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Electron Beam Accelerator and Ceramic Stage with
Electrically-Conductive Layer or Coating Therefor 5 Field of the Invention
This invention relates to the field of electron beam accelerators, and more
particularly to devices, systems and methods for testing solder joints in
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printed CII‘CUI'[ boards to detect mﬁmﬁg defects such as hidden
solder-related problems. One yed in AXI is Agilent's 5DX
automated X-ray test 15 system, which is capable of detecting more than

97 percent of all solder relategh|ded¢ theBErfopPeNS, shorts, voids, and

insufficient or excess solder) and over 90 percent of all manufacturing

defectQndNRchCET 88 thaTRTBIBR IRSPRSAN HERRIBISHAST8Ad more

Inspection is typically employed in combination with other test solutions
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X ray testing is probably the best technology for efficiently and accurately

citBaResALBY gricbAay BREAIntsEAmiC column grid array (CCGA), chip
scale package (CSP) and other area array solder joints. The Agilent 5DX

AXI machine
Background

Automated X-ray Inspection (AXI) is an important technique utilized by
electronics manufacturers to “see” through obstructions on crowded printed
circuit boards to detect manufacturing defects such as hidden solder-related
problems. One machine employed in AXI is Agilent’s 5DX automated X-ray test
system, which is capable of detecting more than 97 percent of all solder related
defects (such as opens, shorts, voids, and insufficient or excess solder) and over
90 percent of all manufacturing defects on printed circuit board assemblies
(PCBAs). Automated X-ray Inspection is typically employed in combination with
other test solutions such as automated optical inspection (AOI) and in-circuit test
(ICT).

X-ray testing is probably the best technology for efficiently and accurately
inspecting ball grid array (BGA), ceramic column grid array (CCGA), chip scale
package (CSP) and other area array solder joints. The Agilent 5DX AXI machine
can zero-in on specific layers of a PCBA to inspect surface features with a high
degree of accuracy, and is capable of seeing through obstructions such as BGA

packages, RF shields and component packages to inspect hidden solder joints
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can zero-in on specific layers of a PCBA to inspect surface features with a
high 25 degree of accuracy, and is capable of seeing through obstructions
such as BGA packages, RF shields and component packages to inspect
hidden solder joints 1 on both sides of a PCBA. The Agilent 5DX AXI
machine also inspects traditional SMT and through -hole components
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and missing components, |nsuff|C|ent and excess solder and solder voids.
%&te@ita including component, pin number, defect type, and X-ray
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reported to an Agilent Repair Tool (ART) for repair.

The Agilent 5DX AXI machine includes a suite of tools that simplify most
day-to-day development tasks in X-ray test. CAD files are translated
automatically. Program thresholds are tuned by the system to increase call
accuracy. A program advisor checks tests and provides recommendations to
improve accuracy and fault coverage. Defect coverage reports inform the user
about coverage being obtained and indicate where coverage may be improved.

As illustrated in Fig. 1, one version of a prior art Agilent 5DX automated X-
ray inspection machine 100 comprises main cabinet 120, X-ray tube tower 130,
rear electronics cabinet 140, monitor/keyboard cart 150, computer monitor 160
and computer keyboard 170. Keyboard 170, monitor 160 and computer
workstation 180 (not shown in the Figures) serves as the user interface to X-ray

inspection machine 100. X-ray tube tower 130 contains and provides access to

X-ray tube 200 (not shown in Fig. 1).
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rear electronics cabinet 140, monitor/keyboard cart 150, computer monitor
160 20 and computer keyboard 170. Keyboard 170, monitor 160 and
computer workstation 180 (not shown in the Figures) serves as the user
interface to X-ray inspection machine 100. X-ray tube tower 130 contains
and provides access to X-ray tube 200 (not shown in Fig. 1). 2 Fig. 2
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deflect electrons projected through assembly 225 onto appropriate portions of
target 235.

As shown in greater detail in Fig. 3, electron beam accelerator 220
comprises a plurality of stages 250, 260, 270 and 280 that are stacked one atop
the other and interconnected by means of KOVAR collars 252, 254, 256 and 258
interposed between adjoining stages. Each of stages 250, 260, 270 and 280 is
designed and formed to permit a 30 keV to 60 keV voltage gradient to be
developed thereacross. Each of stages 250, 260, 270 and 280 comprises,
respectively, glass body 292, 294, 296 or 298. Each of glass bodies 292, 294,
296 and 298 has, respectively, central aperture 293, 295, 297 or 299 disposed
therethrough, each such central aperture defining inner surface 301, 303, 305 or
307.

Continuing to refer to Fig. 3, stainless steel electron beam guides 312, 314,

316 and 318 are positioned within central apertures 293, 295, 297 and 299.
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developed thereacross. Each of stages 250, 260, 270 and 280 comprises,
respectively, glass body 292, 294, 296 or 298. Each of glass bodies 292,
294, 296 and 298 has, respectively, central aperture 293, 295, 297 or 299
disposed 20 therethrough, each such central aperture defining inner
surface 301, 303, 305 or 307. Continuing to refer to Fig. 3, stainless steel
electron beam guides 312, 314, 316 and 318 are positioned within central
apertures 293, 295, 297 and 299. 3 Outer surfaces 302, 304, 306 and 308
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electron beam accelerator 220. The shapes, forms and compositions of such
collars and beam guides are necessary owing to the extreme thermal and
mechanical stresses to which electron beam accelerator 200 are subjected
during use. Such shapes, forms and compositions arise from the disparity in
physical properties between glass bodies 292, 294, 296 and 298, on the one
hand, and metal collars 252, 254, 256 and 258 and beam guides 312, 314, 316
and 318, on the other hand, as well as the requirements for mechanical strength
in the column formed by stacked bodies 292, 294, 296 and 298 of electron beam
accelerator 220.

It will now be seen that forming the complicated shapes and forms of, and
employing the expensive materials used to manufacture, glass bodies 292, 294,
296 and 298, metal collars 252, 254, 256 and 258 and stainless steel beam
guides 312, 314, 316 and 318 increase manufacturing costs of accelerator 220.
What is needed is a simpler means of attaching adjoining stages to one another,

in combination with lower-cost materials and structures for forming beam guides.



10

15

20

and 318, on the other hand, as well as the requirements for mechanical
strength in the column formed by stacked bodies 292, 294, 296 and 298
of electron beam accelerator 220. It will now be seen that forming the
complicated shapes and forms of, and 20 employing the expensive
materials used to manufacture, glass bodies 292, 294, 296 and 298,
metal collars 252, 254, 256 and 258 and stainless steel beam guides 312,
314, 316 and 318 increase manufacturing costs of accelerator 220. What
is needed is a simpler me§ns of attac E 3 0|n| stages to one another,
in combination with lower-eo X HFES IIQ% &'g |?es for forming beam
guides. 4 Su accordance with one as
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In one embodiment of the present invention, a stage for use in an electron
beam accelerator is provided, the stage comprising a ceramic-containing body,
the body having an inner portion and an outer portion, a central aperture being
disposed through the inner portion and defining an inner surface, the outer
portion having an outer surface, the inner surface having an electrically-
conductive layer or coating disposed thereon, the outer surface having an
electrically-resistive layer or coating disposed thereon.

In another embodiment of the present invention, a plurality of the above-
described stages are incorporated into an electron beam accelerator. In still
another embodiment of the present invention, the foregoing plurality of stages are
incorporated into an X-ray tube.

The present invention further includes within its scope various methods
making and using the foregoing stages, electron beam accelerators and X-ray

tubes, including for the purpose of imaging solder joints in printed circuit boards.
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15 portion having an outer surface, the inner surface having an

electrically- conductive layer or coating disposed thereon, the outer

surface having an electrically-resistive layer or coating disposed thereon.

In another embodiment of the present invention, a plurality of the above-
described stages are incorporated into an electron beam accelerator. In

still 20 another emb diment resent |nvent|on the foregoi
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imaging and may be employed generally to: (a) lay down conductive and
resistive coatings on ceramic-containing insulators; (b) control voltage gradients
with a high degree of precision; (c) act as corona guards; (d) permit accurate and
highly-controlled electron beam formation and focusing; (e) permit attachment of
adjoining stages by means of brazing or soldering; (f) control electrical break-
down; (g) control, reduce or eliminate electrostatic charge build-up; (h) increase
the mechanical robustness of stage and tube assemblies; (i) increase safety; (j)

reduce costs; and (k) increase or maximize device life.

Brief Descriptions of the Drawings
The foregoing and other aspects of the invention will become apparent
after having read the detailed description of a preferred embodiment of the

invention set forth below and after having referred to the following drawings, in
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with a high degree of precision; (c) act as corona guards; (d) permit
accurate and highly-controlled electron beam formation and focusing; (e)
permit attachment of adjoining stages by means of brazing or soldering;
(f) control electrical break 15 down; (g) control, reduce or eliminate
electrostatic charge build-up; (h) increase the mechanical robustness of
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Figs. 4a through 4d show different views of one embodiment of a single
stage of the present invention;

Fig. 5 shows a partial schematic cross-sectional view of the embodiment
of the present invention shown in Figs. 4a through 4d;

Fig. 6 shows a schematic cross-sectional view of one embodiment of the

electron beam accelerator of the present invention.

Detailed Descriptions of the Preferred Embodiments
As employed in the specification and claims hereof, the term “ceramic”
means a material or composition of matter comprising one of the many forms of
aluminum oxide, and especially Al,O3;. The term “layer or coating” includes
layers or coatings that are mechanically, chemically, electrically or
electrochemically attached to an inner surface of a ceramic body. The term
“sleeve includes within its scope a sleeve or lining that is mechanically,

chemically or electrochemically attached to an inner surface of a ceramic body.
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of the present invention shown in Figs. 4a through 4d; Fig. 6 shows a
schematic cross-sectional view of one embodiment of the electron beam
accelerator of the present invention. 15 Detailed Descriptions of the
Preferred Embodiments As employed in the specification and claims
hereof, the term "ceramic” means a material or composition of matter
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CR1A od)92 2" illustrated in Fig. 4a. Referrlng now to Fig 4a, there is
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embodiment of ceramic body 292 of stage 250 of the present invention. Ceramic
body 292 has central aperture 293 disposed therethrough, central aperture 293
defining inner surface 301. Ceramic body 292 comprises inner portion 321 and
outer portion 331. Central aperture 293 is disposed through inner portion 321.
Outer portion 331 comprises outer surface 333. Inner surface 301 has
electrically-conductive layer or coating 303 disposed thereon (see Fig. 5). Outer
surface 333 has electrically-resistive layer or coating 334 disposed thereon (see
Fig. 5).

In one embodiment of the present invention, and as shown in Figs. 4a, 4c,
4d, 5 and 6, ceramic body 292 further comprises intermediate portion 335 having
intermediate surface 337 disposed between inner surface 301 and outer surface
333. Intermediate surface 337 is preferably electrically insulative and

substantially electrically non-conductive. As shown in Figs. 4a, 4c, 4d, 5 and 6,

intermediate portion 335 preferably comprises a recess disposed between inner



10 body 292 has central aperture 293 disposed therethrough, central
aperture 293 defining inner surface 301. Ceramic body 292 comprises
inner portion 321 and outer portion 331 Central aperture 293 is disposed
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10 including, but not limited to, at least one of alumina, aluminosilicate, aluminum
nitride, beryllium oxide, boron carbide, borosilicate glass, glass, graphite, hafnium
carbide, lead glass, machinable glass ceramic, magnesium, magnesium powder,
partially stabilized zirconia, mullite, nitride-bonded silicon carbide, quartz glass,
reaction-bonded silicon carbide ceramic, silicon bonded nitrite, sapphire, silicon

15 aluminum oxynitride, silicon, silicon nitride, silicon carbide, sintered silicon
carbide, titanium carbide, tungsten carbide, vanadium carbide, tungsten carbide,
yttrium oxide, zirconia, zirconium, zirconium carbide, zirconium-toughened
alumina, and combinations, mixtures and/or alloys of all the foregoing.

In preferred embodiments of the present invention,
20 electrically-conductive layer or coating 303 is formed any suitable electrically-

conductive material including, but not limited to, at least one of aluminum,

antimony, barium, beryllium, bismuth, cadmium, calcium, cesium, chromium,
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In preferred embodiments of the present invention, ceramic bodies 292,
294, 296 and 298 are formed of any suitable ceramic-containing material
10 including, but not limited to, at least one of alumina, aluminosilicate,
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a aerla?% Irl ing, but not limited to at least one of alumlnum antimony,
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cobalt, copper um germani |r’|

re'é"‘.E%R/%” o] '%?nczmar}% Cof d@‘iﬁ%‘% S %‘roc%aa‘?.%”‘ér%aﬂ'%ed 9B o rmed
smium, pafladidm um, platonium, pra m, rtheniim,
ni m, ilicon, |Iv ant Ium
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stive
sten, uranium, van um pla
[

|irﬁ|‘€5'2f°{8%8rrhspr‘[28(%{r%a§{18(1 8#8Vn% num, antimony, barium, beryllium,

bismuth, cadmium, calcium, cesium, chromium, cobalt, copper, erbium,
germanium, gold, hafnium, indium, iridium, iron, lanthanum, lead, manganese,
magnesium, molybdenum, nickel, niobium, osmium, palladium, platinum,
plutonium, praseodymium, rhenium, rhodium, samarium, selenium, silicon, silver,
lanthanum, tantalum, technetium, thulium, titanium, tungsten, uranium, vanadium,
plastic, resistive mixtures for resistors, and combinations, mixtures and/or alloys
of all the foregoing.

At least portions of electrically-conductive layer or coating 303 may be
formed by at least one of brazing, cathodic arc deposition, chemical vapor
deposition, cladding, electric arc spraying, electroless plating, electron-beam
vapor deposition, electrolytic deposition, electroplating, ion plating, ion

implantation, laser surface alloying, laser cladding, physical vapor deposition,

10
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all the foregoing. Also in preferred embodiments of the present invention,
electrically- resistive or electrically non-conductive layers or coatings 334
and 341 are formed any suitable electrically-resistive or non-conductive
material including, but not 10 limited to, comprise at least one of
aluminum, antimony, barium, beryllium, bismuth, cadmium, calcium,
cesium, chromium, cobalt, copper, erbium, germapium, gold,.hafnjum
PRI PSRRI Tl RS M e 57 sB Lt dsRosiin. thefnal spray
molybdenum, nickel, nigbium, osmium, palladium, platinum, plutonium,
oI SRR eRAHOR, YareldrRostimiand Shsmnglitss pacor
mlgé{wtpanupdlt%wta}lurm tc?chnetium, thulium, titanium, tungsten, uranium,
v Haeoﬁtﬂn, & 8, ?Qggﬂ/e mixtures for resistors, and combinations,
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deposition electr%&t(ijc deposition electr%olatin ionﬁllgtina% i%n

VARSI E O AP RSk S il g FU R R Ry srep\Aing electron-

deposition, . 10 plasma deposition, plasma sprayi ttering, sputter .
o S PR R B el MR OB g R s S or

infPTRORHGR: AL FRMRIRRYANS ARl aiigR g’ AlRR I RIP Seposition,
plasma deposition, plasma spraying, sputtering, sputter deposition, thermal spray
coating, vacuum coating deposition, vapor deposition, and combinations and/or
mixtures of all the foregoing.

Each of ceramic bodies 292, 294, 296 and 298 and stages 250, 260, 270
and 289 is preferably configured to withstand a voltage gradient thereacross
selected from the group consisting of ranging between about 1 keV and about
200 keV, ranging between about 2 keV and about 150 keV, ranging between
about 4 keV and about 100 keV, ranging between about 10 keV and about 50
keV, and ranging between about 15 keV and about 45 keV, or about 10 keV,
about 20 keV, about 30 keV, about 40 keV, about 50 keV, about 60 keV, about
70 keV, about 80 keV, about 90 keV or about 100 keV. Such stages may further
be particularly configured for use in an X-ray tube for imaging solder joints in a

printed circuit board.

11
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5 At least portions of electrically-resistive layers or coatings 334 and 341
may be formed by at least one of brazing, cathodic arc deposition,
chemical vapor deposition, cladding, electric arc spraying, electroless
plating, electron- beam vapor deposition, electrolytic deposition,
electroplating, ion plating, ion implantation, laser surface aIoning laser
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pHO 2620 20 ‘i‘%ﬁ? Are SIRgEd one aion ‘Fo"éhert?aﬁ.% HRINERELBide,
eir’respective upper a
tungsten, tungsten carbide, zinc and combinations, mixtures and alloys of all the
foregoing.

The various different embodiments of electron beam accelerator 220 of the
present invention are preferably incorporated into an X-ray tube further
comprising electron gun assembly 210, electron beam drift assembly 225 and
target 235. Itis to be noted, however, that the ceramic stages of the present
invention are not limited to X—ray applications.

The present invention includes within its scope various methods of making
electron beam accelerators comprising one or more stages 250, 260, 270 and/or
280. Such methods may comprise forming ceramic-containing body 292, 294,
296 and/or 298 and forming electrically-conductive layer or coating 303 on the
inner surfaces 301, 303, 305 and 309 of each body. Such methods further

preferably comprise forming electrically-resistive layer or coating 334 and/or 341

on outer surfaces 33 or intermediate surface 337 of such bodies; using at least

12
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ends by at least one of brazed connection and/or soldered connection
351, 353 5 and 355. Such brazed and/or soldered connections preferably
comprise, but are not limited to, at least one of aluminum,
aluminume-silicon, chromium, cobalt, at least one cobalt binder, copper, at
least one filler metal gold, indium, iridium, magnesium, molybdenum,

A e e
folfiia Fspfds%i&e%@@% B R R e
celerator 220 of the i|o sent i ventlona [Errlef rab% cor orated |gg%tm
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e

’[hlee Féélt?on beam accelerator into the electron beam drift assembly, and causing
the electrons to hit the target; and employing electrons emitted from the tube to
image or irradiate an object, such as, for example, imaging solder joints in a
printed circuit board.

As will now become apparent, while specific embodiments of ceramic
electron beam accelerators 220 are described and disclosed herein, many
variations and alternative embodiments of the present invention may be
constructed or implemented without departing from the spirit and scope of the
present invention.

For example, the physical dimensions and configurations shown in Figs.
4a through 5 are merely illustrative and are representative of but one possible
embodiment of the present invention. In addition to being circular in cross-
section, the stage of the present invention may be oval, elliptical, square,

rectangular or other shape. As a further example, the present invention includes

13
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one of the materials described hereinabove to form a ceramic-containing
body; forming electrically-conductive layer or coating 303 using at least
one of the materials described hereinabove; forming electrically-resistive
layer or coating 5 341 or 334 using further comprises using at least one of
the materials described hereinabove; attaching the lower end of a first

a eto an f the sec nd one of th least one, of

W R B s o i A e oS NG S NS S1AgaR SplSyed in

assembl ectln electron electron un assembl nto
S L L S PSR RV T DR LT T A festing X-
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from the tub@ z%n §r |rrad| an ob ect s ch as, for xam

rJom?
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ere ye
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oval, Iﬁwgéﬁaluﬁgﬁ%avmg read and appreciated the import of the specification,
drawings and claims hereof, one skilled in the art will understand that various
embodiments of the present invention find application outside the field of X-ray
imaging and may be employed generally to: (a) lay down conductive and
resistive coatings on ceramic-containing insulators; (b) control voltage gradients
with a high degree of precision; (c) act as corona guards; (d) permit accurate and
highly-controlled electron beam formation and focusing; (e) permit attachment of
adjoining stages by means of brazing or soldering; (f) control electrical break-
down; (g) control, reduce or eliminate electrostatic charge build-up; (h) increase
the mechanical robustness of stage and tube assemblies; (i) increase safety; (j)
reduce costs; and (k) increase or maximize device life.

It is to be understood, therefore, that the scope of the present invention is

not to be limited to the specific embodiments disclosed herein, but is to be

determined by looking to the appended claims and their equivalents.

14



rectangular or other shape. As a further example, the present invention
includes 13 within its scope electron beam accelerators having ceramic
stages employed in scanning electron microscopes (SEMs), lasers,
non-circuit imaging and testing X- ray accelerators, free electron lasers
(FELSs), scanning transmission electron 5 microscopes (STEMs) and low-

and high-enerqy linear accelerators,. The present invention further

O e a5 A e BTGB IEN B BB iRt A
central aperture 293 that functionally replace ¢pating or.layer 303. Suc

e R ERE A R a2 AREESSE BN WKL dsfarigidrom e
means, such as_ razing, soldering,.gluin d the.like. 10 Indeed, upon

ST A SaPa o g B Sea eI AL LD R Haet R e
claims hereof, one skilled in the art will understand that various
embodiments of the present invention find application outside the field of
X-ray imaging and may be employed generally to: (a) lay down
conductive and resistive coatings on ceramic-containing insulators; (b)
control voltage gradients 15 with a high degree of precision; (c) act as
corona guards; (d) permit accurate and highly-controlled electron beam
formation and focusing; (e) permit attachment of adjoining stages by
means of brazing or soldering; (f) control electrical break- down; (g)
control, reduce or eliminate electrostatic charge build-up; (h) increase the

mechanical robustness of stage and tube assemblies; (i) increase safety;
() 20 reduce costs; and (k) increase or maximize device life.
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It is to be understood, therefore, that the scope of the present invention is
not to be limited to the specific embodiments disclosed herein, but is to be
determined by looking to the appended claims and their equivalents. 14
CICons_equently, changes and modifications may be made to the particular
afibdiments of the present invention disclosed herein without departing
from the spirit and scope of the present invention as defined in the
appended claims. 5 15 Claims: 1. A stage for use in an electron beam

e I A A S B B

ceaaﬁ°i%$ﬁ£rf’nﬁa%§§'¥?%e%e % fafﬁﬁadEHi‘ﬁé%E&éE@é%i&%%%euter portion, a
rlcall U.C'[IV ero oatln sposed the eon t ters urfac
C%”f\%ﬁ%% fh %??/ a)PeH% Sl aRRTIOH r']”' g 5” iAner

e stage of claim 1, wherein the e further c rises an i tr
sBeE RS e.n?erpnojﬁo S g A T e T L Sl aec &V1AEan

|ate O
e@'%dg; 5 dpesnd e e sudace ad e oer surfage: 8 Thesipge

erein a ton et ermed a?e surfac h
haV ﬁ d‘? e fc):gm/nrg& lﬁ te”ﬁe%”é/r' Pe Ea Veg disposed thereon.
2. The stage of claim 1, wherein the stage further comprises an intermediate

portion, the intermediate portion comprising an intermediate surface disposed

between the inner surface and the outer surface.

3. The stage of claim 2, wherein at least one of the intermediate surface and

the intermediate portion is electrically insulative.

4. The stage of claim 2, wherein at least one of the intermediate surface and

the intermediate portion is substantially electrically nonconductive.

5. The stage of claim 2, wherein the intermediate portion comprises a recess

formed between the inner portion and the outer portion.
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4. The stage of claim 2, wherein at least one of the intermediate surface

and the intermediate portion is substantially electrically nonconductive. 20

5. The stage of claim 2, wherein the intermediate portion comprises a

recess formed between the inner portion and the outer portion. 16 6. The

stage of claim 1, wherein the outer surface is substantially circular in

cross-section. 5 7. The stage of claim 1, wherein the inner surface is

substantially circular in cross-section. 8. The stage of claim 1, wherein the

cera conta|n| body, comprises at 10 least pne of alum

6.t HAGE AT B DU SR Gor R BRI gl croular i

borosilicate glass, glass, graphite, hafnium carbide, lead glass,

H‘i%?cﬁ%i\ﬁe glass ceramic, magnesium, magnesium powder, partially

stabilized zirconia, mullite, nitride-bonded silicon carbide, quartz glass,

reaction-bonded silicon carbide ceramic, silicon bonded nitrite, sapphire,

SI|ICOI|1 aluminum 1 |tr| silicgn, silicon nlirlde silic n,cad ige, roular i

7 cintor TP MEGH BLTRY Tathas T L S GUADN pircutar in

Crgarblsde tungsten carbide, yttrium oxide, zirconia, zirconium, zirconium

&I c?e Pfeonium- toughened alumina and combinations, mixtures and

alloys of all the foregoing. 20 9. The stage of claim 1, wherein the
electrically-conductive layer or coating

8. The stage of claim 1, wherein the ceramic-containing body comprises at
least one of alumina, aluminosilicate, aluminum nitride, beryllium oxide, boron
carbide, borosilicate glass, glass, graphite, hafnium carbide, lead glass,
machinable glass ceramic, magnesium, magnesium powder, partially stabilized
zirconia, mullite, nitride-bonded silicon carbide, quartz glass, reaction-bonded
silicon carbide ceramic, silicon bonded nitrite, sapphire, silicon aluminum
oxynitride, silicon, silicon nitride, silicon carbide, sintered silicon carbide, titanium
carbide, tungsten carbide, vanadium carbide, tungsten carbide, yttrium oxide,
zirconia, zirconium, zirconium carbide, zirconium-toughened alumina and

combinations, mixtures and alloys of all the foregoing.

9. The stage of claim 1, wherein the electrically-conductive layer or coating
comprises at least one of aluminum, antimony, barium, beryllium, bismuth,
cadmium, calcium, cesium, chromium, cobalt, copper, erbium, germanium, gold,
hafnium, indium, iridium, iron, lanthanum, lead, manganese, magnesium,

molybdenum, nickel, niobium, osmium, palladium, platinum, plutonium,
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comprises at least one of aluminum, antimony, barium, beryllium, bismuth,
cadmium, calcium, cesium, chromium, cobalt, copper, erbium,
germanium, gold, hafnium, indium, iridium, iron, lanthanum, lead,
manganese, magnesium, molybdenum, nickel, niobium, osmium,
palladium, platinum, plutonium, 17 praseodymium, rhenium, rhodium,
samarium, selenium, S|I|%rcﬁd silver, tantalum %{EnetlungJ thuliu

PR A YA A I A R AR e R T FrPaRro?{E‘)é“ U
m|xt res a llo f all the foregoing. 5 10. The sta eofc
e ﬂwwﬁﬁm@ s‘t‘r{/’LgFgﬁquB g TG0 BNSSE e of
m anti n ber muth cadmium, calcium,
CBRR e G oo IR B0 GEHRE . ol hatmiurn,
indium, |r|d|um, iron, Ianthanum lead, manganese magnesium, 10
molybdenum, nickel, niobium, osmium, paIIadium platinum pIutonium

QSR T o SRR RN S i

anthan un

COvan Igl ﬁ)last ConSs §tlyemm|xtmu {or re&s%)ors anqdbcor |nat| 1S th
& ur% ain a oys 0 aﬁltlne r?gre ngl afWe Staa Pclalm Ih ’
pneire n at east po tlpns Ofﬁt I Oagl ltcogducpver%a %r ar ?r%atnr?grﬁlreold
c ormed’b ?PeasP ﬁeur&’ bra | t?lo QPPEr. € ge » 9old,

hafnium, |nd|um, iridium, iron, Ianthanum, lead, manganese, magnesium,
molybdenum, nickel, niobium, osmium, palladium, platinum, plutonium,
praseodymium, rhenium, rhodium, samarium, selenium, silicon, silver, lanthanum,
tantalum, technetium, thulium, titanium, tungsten, uranium, vanadium, plastic,
resistive mixtures for resistors and combinations, mixtures and alloys of all the

foregoing.

11.  The stage of claim 1, wherein at least portions of the electrically-
conductive layer or coating are formed by at least one of brazing, cathodic arc
deposition, chemical vapor deposition, cladding, electric arc spraying, electroless
plating, electron-beam vapor deposition, electrolytic deposition, electroplating, ion
plating, ion implantation, laser surface alloying, laser cladding, physical vapor
deposition, plasma deposition, plasma spraying, sputtering, sputter deposition,
thermal spray coating, vacuum coating deposition, vapor deposition, and

combinations or mixtures of all the foregoing.
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deposition, chemical vapor deposition, cladding, electric arc spraying,
electroless plating, electron-beam vapor deposition, electrolytic
deposition, electroplating, ion 20 plating, ion implantation, laser surface
alloying, laser cladding, physical vapor deposition, plasma deposition,
plasma spraying, sputtering, sputter deposition, thermal spray coating,
vacuum coating deposition, vapor deposition, and combinations or
mixtures of all the foregoing. 18 12. The stage of claim 1, wherein at least

1 QYA BhB AUl 25 LRETARAY 0 AL esive

R e B S S on

&ep§§(?$%%’5r'§§§r°§3rfé‘8§. AR ‘i?fﬁ‘%p“’#ut i s plating
o A RO HRRRL o 5 WA RP a1t RFRH SR G, PG

sta eof I |m where the age is confi tOWIt nd a o
of AR R e e AR R B AT, ik At deposiion.

PIgS SOt B0 MEY %?ﬁghé?() ketYéfb O A P! spray
dIAYRER SR IO LR KON AY ARSI SR RS RS,

mixtures of all the foregoing.

13.  The stage of claim 1, wherein the stage is configured to withstand a
voltage gradient thereacross selected from the group consisting of ranging
between about 1 keV and about 200 keV, ranging between about 2 keV and
about 150 keV, ranging between about 4 keV and about 100 keV, ranging
between about 10 keV and about 50 keV, and ranging between about 15 keV and

about 45 keV.

14.  The stage of claim 1, wherein the stage is configured to withstand a
voltage gradient thereacross selected from the group consisting of about 10 keV,
about 20 keV, about 30 keV, about 40 keV, about 50 keV, about 60 keV, about

70 keV, about 80 keV, about 90 keV and about 100 keV.
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14. The stage of claim 1, wherein the stage is configured to withstand a 20
voltage gradient thereacross selected from the group consisting of about
10 keV, about 20 keV, about 30 keV, about 40 keV, about 50 keV, about
60 keV, about 70 keV, about 80 keV, about 90 keV and about 100 keV.
19 15. The stage of claim 1, wherein the stage is configured for use in an
X-ray tube for imaging solder joints in a printed circuit board 5 16. At least
first and second stages for use in an electron beam accelerator, the first
cond sta es com rising first econd cerami tainin
1 ocic 0 FapEE o A O DL P SRRHEGH <P LA S BRraY
tu(bl ner fortrolns an outer Eortons I e ectrve first,and second central
JRUITGUIE F G dBNE S A BUY AR S cond inner portions
and defining first and second inner surfaces respectively, the first and
second outer portions having first and second outer surfaces,
1éespe&itrvel Ire frrst and se§ond inner r surfaces rr]ra ec?rc}clrﬁ% nr(rjr sec p Jator,
€lect aﬁ?c on L%Fve I%ﬁ/er Ating s&’%pos?edet ereon, ¢ sp gﬁ:\?e?
i Qs and seqendouier suraces RV island second 4B convain
ST -re Stiv 5 %?/ 2P0 cooasrrngs ISpose ere n, r sp ANt eefy it
oftfseanlowern y of the secon
ool Feshbo Y e R B e ﬁraf il %f R e I

age havin pper end,
c%:rleec ion an da sor er %Oél d gfﬁ% XPW%E' ﬁgtS%%% ﬁé?gpertures being

disposed through the first and second inner portions and defining first and second
inner surfaces, respectively, the first and second outer portions having first and
second outer surfaces, respectively, the first and second inner surfaces having
first and second electrically-conductive layers or coatings disposed thereon,
respectively, the first and second outer surfaces having first and second
electrically-resistive layers or coatings disposed thereon, respectively, the body of
the first stage having a lower end and the body of the second stage having an
upper end, the lower end of the first stage being attached to the upper end of the

second stage by at least one of a brazed connection and a soldered connection.

17.  The at least first and second stages of claim 16, wherein the brazed or
soldered connection comprises at least one of aluminum, aluminum-silicon,
chromium, cobalt, at least one cobalt binder, copper, at least one filler metal, gold,
indium, iridium, magnesium, molybdenum, nickel, niobium, niobium carbide, a

nonferrous metal, phosphorus, platinum, silver, tantalum, tantalum carbide,
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20 17. The at least first and second stages of claim 16, wherein the
brazed or soldered connection comprises at least one of aluminum,
aluminume-silicon, chromium, cobalt, at least one cobalt binder, copper, at
least one filler metal, gold, indium, iridium, magnesium, molybdenum,
nickel, niobium, niobium carbide a nonferrous metal, phosphorus,

..platinum, silver, ta carb e, 20 titanium, titanium carbi

iyt bt B R T St e et
alhghe forpg LF%’ i m tleast flrst and second stages of claim 16,

m AR A 3R %‘# & 'I§9 Psecond ceramic- containing bodies
comprises at least one of alumina, aluminosilicate, aluminum nitride,
beryllium oxide, boron carbide, borosilicate glass, glass, graphite

1eaor AR Baok ag%%}?@é@%%“'”ab'e T e Behans o
th%ll.'ésﬂa&on%%ébﬁ#%?g%ﬁfiﬁéf e n%e.ﬁus""‘ i 'ﬁ'eesé’f?iﬁﬁes?.c%'éfmma

nitride, . silico arblde sintered sili ncarbld tt n| m car ide, tun
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zirconjum, zirconi rbide, zircani hened a m|n d

o BB SR AR AR Y croito e Wss oran
flrsan eond ta soc m16 n.atle e of the first
e R ST R A P Al S A e e 1R '“3 ﬁ"t*jde-

bonded silicon carbide, quartz glass, reaction-bonded silicon carbide ceramic,
silicon bonded nitrite, sapphire, silicon aluminum oxynitride, silicon, silicon nitride,
silicon carbide, sintered silicon carbide, titanium carbide, tungsten carbide,
vanadium carbide, tungsten carbide, yttrium oxide, zirconia, zirconium, zirconium
carbide, zirconium-toughened alumina and combinations, mixtures and alloys of

all the foregoing.

19.  The at least first and second stages of claim 16, wherein at least one of
the first and second electrically-conductive layers or coatings comprises at least
one of aluminum, antimony, barium, beryllium, bismuth, cadmium, calcium,
cesium, chromium, cobalt, copper, erbium, germanium, gold, hafnium, indium,
iridium, iron, lanthanum, lead, manganese, magnesium, molybdenum, nickel,
niobium, osmium, palladium, platinum, plutonium, praseodymium, rhenium,

rhodium, samarium, selenium, silicon, silver, tantalum, technetium, thulium,
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one of aluminum, antimony, barium, beryllium, bismuth, cadmium,
calcium, 20 cesium, chromium, cobalt, copper, erbium, germanium, gold,
hafnium, indium, iridium, iron, lanthanum, lead, manganese, magnesium,
molybdenum, nickel, niobium, osmium, palladium, platinum, plutonium,
praseodymium, rhenium, rhodium, samarium, selenium, silicon, silver,
tantalum, technetium, thulium, 21 titanium), tungsten, uranium, vanadium
tANT PSSR HEAIHET ARA T A I T S R THO g s and
IThe aLliF:fﬁ first and second stages of claim 16, wherein at least one of
a H’ﬁésfl? A0SR I5'I%‘ctrica|Iy-resistive layers or coatings comprises at
least one of aluminum, antimony, barium, beryllium, bismuth, cadmium,
calcium, cesium, chromium, cobalt, copper, erbium, germanium, gold,
afni indium, iridium, . iron, lanthanum, lead, manganese, magnesium
2 AR B A R T AR R R BB st of
seleqium silicon, silver

R S TR R T P Bk BB B east one

vanadium. plastic, resistive mixtures for resistors and, combinations, ,
of AN AR B0 B A Sy fasuts, TGN sc G, cesium,
secaond taoqc? claim 16,,wherein at lea H)ortilo % f at least,one otéhe
u ium,

of S
c fpsménra’sceco%a 860 ﬁéaﬁ{ﬁc':%rﬂdgce:tﬁ(f‘ealé{yers%? cbaﬁlnrag mdr'ep 6l#rrrrllég ! y
f

husafeinecls s dsnaniensromienl yensk

époséi]on, had fic arc’spraying, electroless p nickel, niobium,

52
(=g}
@]
@)

I
a

oo

P
Ing,
lectron- : . . . .
osemelur%,'bgl?fgpum, platinum, plutonium, praseodymium, rhenium, rhodium,
samarium, selenium, silicon, silver, lanthanum, tantalum, technetium, thulium,

titanium, tungsten, uranium, vanadium, plastic, resistive mixtures for resistors and

combinations, mixtures and alloys of all the foregoing.

21.  The at least first and second stages of claim 16, wherein at least portions
of at least one of the first and second electrically-conductive layers or coatings
are formed by at least one of brazing, cathodic arc deposition, chemical vapor
deposition, cladding, electric arc spraying, electroless plating, electron-beam
vapor deposition, electrolytic deposition, electroplating, ion plating, ion
implantation, laser surface alloying, laser cladding, physical vapor deposition,
plasma deposition, plasma spraying, sputtering, sputter deposition, thermal spray
coating, vacuum coating deposition, vapor deposition, and combinations or

mixtures of all the foregoing.
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vapor deposition, electrolytic deposition, electroplating, ion plating, ion 20
implantation, laser surface alloying, laser cladding, physical vapor
deposition, plasma deposition, plasma spraying, sputtering, sputter
deposition, thermal spray coating, vacuum coating deposition, vapor
deposition, and combinations or mixtures of all the foregoing. 22 22. The
at least first and second stages of claim 16, wherein at least portions of at
Ieast one of the first and second electrically resistive Iayers or coatings

o RS A RSORS00 Y SRR s
ofpaif%é’s'*é’ﬁg.ﬁf %Aﬁ”ﬁtfie‘” g a%§% SR ?%i% c%a%'ff%a‘" 'ﬁ“‘%@ags
V""p‘é;ﬁ‘ff%? SR 46 RO ”bﬁ'%%{ﬁ N Va%é‘“er
d osition lr%r}(glr(]:om in r1;||onsr or rrrgxtures of ﬁlllthe fore 0|n%e?1er eam

‘?8 %OrstS e ed GRS STl %é’ st% 7|eshienh
[.

Vstaggseare onfl re,{t;l0 [.us el nlg(nrq)( (L:Jtl:rngatlwa n llglerfomts in
aprpqg CII‘tUI oar)gCZ ray c%mp mggf) ngé ectron

Y BSR40 IE R RE AT SEIaHRS MR AT APRF RSN on,
plasma deposition, plasma spraying, sputtering, sputter deposition, thermal spray
coating, vacuum coating deposition, vapor deposition, and combinations or

mixtures of all the foregoing.

23. The at least first and second stages of claim 16, wherein the first and
second stages are configured for use in an X-ray tube for imaging solder joints in

a printed circuit board.

24.  An X-ray tube, comprising:

(@)  an electron gun assembly;

(b)  an electron beam accelerator having an upper portion and a lower
portion, the electron gun assembly being attached to the upper
portion, the electron beam accelerator comprising at least one
stage, the at least one stage comprising a ceramic-containing body,

the body having an inner portion and an outer portion, a central
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20 portion, the electron gun assembly being attached to the upper

portion, the electron beam accelerator comprising at least one stage, the
at least one stage comprising a ceramic-containing body, the body having
an inner portion and an outer portion, a central 23 aperture being
disposed through the inner portion and defining an inner surface, the

ion hayi f he i f Vi
e oo R °“‘S§?>‘é%§ﬁﬁfg‘@§ s B Rhgpinne o
?Sr?ﬁilﬁifﬁgﬂé‘é‘aﬁk T 1 Sé'é%r#uéeb‘é& R

end, the upperIe tﬁeln attactled tot e ow%( 9rto of the ele tror(1:I d
beam accel8Ht8F aRaY (85‘ SRR RIS 'PNGE L EG e Sispose
electron beztﬁn drift atsem 25 Thehx ra tube of rIau Z?f W the ;
tube compri es% VA si;”l eth V'pay% l?e?ﬁg 'Biaai(e(?%' o?dea%%ro
to one another g at least o 15 brazed or soldered connection. 26. The
X-ray tube SHFAIN Qgp e E& connection comprises at least one

of al |num alym silican, chromium,, cobalt at Ieast one_cobalt

bind F (:opperL1§tC rot r?e ificy mg§qmblydc o rﬁ'nﬂd?l Uan g%r(]edsﬁnda

mObedenurT'dwer end, the upper end being attached to the lower portion of the
electron beam accelerator, and
(d) a target attached to the lower end of the electron beam drift

assembly.

25.  The X-ray tube of claim 24, wherein the tube comprises a plurality of
stages, the stages being brazed or soldered to one another by at least one

brazed or soldered connection.

26. The X-ray tube of claim 25, wherein each connection comprises at least
one of aluminum, aluminum-silicon, chromium, cobalt, at least one cobalt binder,
copper, at least one filler metal, gold, indium, iridium, magnesium, molybdenum,
nickel, niobium, niobium carbide, a nonferrous metal, phosphorus, platinum,
silver, tantalum, tantalum carbide, titanium, titanium carbide, tungsten, tungsten

carbide, zinc and combinations, mixtures and alloys of all the foregoing.
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20 nickel, niobium, niobium carbide, a nonferrous metal, phosphorus,
platinum, silver, tantalum, tantalum carbide, titanium, titanium carbide,
tungsten, tungsten carbide, zinc and combinations, mixtures and alloys of
all the foregoing. 24 27. The X-ray tube of claim 25, wherein the tube
comprises between two and eight stages stacked one atop the other and
connected by brazed or soldered 5 connections. 28. The X-ray tube of
claim 27, wherein each stage of the tube is configured to operate

k k h |
”e”v“vﬁ?é’ﬁ‘r’éﬁc R R B SO e RS S PR hER R ™ andl
20 k d ab 1 k The X- b 27. wher
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and out 50 keV. 15 31. A method of maklng a stage for use in an
¢8R Beam accelerator, the stage comprising a ceramic-containing

body, the body having an inner portion and an outer portion, a central

aperture being disposed through the inner portion and defining an inner

urf the outer, por on havi outer surface, the er 20 surfac
28 im0 csr?duc%?iwayefre' S S Rde SIS Bl Bifioured to

o F?ﬁur% s %Jr ace Ha\fﬂo ta{‘bei(%gncaél 'tstl%% k g or coating disposed

ereon, eme comprising.

29. The X-ray tube of claim 27, wherein each stage of the tube is configured to

operate between about 20 keV and about 75 keV.

30. The X-ray tube of claim 27, wherein each stage of the tube is configured to

operate between about 30 keV and about 50 keV.

31. A method of making a stage for use in an electron beam accelerator, the
stage comprising a ceramic-containing body, the body having an inner portion
and an outer portion, a central aperture being disposed through the inner portion
and defining an inner surface, the outer portion having an outer surface, the inner
surface having an electrically-conductive layer or coating disposed thereon, the
outer surface having an electrically-resistive layer or coating disposed thereon,
the method comprising:

(a)  forming the ceramic-containing body;
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(a) forming the ceramic-containing body; 25 (b) forming the
electrically-conductive layer or coating on the inner surface of the body. 5
32. The method of claim 31, further comprising forming the electrically-
resistive layer or coating on the outer surface of the body. 33. The method
of claim 31, further comprising forming an intermediate portion in the

stag he i termed| rtion ris termediate, surfac
dispdld befatgtﬁq S B A A R Db AL gty Sdne Toner
method of clal I&] ebe gt least one of the intermediate surface and
the mtermea’lé'teaﬁ%r? A Xtrlcally insulative. 15 35. The method of

claim 33, wherein at least one of the intermediate surface and the
intermediate portion is substantially electrically nonconductive. 36. The

eth of clai her the termedlate ortlon for fu ther
com[jr‘%%s ihrﬁ)?tg 2lBss foan{H(? e rnne]z'rn (r)}h gﬁﬁﬁ’?elyZO
e ISt,[e ton 370T e method o&t%gm,’[s rel step of forming the
8era on?alﬁ %é’y fTUr YR pn S usm& e%lst one of alumina,

alumlnosmcate 26 aluminum nitride, beryllium oxide, boron carbide,
borosilicate glass, glass, graphite, hafnium carbide, lead glass,

Bénachfnable lasds()Cfec%mrhcfiqr]%grtﬁsew%mpn&ng forming an intermediate

portion in the stage, the intermediate portion comprising an intermediate surface

disposed between the inner surface and the outer surface.

34. The method of claim 33, wherein at least one of the intermediate surface

and the intermediate portion is electrically insulative.

35. The method of claim 33, wherein at least one of the intermediate surface

and the intermediate portion is substantially electrically nonconductive.
36. The method of claim 33, wherein the intermediate portion forming step
further comprises forming a recess formed between the inner portion and the

outer portion.

37. The method of claim 31, wherein the step of forming the ceramic-

containing body further comprises using at least one of alumina, aluminosilicate,
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magnesium powder, partially stabilized zirconia, mullite, nitride-bonded
silicon 5 carbide, quartz glass, reaction-bonded silicon carbide ceramic,
silicon bonded nitrite, sapphire, silicon aluminum oxynitride, silicon,
silicon nitride, silicon carbide, sintered silicon carbide, titanium carbide,
tungsten carbide, vanadium carbide, tungsten carbide, yttrium oxide,

Al e R e A FA D bR e s S1aoe, Blase.
OB R P S A RS PRI & S Ty Magagsium,
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r f(qg zirconium-
arujm,

form the body.

38. The method of claim 31, wherein the step of forming the electrically-
conductive layer or coating further comprises using at least one of aluminum,
antimony, barium, beryllium, bismuth, cadmium, calcium, cesium, chromium,
cobalt, copper, erbium, germanium, gold, hafnium, indium, iridium, iron,
lanthanum, lead, manganese, magnesium, molybdenum, nickel, niobium,
osmium, palladium, platinum, plutonium, praseodymium, rhenium, rhodium,
samarium, selenium, silicon, silver, tantalum, technetium, thulium, titanium,
tungsten, uranium, vanadium, plastic and combinations, mixtures and alloys of all

the foregoing, to form the electrically-conductive layer or coating.

39. The stage of claim 32, wherein the step of forming the electrically-resistive

layer or coating further comprises using at least one of aluminum, antimony,
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manganese, magnesium, molybdenum, nickel, niobium, osmium,
palladium, 5 platinum, plutonium, praseodymium, rhenium, rhodium,
samarium, selenium, silicon, silver, lanthanum, tantalum, technetium,
thulium, titanium, tungsten, uranium, vanadium, plastic, resistive mixtures
for resistors and combinations mixtures and alloys of all the foregoing, to
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40. The method of claim 31, wherein the stage is a first stage, the ceramic-
containing body is a first body, the inner portion is a first inner portion, the outer
portion is a first outer portion, the central aperture is a first central aperture, the
inner surface is a first inner surface, the outer surface is a first outer surface, the
electrically-conductive layer or coating is a first electrically-conductive layer or
coating, the electrically-resistive layer or coating is a first electrically-resistive
layer or coating, the method further comprising forming a second stage, the
second stage comprising a second ceramic-containing body, the second body
having a second inner portion and a second outer portion, a second central
aperture being disposed through the second inner portion and defining a second
inner surface, the second outer portion having a second outer surface, the
second inner surface having a second electrically-conductive layer or coating

disposed thereon, the second outer surface having a second electrically-resistive
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layer or coating disposed thereon, the body of the first stage having a
lower end and the body of the second stage having an upper end. 5 41.
The method of claim 40, further comprising attaching the lower end of the
first stage to the upper end of the second stage. 42. The method of claim
41, wherein the step of attaching further comprises at least one of

b d d laddi 10
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deposition, plasma spraying, sputterlng sputter deposition, thermal spray
coating, vacuum coating deposition, vapor deposition, and combinations
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R R EREL KL 2 T8 SRRSPaTAaR  the slection beam

accelerator comprising at least one stage, the at least one stage 20
comprising a ceramic-containing body, the body having an inner portion
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electric arc spraying, electroless plating, electron-beam vapor deposition,
electrolytic deposition, electroplating, ion plating, ion implantation, laser surface
alloying, laser cladding, physical vapor deposition, plasma deposition, plasma
spraying, sputtering, sputter deposition, thermal spray coating, vacuum coating

deposition, vapor deposition, and combinations or mixtures of all the foregoing.

43. A method of using an X-ray tube, the X-ray tube comprising an electron
gun assembly, an electron beam accelerator having an upper portion and a lower
portion, the electron gun assembly being attached to the upper portion, the
electron beam accelerator comprising at least one stage, the at least one stage
comprising a ceramic-containing body, the body having an inner portion and an
outer portion, a central aperture being disposed through the inner portion and
defining an inner surface, the outer portion having an outer surface, the inner

surface having an electrically-conductive layer or coating disposed thereon, the
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outer surface having an electrically-resistive layer or coating disposed
thereon, an electron beam drift assembly comprising an upper end and a
lower end, the upper end being attached to the lower portion of the
electron beam accelerator, 5 and a target attached to the lower end of the
electron beam drift assembly, the method comprising: (a) energizing the

Iectron assembl % ctln electrons from the electron
sggeﬁéa%%%maga@y& R S ISR 8 8o (L Paafon g thereon,
a n elec beam accelerator |ntort]{f sctron beamCI th
a’bﬁ @1”9 " &)388 g“tﬂg‘e é%ﬂ%r?é‘tﬂﬂﬁ?{h% PN, the
ehod f claim 43, fur 0 rlsm loyipg X- ra s emitted from , 15
R P Rl B s R Threh Yk boaesh deBuiaraor,
5 and atarget attached to the lower end of the electron beam drift assembly, the
method comprising:
(@)  energizing the electron gun assembly;
(b) projecting electrons from the electron gun assembly into the
electron beam accelerator
10 (c) accelerating the electrons through the electron beam accelerator
into the electron beam drift assembly, and

(d)  causing the electrons to hit the target.

44.  The method of claim 43, further comprising employing X-rays emitted from

15 the target to image solder joints in a printed circuit board.
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