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(54) FLUID-COOLED X-RAY TUBES

(57) In fluid-cooled X-ray tubes, exceeding certain
temperatures may result in unwanted surface buildup of
carbon following cracking of the coolant fluid, leading to
delamination of the carbon and pollution of the fluid with
carbon flakes. The invention provides a fluid-cooled
X-ray tube, a fluid-facing surface of the X-ray tube having
a hotspot formation portion (308) at which a hotspot is
known to arise in use as a consequence of operation of
the X-ray tube, the X-ray tube comprising a barrier struc-
ture (302) configured in use to encapsulate a sacrificial
reservoir (304) of coolant fluid to form a shield thermally
insulating a surrounding body (306) of the coolant fluid
from the hotspot formation portion. Advantageously,
cracking of the fluid thus occurs solely or mainly within
the sacrificial reservoir to provide partial or complete con-
tainment of pollutants, while the sacrificial reservoir in-
sulates the surrounding body of fluid from the hotspot.
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Description

FIELD OF THE INVENTION

[0001] The invention relates to the field of X-ray tubes,
and more specifically to fluid-cooled X-ray tubes.

BACKGROUND OF THE INVENTION

[0002] For reliable operation of X-ray sources, the tem-
perature of interfaces between hot solids and cooling oil
preferably should not exceed a characteristic maximum.
This maximum temperature is defined by the time the
temperature exists, the chemical composition and tex-
ture of the solid, and the hydrodynamic speed and com-
position of the oil. For example, a typical characteristic
maximum of a copper interface with high voltage insulat-
ing oil in an X-ray tube assembly may be of the order of
180°C. Exceeding this maximum may result in cracking
of the oil on the surface of the solid, along with unwanted
surface buildup of carbon and other substances con-
tained in the oil. Exceeding the maximum allowed tem-
perature by far may result in boiling of the oil, delamina-
tion of the carbon layer and pollution of the oil with carbon
flakes. This in turn may deteriorate the high voltage in-
sulating capabilities. One way to improve on this issue
is to enhance the oil speed by way of a pump. But this is
an expensive solution, which may not be practical in
many cases. Further solutions may entail applying con-
ductive coatings to the fluid-facing surface of the X-ray
tube to prevent hotspot formation.

SUMMARY OF THE INVENTION

[0003] In a first aspect, there is provided a fluid-cooled
X-ray tube. A fluid-facing surface of the X-ray tube in-
cludes a hotspot formation portion at which a hotspot is
known to arise in use as a consequence of operation of
the X-ray tube. The X-ray tube comprises a barrier struc-
ture configured in use to encapsulate a sacrificial reser-
voir of coolant fluid to form a shield thermally insulating
a surrounding body of the coolant fluid from the hotspot
formation portion.
[0004] Advantageously, cracking of the coolant fluid
thus occurs solely or mainly within the sacrificial reser-
voir, with the cracked fluid being segregated from the
surrounding body of fluid by the barrier structure, so as
to provide partial or complete containment of pollutants
resulting from cracking, delamination, and blow-out,
thereby mitigating or avoiding corruption of the surround-
ing body of coolant fluid. The claimed X-ray tube thus
counterintuitively accepts oil cracking at hotspots but
separates the cracked oil from the open oil. Moreover,
the surrounding body of coolant fluid is thermally insulat-
ed from the hotspot by the sacrificial reservoir so as to
avoid or mitigate cracking of the coolant fluid in the sur-
rounding body. The claimed X-ray tube thus counterin-
tuitively retains heat at the hotspot rather than using ther-

mally conductive elements in an attempt to prevent
hotspot formation. In the claimed X-ray tube, tube life
may be extended while enhancing power rating, and arc-
ing through, and destruction of, the coolant fluid may be
reduced or avoided.
[0005] The barrier structure may enclose one or more
heat-retention elements to be immersed in use in the
sacrificial reservoir of coolant fluid. The one or more heat-
retention elements may comprise a solid thermally insu-
lating material in granular form. The one or more heat-
retention elements may comprise a plurality of hollow
particles. The hollow particles may comprise hollow glass
spheres. The hollow glass spheres may be gas-filled.
The hollow glass spheres may be formed of an inorganic
material. The heat retention elements may also be re-
ferred to as a filler material. Solid foam-like material may
also serve as a heat retention element, such as metal
foam, magma foam, and other kinds of inorganic foam.
Other suitable forms of filler material or heat retention
elements will be apparent to the skilled person. These
features serve further to enhance the thermal insulation
of the surrounding body of coolant fluid from the hotspot.
[0006] The barrier structure may comprise an ingress
port or permeable structure configured to admit ingress
of coolant fluid to form the sacrificial reservoir during a
vacuum impregnation procedure and to inhibit egress of
carbon flakes from the sacrificial reservoir during use.
These features may facilitate formation and containment
of the sacrificial reservoir and the containment of pollut-
ants. The ingress port may comprise for example an inlet
valve or inlet aperture, i.e. a small hole, while the perme-
able structure may comprise for example an oil-perme-
able structure such as a fine net structure, with these
elements admitting fluid to the reservoir during the vac-
uum impregnation procedure, while nonetheless holding
the filler material inside, and inhibiting or preventing
egress of carbon flakes from the sacrificial reservoir. The
skilled person will be able to determine suitable shapes
and dimensions for the apertures of the ingress port or
permeable structure for adequate containment of carbon
flakes, with the permeable structure functioning in this
case as a filter. It will be appreciated that the ingress of
coolant fluid into the sacrificial reservoir will be facilitated
by a pressure differential created during the vacuum im-
pregnation procedure while there may be no such factor
facilitating egress of the coolant fluid. Any filler material
or heat retention elements present in the sacrificial res-
ervoir will also serve to inhibit egress of the coolant fluid.
In such ways, the ingress port or permeable structure is
able to admit ingress of fluid while inhibiting its egress,
to facilitate formation and containment of the sacrificial
reservoir.
[0007] By "sacrificial reservoir" is meant a portion, pool
or amount of the coolant fluid surrounding the hotspot
which can be expended, ceded, forfeit, or surrendered,
in the sense that cracking of the coolant fluid on the fluid-
facing surface of the X-ray tube, growth of a layer of car-
bon, delamination of that carbon layer, and pollution of
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the expendable portion of fluid by the resulting carbon
flakes is accepted inside the sacrificial reservoir but con-
tained therein so as to hinder or avoid contamination of
the remainder of the coolant fluid. The carbon layer may
be referred to herein as an "oil cake".
[0008] By "shield" is meant a guard, cover, screen,
jacket, or protector safeguarding the surrounding body
of coolant fluid from the hotspot. It will be apparent that
the sacrificial reservoir serves not only as an expendable
portion of fluid in which contamination is accepted and
contained but also as a thermally insulating layer dis-
posed between the hotspot and the surrounding fluid.
The function of the shield is thus twofold.
[0009] The coolant fluid may comprise any suitable flu-
id such as a coolant oil, (high voltage) insulating oil, trans-
former oil. The surrounding body of the coolant fluid may
refer the circulating portion of the coolant fluid flowing
past and along the protective component.
[0010] The barrier structure may comprise any wall or
wall structure, enclosure, partition, or segregation con-
figured to prevent or at least inhibit mixing of the fluid in
the sacrificial reservoir with that in the surrounding body.
The barrier structure may comprise for example a frame
or lid and may be formed entirely or partially of the per-
meable structure described above. The barrier structure
may be formed at least partially of metal.
[0011] The term "hotspot" will be familiar to the person
skilled in the art. For example, in an X-ray tube, hotspots
are known to occur in an X-ray window for example as a
result of insufficient heat transfer. The predetermined
hotspot formation portion may therefore comprise all or
a portion of the X-ray window. The location, dimensions,
shape, periphery of the hotspot formation portion may be
determined empirically. The size and shape of the shield
may be determined based on the preference or require-
ment that the temperature of the heated surface, which
is exposed to the coolant fluid, shall nowhere exceed the
permitted temperature that the interface may reach with-
out the coolant fluid being irreversibly altered, chemically
cracked or otherwise modified in an undesired manner.
If any portion of the shielded surface or its vicinity be-
comes too hot, notwithstanding the shielding, the shield
may be extended or redesigned additionally to cover this
portion. This measure may further reduce the total heat
transfer but assists in preventing the coolant fluid from
being damaged and for example the surface from being
coated with residuals in an undesired manner.
[0012] Stated another way, according to the present
disclosure, hotspots in an X-ray tube assembly are
shielded against surrounding fluid by an encapsulated
thermally insulating layer in the arrangements described
herein. The disclosed arrangements accept oil cracking
at hotspots but prevent the resulting ’cake’ (of cracked
oil and e.g. filler of hollow glass balls) from being released
into the open oil.
[0013] In a second aspect, there is provided an X-ray
tube assembly comprising a housing in which the fluid-
cooled X-ray tube of any preceding claim is disposed.

The X-ray tube assembly may further comprise the cool-
ant fluid contained in (e.g. a fluid chamber of) the housing.
[0014] In a third aspect, there is provided a method of
preparing the X-ray tube assembly of the second aspect
for operation. The method comprises filling (e.g. a fluid
chamber of) the housing with the coolant fluid during a
vacuum impregnation procedure, and during the vacuum
impregnation procedure, encapsulating by the barrier
structure the sacrificial reservoir of coolant fluid to form
the shield thermally insulating the surrounding body of
the coolant fluid from the hotspot formation portion. The
method may further comprise, during the vacuum im-
pregnation procedure, immersing the one or more heat-
retention elements in the sacrificial reservoir of coolant
fluid. The method may further comprise using an ingress
port or permeable structure in the barrier structure to ad-
mit ingress of coolant fluid to form the sacrificial reservoir
during the vacuum impregnation procedure and to inhibit
egress of carbon flakes from the sacrificial reservoir dur-
ing use.
[0015] In a fourth aspect, there is provided a method
of operating the X-ray tube assembly of the second as-
pect. The method comprises operating the X-ray tube
thereby causing the hotspot to arise at the hotspot for-
mation portion on the fluid-facing surface of the X-ray
tube; cooling the X-ray tube using the coolant fluid; and
using the barrier structure encapsulating the sacrificial
reservoir of coolant fluid to form the shield thermally in-
sulating the surrounding body of the coolant fluid from
the hotspot formation portion.
[0016] While the techniques disclosed herein concern
X-ray tubes, it will be appreciated that the techniques are
applicable to any fluid-cooled electrical equipment in
which hotspots arise. For example, in place of an X-ray
tube, the techniques may be applied to a fluid-cooled
transformer.
[0017] These and other aspects of the invention will be
apparent from and elucidated with reference to the fol-
lowing detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]

Fig 1 illustrates an oil-cooled X-ray tube assembly.
Fig. 2A illustrates unwanted surface buildup in the
form of an oil cake on an X-ray window of the X-ray
tube assembly of Fig. 1.
Fig. 2B illustrates carbon flakes contaminating the
coolant oil of the X-ray tube assembly of Fig. 1 fol-
lowing delamination of the oil cake of Fig. 2A.
Fig. 3 illustrates improvements in the X-ray tube as-
sembly of Fig. 1.
Fig. 4 is a flowchart illustrating a method of preparing
the X-ray tube assembly of Figure 1 including the
improvements of Fig. 3 for operation.
Fig. 5 is a flowchart illustrating a method of operating
the X-ray tube assembly of Fig. 1 including the im-
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provements of Fig. 3.

DETAILED DESCRIPTION

[0019] Fig. 1 illustrates an oil-cooled X-ray tube as-
sembly 100 comprising a housing 102 containing a cool-
ant oil 104. An X-ray tube 110 is immersed in the coolant
oil 104 and supported for imaging the patient. Opposite
to the X-ray tube 110 and supported with it on a gantry
rotor rotates a detector system (not shown) which con-
verts the attenuated X-rays into electrical signals. A com-
puter system (not shown) reconstructs thereby an image
of the patient’s anatomy. The X-ray tube 110 is configured
to generate a fan beam of X-rays 108 which exits the X-
ray tube 110 through an X-ray window 106. The X-ray
tube 110 has a tube envelope 112 housing a bearing
system 114 between an anode support shaft 122 and a
rotor body 116 with the rotor body 116 thereby positioned
for rotation relative to a stator 124 mounted to the housing
102. Affixed to the opposite end of the bearing system
114 is a rotatable anode disc 126 which generates the
X-rays 108 in response to a primary electron beam 130
emitted from the cathode 132. Electrons 134 backscat-
tered from the anode disc 126 strike the X-ray window
106. As is known in the art, a hotspot may therefore arise
at a hotspot formation portion on a fluid-facing surface
of the X-ray window 106. A further hotspot may arise at
a hotspot formation portion 118 on a fluid-facing surface
of the anode support shaft 122, where the anode support
shaft 122 is not protected by a plastics insulator 120, as
heat flows from the hot anode into the coolant fluid when
the target is subject to electron bombardment for X-ray
production and the anode dissipates the generated heat
into the coolant fluid. According to the present disclosure,
a heat shield may be located at the anode shaft to reduce
the heat flow through the anode shaft and enhance al-
ternative heat flow through competing channels. For pro-
tection, a metal shield 128 is provided on ground poten-
tial.
[0020] As shown in Fig. 2A, it is known in the art that
a layer 202 of cracked oil (colloquially referred to as an
"oil cake" 202) forms at a hotspot formation portion 206
where the backscattered electrons 134 hit the X-ray win-
dow 106 of the X-ray tube 110. As shown in Fig. 2B, this
results in carbon flakes 204 detaching from the delami-
nated oil cake 202 and polluting the coolant oil 104.
[0021] Fig. 3 illustrates improvements in the X-ray tube
assembly of Fig. 1. At a hotspot formation portion 308 in
the X-ray window 106 is provided a barrier structure 302
encapsulating a sacrificial reservoir 304 of coolant oil 204
to form a shield thermally insulating a surrounding body
306 of the coolant oil 104 from the hotspot formation por-
tion 308.
[0022] The barrier structure 302 optionally encloses
one or more heat-retention elements (not shown) to be
immersed in use in the sacrificial reservoir of coolant fluid.
In one non-limiting example, the one or more heat-reten-
tion elements comprise a solid thermally insulating ma-

terial in granular form. Additionally or alternatively, the
one or more heat-retention elements may comprise a
plurality of hollow particles such as hollow glass spheres,
which may be gas-filled, and which may be formed of an
inorganic material.
[0023] The barrier structure optionally comprises an
ingress port or permeable structure (not shown) config-
ured to admit ingress of coolant fluid to form the sacrificial
reservoir during a vacuum impregnation procedure and
to inhibit egress of carbon flakes from the sacrificial res-
ervoir during use.
[0024] The coolant oil 104 itself is thus utilized addi-
tionally as a dielectric insulation material. The hotspot is
typically located at or close to high voltage potentials.
The coolant oil 104 inside the thermal barrier provided
by the sacrificial reservoir 304 will first insulate and over
time become carbonized, thus becoming conductive with
correspondingly impaired ability for cooling or electrical
insulation. This portion of the coolant oil 104 is thus ’sac-
rificed’. However, once carbonized, the oil 104 stays to
a large extent inside the barrier structure 302, perhaps
under high electric potential, but its escape from the bar-
rier structure 304 is hindered at least partly because the
ingress port or permeable structure is too small for carbon
flakes. Inside the barrier structure 302, the carbon flakes
can do little to no harm to the surrounding body 306 of
oil 104. If a little oil 104 escapes the sacrificial reservoir
304, this does little to no harm, provided the carbon flakes
are mostly or completely retained.
[0025] The barrier structure 302 is depicted as having
a jagged surface to indicate that it is optionally sufficiently
flexible to compensate for thermomechanical motion,
caused for example by using materials of different ther-
mal coefficients of expansion and due to temperature
gradients.
[0026] Fig. 4 is a flowchart illustrating a method 400 of
preparing the X-ray tube assembly 100 for operation. The
method comprises, at step 402, filling the housing 102
with the coolant oil 104 during a vacuum impregnation
procedure, and, at step 404, during the vacuum impreg-
nation procedure, encapsulating by the barrier structure
302 the sacrificial reservoir 304 of coolant oil 104 to form
the shield thermally insulating the surrounding body 306
of the coolant oil 104 from the hotspot formation portion
308. The method optionally also comprises, during the
vacuum impregnation procedure, immersing the one or
more heat-retention elements in the sacrificial reservoir
304 of coolant oil 104. Additionally or alternatively, the
method may also comprise using an ingress port or per-
meable structure in the barrier structure 302 to admit in-
gress of coolant oil 104 to form the sacrificial reservoir
304 during the vacuum impregnation procedure and to
inhibit egress of carbon flakes from the sacrificial reser-
voir 304 during use.
[0027] During the vacuum impregnation procedure,
the coolant oil 104 enters the sacrificial reservoir 304 to
form the thermal insulation layer and in doing so displac-
es air between the heat retention elements, for example
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the particles of filler material. It will be appreciated that
it is not important how the filler material is immersed in
the coolant fluid, only that it is at least partially immersed
at the end of the impregnation procedure. Alternatively,
the filler material could be immersed in oil before assem-
bly but doing so during the vacuum impregnation proce-
dure is simpler. During the vacuum impregnation proce-
dure, the containment (i.e. the housing 102 or a fluid
chamber thereof) is evacuated and then filled under vac-
uum with the coolant oil 104. At this stage, the coolant
oil 104 has not yet entered any previously unoccupied
volume. Once the vacuum is released, voids remaining
inside the containment are compressed by a ratio of vac-
uum- to normal-pressure, so by a factor of ten or more.
Under the forces resulting from the pressure difference,
additional coolant oil 104 is urged from a supply reservoir
into the containment while the voids are compressed and
thus removed. Ultimately, all small cavities in the con-
tainment are completely filled with coolant oil 104.
[0028] Fig. 5 is a flowchart illustrating a method 500 of
operating the X-ray tube assembly 100. The method
comprises, at 502, operating the X-ray tube 100 thereby
causing the hotspot to arise at the hotspot formation por-
tion 308 on the fluid-facing surface of the X-ray tube 100.
At 504, the method comprises cooling the X-ray tube 100
using the coolant oil 104. At 506, the method comprises
using the barrier structure 302 encapsulating the sacrifi-
cial reservoir 304 of coolant oil 104 to form the shield
thermally insulating the surrounding body 306 of the cool-
ant oil 104 from the hotspot formation portion 308. The
order of the steps shown in Fig. 5 is not critical: the steps
may be performed in any order.
[0029] To summarize, in fluid-cooled X-ray tubes, ex-
ceeding certain temperatures may result in unwanted
surface buildup of carbon following cracking of the cool-
ant fluid, leading to delamination of the carbon and pol-
lution of the fluid with carbon flakes. There is provided
therefore a fluid-cooled X-ray tube, a fluid-facing surface
of the X-ray tube having a hotspot formation portion at
which a hotspot is known to arise in use as a conse-
quence of operation of the X-ray tube, the X-ray tube
comprising a barrier structure configured in use to en-
capsulate a sacrificial reservoir of coolant fluid to form a
shield thermally insulating a surrounding body of the cool-
ant fluid from the hotspot formation portion. Advanta-
geously, cracking of the fluid thus occurs solely or mainly
within the sacrificial reservoir to provide partial or com-
plete containment of pollutants, while the sacrificial res-
ervoir insulates the surrounding body of fluid from the
hotspot.
[0030] While the invention has been illustrated and de-
scribed in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
exemplary and not restrictive; the invention is not limited
to the disclosed embodiments.
[0031] Other variations to the disclosed embodiments
can be understood and effected by those skilled in the
art in practicing the claimed invention, from a study of

the drawings, the disclosure, and the appended claims.
In the claims, the word "comprising" does not exclude
other elements or steps, and the indefinite article "a" or
"an" does not exclude a plurality. The mere fact that cer-
tain measures are recited in mutually different dependent
claims does not indicate that a combination of these
measures cannot be used to advantage. Any reference
signs in the claims should not be construed as limiting
the scope.

LIST OF REFERENCE SIGNS:

[0032]

100 X-ray tube assembly
102 housing assembly
104 insulating oil
106 X-ray window
108 X-rays
110 X-ray tube
112 tube envelope
114 bearing system
116 rotor body
118 hotspot in anode shaft
120 plastics insulator
122 anode support shaft
124 stator
126 anode disc
128 metal shield
130 primary electron beam
132 cathode
134 backscattered electrons
202 oil cake
204 carbon flakes
302 barrier structure
304 sacrificial reservoir
306 surrounding body of coolant fluid
308 hotspot formation portion

Claims

1. A fluid-cooled X-ray tube (110), wherein a fluid-fac-
ing surface of the X-ray tube includes a hotspot for-
mation portion (308) at which a hotspot is known to
arise in use as a consequence of operation of the X-
ray tube, the X-ray tube comprising a barrier struc-
ture (302) configured in use to encapsulate a sacri-
ficial reservoir (304) of coolant fluid (104) to form a
shield thermally insulating a surrounding body (306)
of the coolant fluid from the hotspot formation por-
tion.

2. The X-ray tube of claim 1, wherein the barrier struc-
ture (302) encloses one or more heat-retention ele-
ments to be immersed in use in the sacrificial reser-
voir (304) of coolant fluid (104).
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3. The X-ray tube of claim 2, wherein the one or more
heat-retention elements comprise a solid thermally
insulating material in granular form.

4. The X-ray tube of claim 2 or 3, wherein the one or
more heat-retention elements comprise a plurality of
hollow particles.

5. The X-ray tube of claim 4, wherein the hollow parti-
cles comprise hollow glass spheres.

6. The X-ray tube of claim 5, wherein the hollow glass
spheres are gas-filled.

7. The X-ray tube of claim 5 or 6, wherein the hollow
glass spheres are formed of an inorganic material.

8. The X-ray tube of any preceding claim, wherein the
barrier structure (302) comprises an ingress port or
permeable structure configured to admit ingress of
coolant fluid (104) to form the sacrificial reservoir
(304) during a vacuum impregnation procedure and
to inhibit egress of carbon flakes from the sacrificial
reservoir during use.

9. An X-ray tube assembly (100) comprising a housing
(102) in which the fluid-cooled X-ray tube (110) of
any preceding claim is disposed.

10. The X-ray tube assembly of claim 9, further compris-
ing the coolant fluid (104) contained in the housing
(102).

11. A method of preparing the X-ray tube assembly (100)
of claim 9 or 10 for operation, the method comprising:

filling the housing (102) with the coolant fluid
(104) during a vacuum impregnation procedure,
and
during the vacuum impregnation procedure, en-
capsulating by the barrier structure (302) the
sacrificial reservoir (304) of coolant fluid to form
the shield thermally insulating the surrounding
body (306) of the coolant fluid from the hotspot
formation portion (308).

12. The method of claim 11, further comprising, during
the vacuum impregnation procedure, immersing the
one or more heat-retention elements in the sacrificial
reservoir (304) of coolant fluid (104).

13. The method of claim 11 or 12, further comprising
using an ingress port or permeable structure in the
barrier structure (302) to admit ingress of coolant
fluid (104) to form the sacrificial reservoir (304) dur-
ing the vacuum impregnation procedure and to in-
hibit egress of carbon flakes from the sacrificial res-
ervoir during use.

14. A method of operating the X-ray tube assembly (100)
of claim 9 or 10, the method comprising:

operating the X-ray tube (110) thereby causing
the hotspot to arise at the hotspot formation por-
tion (308) on the fluid-facing surface of the X-
ray tube;
cooling the X-ray tube using the coolant fluid
(104); and
using the barrier structure (302) encapsulating
the sacrificial reservoir (304) of coolant fluid to
form the shield thermally insulating the sur-
rounding body (306) of the coolant fluid from the
hotspot formation portion.
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