be separate from the anode 2, while the diaphragm
12 is maintained at the same electric potential as the
anode 2.

[0044] Itwill be appreciated thatthe diaphragm 12 thus
forms guiding means for guiding electrons and/or ions to
prevent the electrons and/or ions from impacting a wall
of the vacuum tube 8, in this example in a region of the
vacuum tube where, in use, an electric field is present.
[0045] It will be appreciated that if the diaphragm is not
electrically conductive it will, nevertheless, prevent at
least some electrons and/or ions from impacting a wall
of the vacuum tube 8.

[0046] In the example of Fig. 1a the vacuum tube 8
comprises a tubular housing 18. The vacuum tube 8 fur-
ther has an electrically conducting first plug 20 at a first
end and an electrically conducting second plug 22 at the
other, second end. Here the first plug 20 is formed by the
anode. Here the second plug 22 is formed by the cathode.
The first and second plug 20,22 are joined to the tubular
housing 18 in a vacuum tight manner, e.g. by laser weld-
ing or brazing.

[0047] It will be appreciated that alternatively, the vac-
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uum tube may comprise an electrically conducting first
cap, e.g. acting as or being part of the anode, at the first
end and an electrically conducting second cap, e.g. act-
ing as or forming part of the cathode, at the second end.
[0048] In this example, the vacuum tube 8, more spe-
cifically the tubular housing 18, comprises an inner wall
24, of a first material and an outer wall 26 of a second
material. The first and second material are selected such
that a dielectric constant of the first material is higher
than a dielectric constant of the second material, and that
a dielectric strength of the second material is higher than
a dielectric strength of the first material. The first material
may be a ceramic material, such as aluminium oxide (alu-
mina) or boron nitride or another material defect free ma-
terial such as glass, diamond or mono crystalline quartz.
It is known that optically transparent alumina provides a
high dielectric strength. The second material may be a
polymeric material, such as polyethylene. In the example
of Fig. 1a the inner wall 24 is alumina and the outer wall
26 is polyethylene.

[0049] Preferably, the thickness of the inner wall 24
and the outer wall 26 is such that the electric field strength
inside the inner wall 24 is smaller than the electric field
strength in the outer wall 26. It will be appreciated that it
is, thus, possible to ensure that by choosing the desired
thickness for the inner and outer wall the electric field
strength inside the inner wall can be kept smaller than
the dielectric strength of the first material, and the electric
field strength inside the outer wall can be kept smaller
than the dielectric strength of the second material. Thus,
the region of high electrical field strengths is removed
from the first material with a lower dielectric strength to
the second material with the higher dielectric strength.
[0050] The optimum thicknesses of the inner wall 24
and outer wall 26, e.g. for a given total wall thickness
may be determined by the following method. An inner
tubular wall with inner radius r1 and dielectric constant
g, and outer radius r2 covered with a outside wall with
inner radius r2, dielectric constant ¢, and outer radius
r3 results in radial electrical field variation as a function
of the radius r according to the following equations.

Eiw=V13/ (Siw r K),

and

Eow=V13/(80w T K),

wherein V3 is the electrical potential difference across
the (total of the inner and outer) tubular wall, E;, is the
maximum electric field in the inner layer, E_, is the max-
imum electric field in the outer layer and K=1/g;, In (r2/r1)
+1/eq,, I (r3/r2).

[0051] Fig. 2 shows a graph in which the highest elec-
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tric field value occurring in a tubular wall comprising the
inner wall and the outer wall is demonstrated.

[0052] In this example the inner wall 24 is alumina and
the outer wall 26 is polyethylene, having dielectric con-
stants of approximately 8 and 2, respectively. The die-
lectric strength values of optically transparent alumina
and polyethylene are approximately 50 kV/mm and 160
kV/mm, respectively.

[0053] Itis noted here that if a tubular wall is taken of
only alumina (no outer wall of polyethylene) it is not pos-
sible to obtain the tubular wall with the small inner diam-
eter of e.g. 0.5 mm and the small outer diameter of e.qg.
2 mm, as this will result in the dielectric strength of alu-
mina being exceeded if 50 kV is applied across the wall.
This impedes miniaturisation of the source 1.

[0054] Fig. 2 shows a graph in which the highest elec-
tric field value occurring in a tubular wall with an inner
radius of 0.25 mm and an outer radius of 1 mm, i.e. a
wall thickness of 0.75 mm, when 50 kV is applied across
thewall. InFig. 2 the highest electrical field value is shown
in the inner tubular wall 24 of alumina with an inner radius
of 0.25 and an outer radius of r2 (lower curve in Fig. 2).
Fig. 2 further shows the highest electrical field value in
the outer tubular wall 26 of polyethylene with an inner
radius of r2 and an outer radius of 1 mm (upper curve in
Fig. 2). Both the highest electrical field values in the inner
and outer wall are shown as a function of r2. Hence, the
outer radius r2 of the inner wall ranges from 0.25 mm
(only polyethylene) to 1 mm (only alumina) and the inner
radius of the outer wall ranges from 0.25 mm (only pol-
yethylene) to 1 mm (only alumina).

[0055] Itcanbe seenfrom Fig. 2 thatif, in this example,
the outer radius of the inner wall of alumina approaches
1 mm, i.e. a wall thickness of the alumina inner wall of
approximately 0.75 mm, the highest electric field in the
inner wall exceeds the dielectric strength of alumina, so
that electrical breakthrough in the inner wall might occur.
It can be seen from Fig. 2 that if, in this example, the
inner radius of the outer wall of polyethylene is less than
approximately 0.3 mm or exceeds approximately 0.7 mm
(crosshatched in Fig. 2), i.e. a wall thickness of the outer
wall of polyethylene of more than approximately 0.65 mm
or less than approximately 0.3 mm, the highest electric
field in the outer wall exceeds the dielectric strength of
polyethylene, so that electrical breakthrough in the outer
wall might occur.

[0056] Thus, Fig. 2 suggests that for the tubular wall
with the inner wall of alumina and the outer wall of poly-
ethylene, wherein the total wall has an inner radius of
0.25 mm and an outer radius of 1 mm, the thickness of
the outer wall is preferably between approximately 0.3
and 0.7 mm, more preferably approximately 0.5 mm
(near the minimum of the upper curve of Fig. 2). Accord-
ingly, the thickness of the inner wall is preferably between
approximately 0.05 and 0.45 mm, more preferably ap-
proximately 0.25 mm.

[0057] It will be clear from Fig. 2 that applying a thin
coating of polyethylene (e.g. < 100 wm), in this example
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would have the result that the dielectric strength of pol-
yethylene would be exceeded by the highest electric field
in the polyethylene, by far so that a high risk of electrical
breakthrough in the polyethylene coating would arise.
[0058] Hence, itis possible to provide a wall 24,26 of
the vacuum tube comprising the inner 24 and the outer
wall 26, such that the total wall thickness is minimized,
while breakthrough across the wall is substantially pre-
vented. Thus, further miniaturisation of the miniature X-
ray source may be achieved.

[0059] Fig. 1b shows a schematic sectional view of a
variation of the embodiment according to Fig. 1a.
[0060] In Fig. 1b the source 1 is further provided with
a tubular electrical conductor 27. In this example the tu-
bular conductor 27 is placed between the inner and outer
wall 24,26. It will be appreciated that the tubular conduc-
tor 27 may also be arranged on the inside of the inner
wall 24 or on the outside of the outer wall. In Fig. 1b the
tubular conductor 27 is electrically connected to the cath-
ode 4. It will be appreciated that the tubular conductor
27 may also be maintained at an electric potential differ-
ent from that of the cathode 4.

[0061] The tubular conductor 27 shapes the electric
field around the cathode 4 such that the tubular conductor
27 acts as an electric lens. In this example the electric
lens is dimensioned such that substantially all electrons
emitted by the cathode 4 are aimed through the aperture
14 in the direction of the anode 2. Thus, substantially all
electrons emitted by the cathode 4 are prevented from
impacting the wall of the vacuum tube 8 in the region
between the diaphragm 12 and the cathode 4, i.e. in the
region of the vacuum tube 8 where, in use, the electric
field is present. Hence, these electrons will not form elec-
tron sources at the inner side of the inner wall 24, so that
the risk of electrical breakthrough is reduced. Further the
risk of electrically charging the inner wall 24 is reduced.
[0062] Thus, the electric lens forms electron focussing
means for directing, in use, the electrons emitted by the
cathode 4 in a direction towards the anode 2, such that
substantially all electrons emitted by the cathode 4 are
prevented from impacting the wall of the vacuum tube 8,
in this example in the region of the vacuum tube where,
in use, the electric field is present.

[0063] It will be appreciated that the electric lens thus
forms guiding means for guiding electrons and/or ions to
prevent the electrons and/or ions from impacting a wall
of the vacuum tube 8, e.g. in a region of the vacuum tube
where, in use, an electric field is present.

[0064] It will be appreciated that the electric lens may
be used to reduce the risk of electrical breakthrough in-
dependently of the directional barrier.

[0065] Fig. 3 shows a schematic sectional view of a
second embodiment of a miniature X-ray source 1 ac-
cording to the invention. In Fig. 3 the source 1 also com-
prises the anode 2, the cathode 4. and the vacuum tube
8 enclosing the inner space 10 in which a vacuum is
present. In Fig. 3 the anode 2,2’ and the diaphragm 12
also form the electrically conducting box 2,2’,12 with the
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aperture 14 as entrance for the accelerated electrons.
[0066] In the example of Fig. 3 the cathode 4 is pro-
vided with a bore 40 which is in communication with a
longitudinal bore 42 through which the inner space 10
can be evacuated. After evacuation a seal 44 may be
sealed, e.g. by melting, welding, etc.

[0067] Inthe example of Fig. 3 the inner space 10 also
comprises a getter material 46 for absorbing any free
particles in the inner space for reducing the vacuum pres-
sure inside the inner space 10. In this example, the getter
material 46 is positioned at the cathode 4.

[0068] In the example of Fig. 3 the anode 2 comprises
a window 28 coated with a high molecular mass electrical
conductive coating, such as e.g. a 1-20 wm thick layer
of tungsten, for generating X-ray radiation when impact-
ed by electrons. The window 28 may be substantially, or
at least partially, transparent to X-rays, e.g. alumina.
[0069] In the example of Fig. 3 the source 1 further
comprises an exit window 31 which is substantially, or at
least partially, transparent to X-ray radiation. In this ex-
ample the X-ray radiation exits the source 1 mainly
through the exit window. Thus substantially a directional
source of X-ray radiation is obtained. This may e.g. be
particularly useful in imaging or detection.

[0070] In the example of Fig. 3 the cathode 4 is of the
cold cathode type. In this example the cathode 4 com-
prises a section 32 comprising carbon nanotubes for
emitting electrons. The carbon nanotubes may be
aligned mono-wall nanotubes, aligned multi-wall nano-
tubes, randomised mono-wall nanotubes or randomised
multi-wall nanotubes.

[0071] It will be appreciated that the section 32 sub-
stantially acts as arandomly oriented source of electrons,
emitting electrons both towards the anode 2 and towards
the tubular housing 18.

[0072] InFig. 3 the cathode 4 is concave, in a direction
towards the anode 2. The cathode 4, thus, has a ring-
shaped projection 34 which shapes the electric field
around the cathode 4, more in particular around the elec-
tron source section 32, such that the projection 34 acts
as the electric lens. In this example the electric lens is
dimensioned such that substantially all electrons emitted
by the cathode 4 are aimed through the aperture 14 in
the direction of the anode 2. Thus, substantially all elec-
trons emitted by the cathode 4 are prevented from im-
pacting the wall of the vacuum tube 8 in the region be-
tween the diaphragm 12 and the cathode 4, i.e. in the
region of the vacuum tube 8 where, in use, the electric
field is present. Hence, these electrons will not form elec-
tron sources at the wall, so that the risk of electrical break-
through is reduced. Further the risk of electrically charg-
ing the inner wall 24 is reduced.

[0073] When placed in a electrical field, local materials
defects and roughness of materials initiate local high
electrical field strengths. These locations act as electron
source and often function as the origin of electrical break-
through. In particular, triple junctions of metal, insulator
and vacuum act as such and thus poses a risk for elec-
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trical breakthrough. In Fig. 3 tubular triple junctions are
indicated with reference T.

[0074] InFig. 3the miniature X-ray source 1 comprises
afirst electrically conducting, e.g. metal, shield 36 around
the tubular housing 18 adjacent the anode 2. Further, the
miniature X-ray source 1 comprises a second electrically
conducting, e.g. metal, shield 38 around the tubular hous-
ing 18 adjacent the cathode 2. The end of the first shield
36 towards the cathode 4 extends around the outside of
the tubular housing 18 as far as the end of the anode 2.
Thus, there is substantially no electrical field near the
triple junction T adjacent the anode. Thus, the risk of
electrical breakthrough is reduced. Similarly, the end of
the second shield 38 towards the anode 2 extends around
the outside of the tubular housing 18 as far as the end
of the cathode 4. Thus, there is substantially no electrical
field near the triple junction T adjacent the cathode. Thus,
the risk of electrical breakthrough is reduced.

[0075] In the example of Fig. 3 the second shield 38
may also be dimensioned such that the second shield 38
acts as an electric lens. In this example this electric lens
is dimensioned such that aids in aiming substantially all
electrons emitted by the cathode 4 through the aperture
14 in the direction of the anode 2.

[0076] Fig. 4 shows a schematic sectional view of a
second embodiment of a miniature X-ray source 1 ac-
cording to the invention. In Fig. 4 the source 1 also com-
prises the anode 2, the cathode 4 and the vacuum tube
8 enclosing the inner space 10 in which a vacuum is
present. In Fig. 4 the anode 2,2’ and the diaphragm 12
also form the electrically conducting box 2,2°,12 with the
aperture 14 as entrance for the accelerated electrons. In
Fig. 4 the anode 2 comprises the window 28 coated with
the high atomic mass electrical conductive coating, such
as e.g a 1-10 wm thick layer of tungsten.

[0077] InFig. 4 the miniature X-ray source 1 also com-
prises the first electrically conducting shield 36 around
the tubular housing 18 adjacent the anode 2 and the sec-
ond electrically conducting shield 38 around the tubular
housing 18 adjacent the cathode 2. In the example of
Fig. 4 the first and second shield 36, 38 are formed by a
metallic coating on the outer side of the vacuum tube 8.
The first shield 36 is electrically connected to the anode
2, e.g. via the tubular portion 2’. The second shield 38 is
electrically connected to the cathode 4.

[0078] Inthe example of Fig. 4 ahigh-resistivity coating
48 is applied on the outer side of the vacuum tube 8, in
electrical connection with the first and second shield
36,38 respectively. An electrical resistivity of the high-
resistivity coating is preferably in the rang 108 -1010
ohm/cm. It will be appreciated that the high-resistivity
coating 48 may also be applied on the inner side of the
vacuum tube 8, in electrical connection with the anode
and the cathode. Thus, the high-resistivity coating may
enforce a gradual linear voltage distribution along the
isolating tubular housing 18 as a result of a small electric
current (e.g. 0.1 to 100 p.A) that may flow through the
high-resistivity coating.
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[0079] In the example of Fig. 4 the anode 2 is main-
tained at earth electric potential and the cathode 4 is
maintained at a negative high voltage, e.g. -60 kV. Thus,
easy cabling of the source 1 is possible.

[0080] Fig. 5 shows a schematic sectional view of an
array of miniature X-ray sources 1 according to a fourth
embodiment of invention. Such array may e.g. be desir-
able when a small X-ray source is required with a large
surface area of substantially homogeneous X-ray radia-
tion. In Fig. 5 the sources 1 also comprises the anode 2,
the cathode 4 and the vacuum tube 8 enclosing the inner
space 10 in which a vacuum is present. In Fig. 4 the
anode 2,2’ and the diaphragm 12 also form the electrically
conducting box 2,2’,12 with the aperture 14 as entrance
for the accelerated electrons. In Fig. 4 the anode 2 com-
prises the window 28 coated with the high molecular
mass electrical conductive coating, such as e.g. a 1-10
pm thick layer of tungsten. In the example of Fig. 5 the
ring-shaped projection 34 which shapes the electric field
around the cathode 4, more in particular around the elec-
tron source section 32, such that the projection 34 acts
as an electric lens is not integral with the cathode 4, but
designed as a separate part. The ring-shaped part 34
may be maintained at an electronic potential that differs
from the electric potential of the cathode 4. The ring-
shaped part 34 may e.g. be electrically conducting con-
nected to a voltage supply line 35.

[0081] In Fig. 5 the beam of electrons emitted by the
cathode 4, transmitted through the aperture 14 and im-
pacted on the anode 2 is indicated with broken lines.
[0082] The invention is by no means limited to the
above exemplary embodiments.

[0083] Itis for instance possible to provide a miniature
X-ray source according to the invention for providing X-
ray radiation which is emitted intermittently, e.g. by se-
quentially switching a supply power to the cathode and/or
the anode on and off.

[0084] Inthe examples an electric lens is used for pre-
venting electrons emitted by the cathode from impacting
the wall of the vacuum tube in the region where, in use,
the electric field is present. It will be appreciated that al-
ternatively, or additionally, a magnetic lens may be used.
[0085] In the examples the cold cathode comprises
carbon nanotubes as electron source. Alternative "hot"
or "cold" electron sources can also be used, such as met-
al-insulator-metal stacks (MIM), piezo-electric crystals or
thermionic surfaces (e.g a tungsten filament).

[0086] In the examples of figures 3, 4,and 5, the exit
window is flat. It will be appreciated that the exit window
can also have other shapes such as conical or dome-
shaped.

[0087] In the examples the diaphragm and the anode
form a substantially cylindrical box. It will be appreciated
that also other shapes are possible. The box may e.g.
be conical, frustoconical, dome-shaped, block-shaped,
pyramidal, etc.

[0088] It is also possible that within the vacuum tube
an, e.g. grid shaped, electron absorbing element is dis-
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posed between the cathode and the directional barrier
for absorbing any electrons being reflected from the bar-
rier towards the cathode. The grid-shaped absorbing el-
ement may e.g. be maintained at an electrical potential
which is slightly higher than that of the anode.

[0089] All such variations are considered to fall within
the scope of the invention.

Claims
1. Miniature X-ray source comprising:

a vacuum tube containing a cathode and an an-
ode spaced apart from each other; and

guiding means for guiding electrons and/or ions
to prevent the electrons and/or ions from impact-
ing at least a part of a wall of the vacuum tube.

2. Miniature X-ray source according to claim 1, wherein
the guiding means are arranged for guiding the elec-
trons and/or ions to prevent the electrons and/or ions
from impacting at the wall of the vacuum tube in a
region of the vacuum tube where, in use, an electric
field is present.

3. Miniature X-ray source according to claim 1 or 2,
wherein the guiding means comprise
adirectional barrier interposed between the cathode
and the anode wherein the barrier is arranged to
transmit, in use, electrons emitted by the cathode
towards the anode, and wherein the barrier is ar-
ranged to, in use, substantially prevent electrons
and/or ions to pass the barrier in the direction of the
anode towards the cathode.

4. Miniature X-ray source according to claim 3, wherein
the directional barrier is an electrically conducting
diaphragm comprising an aperture, wherein the di-
aphragm is arranged to be maintained at the same
electric potential as the anode.

5. Miniature X-ray source according to claim 4, wherein
the anode and the diaphragm together form the elec-
trically conducting walls of a chamber which is pref-
erably closed except for the aperture.

6. Miniature X-ray source according to any one of
claims 1-5, wherein the guiding means comprise
electron focussing means for directing, in use, the
electrons emitted by the cathode in a direction to-
wards the anode, such that substantially all electrons
emitted by the cathode are prevented from impacting
at least the part of the wall of the vacuum tube.

7. Miniature X-ray source according to claim 3 and 6,
wherein the electron focussing means are arranged
fordirecting, in use, the electrons emitted by the cath-
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ode in adirection such that substantially all electrons
emitted by the cathode are transmitted by the direc-
tional barrier.

Miniature X-ray source according to claim 4 and 7,
wherein the electron focussing means are arranged
for directing substantially all electrons emitted by the
cathode through the aperture in the direction of the
anode.

Miniature X-ray source according to any one of
claims 6-8, wherein the electron focussing means
comprise an electric and/or magnetic lens.

Miniature X-ray source according to claim 9, wherein
the cathode is concave, in a direction towards the
anode, wherein the concave shape acts as the elec-
tric lens for directing, in use, the electrons emitted
by the cathode in a direction such that substantially
all electrons emitted by the cathode are transmitted
by the directional barrier.

Miniature X-ray source according to any one of the
preceding claims, wherein within the vacuum tube a
grid shaped electron absorbing element is disposed
between the cathode and the directional barrier for
absorbing any electrons being reflected from the bar-
rier towards the cathode.

Miniature X-ray source according to any one of the
preceding claims, wherein the cathode is of a cold
cathode type comprising carbon nanotubes for emit-
ting electrons.

Miniature X-ray source according to claim 12, where-
in the carbon nanotubes are aligned mono-wall na-
notubes, aligned multi-wall nanotubes, randomised
mono-wall nanotubes or randomised multi-wall na-
notubes.

Miniature X-ray source according to any one of the
preceding claims, wherein the vacuum tube is at
least partly made of an electrically isolating material.

Miniature X-ray source according to claim 14, where-
in the vacuum tube comprises an inner wall, of a first
material and an outer wall of a second material.

Miniature X-ray source according to claim 15, where-
in a dielectric constant of the first material is higher
than a dielectric constant of the second material, and
wherein a dielectric strength of the second material
is higher than a dielectric strength of the first material.

Miniature X-ray source according to claim 16, where-
in the first material is a ceramic material, such as
aluminium oxide, and the second material is a poly-
mer material, such as polyethylene.
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Miniature X-ray source according to claim 16 or 17,
wherein the thickness of the inner wall and the outer
wall is such that, in use, the electric field strength
inside the inner wall is smaller than the electric field
strength in the outer wall.

Miniature x-ray source according to any one of the
preceding claims, wherein the vacuum tube compris-
es a substantially tubular housing of an electrically
isolating material having an electrically conducting
first cap or first plug associated with the anode at a
first end of the tubular housing and an electrically
conducting second cap or second plug associated
with the cathode at the other, second end of the tu-
bular housing.

Miniature X-ray source according to any one of the
preceding claims, wherein the vacuum tube ata triple
junctions of an electrical conductor, electrical insu-
lator and vacuum is provided with an electrically con-
ducting layer at the outside surface of the electrically
isolating tubular housing.

Miniature X-ray source according to any one of the
preceding claims, wherein the inner side and/or outer
side of the vacuum tube is provided with a high elec-
trical resistivity coating, which is electrically conduct-
ing connected to the anode and the cathode.

Miniature X-ray source according to any one of the
preceding claims, wherein the anode is provided with
a flat X-ray emitting surface.

Miniature X-ray source according to anyone of the
preceding claims, wherein the anode comprises a
first layer and a second layer, wherein the first layer
is made of a first material, which first material is at
least partly transparent to X-ray radiation, such as
alumina, and wherein the second layer comprises a
second material, e.g. tungsten, which second mate-
rial generates X-ray radiation in response to elec-
trons impacting on the second material.

Miniature X-ray source according to claim 12, where-
in the cathode is deposited on the getter material.

Miniature X-ray source according to any one of the
preceding claims, further comprising an exit window
which is at least partially transparent for X-ray radi-
ation, wherein the anode is displaceably accommo-
dated within said X-ray source with respect to the
exit window.

Miniature X-ray source according to any one of the
preceding claims, wherein the X-ray source has a
cylindrical shape with a diameter of 1-2.5 mm and a
length of 2-3 cm.
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27. Miniature X-ray source according to any one of the
preceding claims, wherein the source device com-
prises cooling means for cooling at least said anode.
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The Search Division considers that the present European patent application does not comply with the
requirements of unity of invention and relates to several inventions or groups of inventions, namely:

1. claims: 1-11

features of claim 1;
electrons / ions are prevented from impacting the wall in a
region where an electric field is present (in use)

2. claims: 1,12,13,24

features of claim 1;
cold cathode comprising carbon nanotubes

3. claims: 1,14-19

features of claim 1;
vacuum tube at least partially made of electr1ca11y
isolating material

4. claims: 1,20

features of claim 1;
outside surface of triple Junct1ons prov1ded with conducting
layer

5. claims: 1,21

_ features of claim 1;
inside and / or outside of vacuum tube provided with high
resistivity coating connected to anode and cathode

6. claims: 1,22

features of claim 1; .
anode has flat X-ray emitting surface

7. claims: 1,23

features of claim 1;
dual layer anode

8. claims: 1,25

features of claim 1;
anode displaceably located with respect to exit window
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The Search Division considers that the present European patent application does not comply with the
requirements of unity of invention and relates to several inventions or groups of inventions, namely:

9. claims: 1,26

features of claim 1;
cylindrical X-ray source with diameter of 1 < 2.5 mm and
length of 2 - 3 cm

10. claims: 1,27

features of claim 1;
cooling means at least for anode
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