1 X-RAY SOURCE WITH NONPARALLEL GEOMETRY FIELD OF THE
INVENTION [0001] This invention relates generally to x-ray generation
and use, and, more particularly, relates to a system and method for
generating a convergent or divergent x-ray emission pattern from a
continuous source. BACKGROUND [0002] High-energy electromagnetic
radiation in the form of x-rays has found use in a vast spectrum of fields
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{0004} Typically the emitted radiation spreads in a conical pattern beyond the region of
impact depending upon the composition and configuration of the target, the energy and
dispersal of the impinging electrons, etc. Given this divergent radiation pattern, it can be
seen that the radiation dose af a given distance r from the region of impact falls off in
approximately an inverse squéred (1//%) manner. To effectively employ this radiation
pattern at proper doses, a strong radiation field, accounting for the fall off with distance,
must be generated, and the object of interest must be positioned properly in the radiation
cone. Although some radiation sources use multiple point sources, or one or more mobile
point sources, to make up for the suboptimal emission pattern, such systems have their own
inherent drawbacks and complexities. In particular, complications involving source timing,

positioning, efc. are commonplace.



inherent drawbacks and complexities. In particular, complications
involving source timing, positioning, etc. are commonplace. 2 BRIEF
SUMMARY OF THE INVENTION [0005] Embodiments of the invention
provide a novel technique for x-ray generation and use. The technique
described herein utilizes one or more emitting surfaces, rather than point
sources. The geometry of the emitting surface and a target surface are
such that, in embodiRRiEs st inran e T HRIMIZETIbElectrons from
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[0008]  Additional features and advantages of the invention will be made apparent from
the following detailed description of illustrative embodiments which proceeds with

reference to the accompanying figures.
BRIEF DESCRIPTION OF THE DRAWINGS

[6009]  While the appended claims set forth the features of the present invention with
parficularity, the invention, together with its objects and advantages, may be best
understood from the following detailed description taken in conjunction with the
accompanying drawings of which:
[6010]  FIG.1 is a cross-sectional side view of an x-ray generation apparatus according
to an embodiment of the invention;

. [001]  FIG. 2 is a cross-sectional side view of an x-ray generation apparatus according

to a further embodiment of the invention;



[0010] FIG. | is a cross-sectional side view of an x-ray generation
apparatus according to an embodiment of the invention; [0011] FIG. 2 is a
cross-sectional side view of an x-ray generation apparatus according to a
further embodiment of the invention; 3 [0012] FIG. 3A is a perspective
side view of a hemispherical x-ray genergtion apparatus according to an
embodiment of the invention; [0013] FIG. 3B is a perspective side view of
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[0020]  FIG. 10 is a cross-sectional side view of an x-ray generation apparatus according
to another alternative embodiment of the invention;
[6621]  FIG. 11 is a plot of an x-ray spectrum at 40kV electron energy within a device
according to an embodiment of the invention;
10022] F1G. 12 is a cross-sectional side view of an x-ray generation apparatus according
to a further alternative embodiment of the invention;
[0023]  FIG. 13'is a schematic diagram of a use environment according to an
embodiment of the invention for the device of FIG. 12; and
[0024]  FIG. 14 is a cross-sectional éide view of an x-ray emitting device according to an
embodiment of the invention.

DETAILED DESCRIPTION

[8625} The invention pertains fo x-ray generation and use, and encompasses, in
embodiments of the invention, a novel system and technique for generating a convergent
radiation field, particularly suitable for irradiation of flow through media, but amenable to
other uses as well. In general overview, an architecture according to an example

embodiment of the invention comprises an inner tube and an outer tube. Electrons are



DETAILED DESCRIPTION [0025] The invention pertains to x-ray
generation and use, and encompasses, in embodiments of the invention,
a novel system and technique for generating a convergent radiation field,
particularly suitable for irradiation of flow4through media, but amenable to
other uses as well. In general overview, an architecture according to an
example embodiment of the invention comprises an inner tube and an
outantihibt:ddeatronistarkayer extiachadc fronfan dhhitterttayebomdhedeneted
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thecastsibieatititionside the end cap 107. In an embodiment of the invention, respective
feads 121 and 119 are connected to the components through the end cap 107, such as via
high voltage feed throughs, as will be appreciated by those of skill in the art. In addition,
the emitter film of the gated field emitter source 113 is electrically accessible via lead 117
through the end cap 107, such as via a high voltage feed through or similar mechanism.
[0028] Finally, the outer tubular member 101 has a portal 123 from outside of the outer
tubular member 101 to the inner space 125 defined by the outer tubular member 101, the
inner tubular member 103, and the end caps 1035, 107. This portal is used primarily for
evacuating the inner space 125 0 vacium (such as less than 10 Torr) during operation of
the device 100, to minimize collisions of accelerated clectrons with foreign moiecules or

particles after leaving the emitter film and before striking the metal target layer 115. In



the emitter film of the gated field emitter source 113 is electrically

accessible via lead 117 through the end cap 107, such as via a high

voltage feed through or similar mechanism. [0028] Finally, the outer

tubular member 101 has a portal 123 from outside of the outer tubular

member 101 to the inner space 125 defirled by the outer tubular member
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electron_energies generated by the particular voltages and spacings used
id WHL R PsH ;berggptaf target layer 115, this layer is preferably such that electron

energies generated by the particular voltages and spacings used is sufficient to cause x-ray
emission from the material. Suitable materials include, for example, Cu, W, Mo, etc. This
layer may be deposited by vapor deposition, sputtering, etc., or may be placed, such as in
the form of a foil.

[0032] As will be appreciated by those of skill in the art, the acceleration voltages usable in
such a system are rather high, such that dielectric breakdown is a concern. Typical voltages
are on the order of 10-500 kV. Moreover, electrical fields tend to concentrate at
prominences or irregularities, such as the ends of the tubular members described above. In
order to forestall dielectric breakdown, it is therefore generally desirable to minimize
outcroppings and irregularities between the electron emission surface and the target x-ray

generation surface or element.



emission from the material. Suitable materials include, for example, Cu,
W, Mo, etc. This layer may be deposited by vapor deposition, sputtering,
etc., or may be placed, such as in the form of a foil. [00321 As will be
appreciated by those of skill in the art, the acceleration voltages usable in
such a system are rather high, such that®ielectric breakdown is a
concern. Typical voltages are on the order of 10-500 kV. Moreover,
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target layer 209 is maintained at an acceleration voltage VA. In operation,
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[6836) Although some of the systems described above utilize concentric tubular members,
it will be appreciated that a number of other geometries can employ the same principles to
vield a cylindrically or spherically convergent x-~ray field. An exemplary selection of such
arrangements are shown in FIGS, 3A-B. In particular, in FIG. 34, a hemispherical x-ray
generation apparatus 301 is shown. An inner 305 and outer 303 shell perform the same
functions as the inner and outer tubular members of the aforementioned embodiment. In
particular, the space between the shells 303, 305 is an electron acceleration region, with a
target layer (not shown) being disposed on the outside of the inner shell 305, and an
electron emitter, gated or otherwise (not shown), being disposed on the inside of the outer

shell 303. In order to evacuate the electron acceleration region, the edges of the shells 303,



throughs, etc., as well as by the onset of arcing or dielectric breakdown.
[0036) Although some of the systems described above utilize concentric
tubular members, it will be appreciated that a number of other geometries
can employ the same principles to yleld7a cylindrically or spherically
convergent x-ray field. An exemplary selection of such arrangements are
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aratus comprises inner 311, and outer 309 curved sheets
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imnehddiitshipthO the mdexste 81d perdargated or ungated emitter, not shown, being
disposed on the inside of the outer sheet 309, Again, in order to evacuate the electron
acceleration region, the edges of the sheets 309, 311 may be sealed together, such as by an
insﬁiating edge fitting, or the apparatus may simply be used within an evacuated chamber.
Moreover, since the inner sheet 311 is concave, the generated radiation field will be
substantiaily radially convergent within or niear the volume defined inside the inner sheet
311.
[0640] For the reader’s convenience, a brief description of the electron extraction and
acceleration processes as well as the x-ray emission process are given with reference to FIG.
4, FIG. 4 illustrates a simplified schematic drawing of a portion of the x-ray generation

apparatus, with concavity omitted for ease of understanding. A section 401 of an outer wall



the same functions as the inner and outer tubular members. The space
between the sheets 309, 311 is an electron acceleration region, with a
target layer, not shown, being disposed on the outside of the inner sheet
311, and a gated or ungated emitter, not shown, being disposed on the
inside of the outer sheet 309. Again, in ofder to evacuate the electron
acceleration region, the edges of the sheets 309, 311 may be sealed
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having an inlet 503 and an outlet 505, and passing through first 507 and

S&g@ﬁ@tggglgp@g@tus 507, and the flow then returns through the Second x-ray gencration
apparatus 509, before the material is expelied from the outlet 505. During each pass
through an x-ray generation apparatus, the liguid is irradiated with x-ray radiation,
generated and directed in the manner described above. In this way, any biological or
chemical components susceptible to this type of radiation will be killed, destroyed, or
modified to a desired form. It should be noted that the intensity and energy spectrum of
radiation needed should be calculated based on the material that one desires to irradiate,
including its x-ray absorption characteristics, desired end-product(s), as well as the
concentration of microbes, target material, efe. to be affected. For example, it may desired

to cause the breakdown of PCBs. Ifthe chlorine atom of the molecule is removed via

severance of its bond with x-ray radiation, harmless end-products such as HCI, water, and



generation apparatus such as described above with respect to FIG. 1. A
shared pump 513 and electrical supply 511 are shown connected to each
X-ray generation apparatus 507, 509. [0043] After liquid matter is passed

into inlet 503, it passes first through the first x-ray generation apparatus

507, and the flow then returns through thé second x-ray generation

apparatus 509, before the material is expelled from the outlet 505. During
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e>3oer|ence Increased extinction. [0045] In another embodiment of the
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ctrical source 611. However, unlike the apparatus shown in"FIG.

5, agrendinatin EHE SyS rovh (oboehisdbsbw ditesserblit e paistepicpreviigs o
Myl Paifisdane inlets, outlets and connecting pipes, conduits, etc. are preferably

removable and reinstallable, such as via standard vacuum, plumbing, and elecirical
hardware. .

[0047] It should be noted that the treatment systems described above are merely examples,
and any combination and configuration of elements is possible within the invention. For
example, a parallel system that includes multiple x-ray generation apparatus in each path are
possible, as well as a series treatment system comprising a series of paraliel subsystems.
Moreover, although shared components are shown, there is no limitation to the invention in
that regard, and the x-ray generation apparatus may use dedicated or shared support

equipment as desired.



improve throughput. Thus, liquid material entering into inlet 601 may pass
through either but not both of x-ray generation apparatus 607, 609. After
treatment in the x-ray generation apparatus 607, 609, the liquid is
combined and exits at outlet 603. [0046] It is desirable in an embodiment
of the invention that the treatment systellﬁs according to FIGS. 5 and 6 be
able to be disassembled for maintenance, storage, or shipping. Thus, the
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the outer tube of the device, such as tube 101 of FIG. 1. The device is
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corresponds to the emitter layer 113 (omitting the gate) of FIG. 1, while _
thdieddisekerblty a mechanical or “roughing” pump. Ultrahigh vacuum may be achieved (in

an appropriate chamber) by first pumping to high vacuum such as by the system described
above, and then switching to a UHV~capable pump such as an ion pump. For most
embodiments of the invention, high vacuwm levels are sufficient, and ultrahigh vacuum is
unnecessary. Thus, the prototype untilized a turbo molecular pump 7035 backed by a
mechanical roughing pump, not shown. _

[0051] A typical x-ray spectrum taken within space 127 at 40kV electron energy is
shown in FIG. 11. The ordinate of the plot shown in the figure represents photon counts
while the abscissa represents photon energy. The base pressure of the device 701 was
stabilized at 5.1 x 107 torr.

[0052]  In an embodiment of the invention, a deposited copper film rather than copper

foil is used as a metal target layer. In another embodiment of the invention, a molybdenum



corresponds to the annular metal target layer 115. The 3" diameter inner
guartz tube corresponds to the hollow tubular inner member 103 of FIG.

1. [0050] As will be appreciated by those of skill in the art, high and

ultrahigh vacuum levels are typically attainable only by multi-stage

pumping. For example, high vacuum (or Lthe order of 10-6 torr) may be
achieved by pumping of the chamber by a turbo molecular pump backed
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(ibr?%n a%%?c? p%%z ?ﬁ%&%ﬁ%@%ﬁ%{% ?lo%ﬁfg%%?abg]%m Ul ﬁ%érﬁc;gfor case
ttf %@fﬁ’t@% described above, and then switching to a UHV-capable pump
s{idis3s anNote ﬂumhﬁﬁgﬂﬂﬁsﬁrﬁﬁ?ﬁﬁﬂif?:ﬂfﬁﬁsﬁﬁﬁgﬂW&i&t&'ﬁ'i@ighw_igﬁld also

% levels are sufficient, and.ulttahigh vacuym is unnecessary. Thus,
e T T TSRS T o e et i bl 1
niéciziviéa sy ghihegnyertiontbe Skhblvmije0 54 teplsypidal xthayrdpeictenrinter. The

taﬂmwﬁma&%%%%ﬁb%}é@&%tm&%@égyfﬂéctﬁia%wai&ﬁ&%w%hgé.e

0 (gdn te of the plot shown in the figure represents photon counts w
tP{ é%sciséé’?éﬁ}‘é%%ﬁ‘@sﬁﬁﬁéﬁ invention PR s pieis saiet bsuise sHeaple
T€ldcwasemiadidizechamhb duelidbe ton. Qb ZkIh an-8eRedIeM LD Giner tube

inyengon, a depasited copper film rather than copper. foil is used as a
e S R R R T B S

- leaspediolhydrisaisbd maki cugtt tergstgremiag alsm badtsédits depth they are

UL Is. f i e that although
o S RIS e g
drsidGradaerniarly Barmtgaertbismratisaye raleqiieusadelirnlpresmhial dianmple
kﬂflmeslchﬁﬁb%’ﬁ}bﬂiéimﬁéﬁtiz%Eﬁi@dé‘\t@%ﬁﬁ%ﬁ@ﬁﬂé@'?/%Eggﬁrcjﬁzé?@dﬁﬁﬁd_ ._té%é{nd 9,
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be configured and operated in either diode or triode mode depending upon builder
preferences. For example, it will be appreciated by those of skill in the art that a device
such as the device of FIG. 1 may use a thermionic emitter layer in place of field emitter
layer 113. Moreover, although the reflective device of FIG. 8 is described as configured as
a thermionic diode mode device, it will be appreciated that a gated emitter layer may be
used instead of element 813,

[0056]  The electron emission element 8§13 as shown in FIG. 8 is a wire wrapped around
an insulating inner tube 803. The spacing of the wire wraps as illustrated is about 50%,
although much greater or lesser spacing may be used. The electron generation
characteristics and x-ray absorption characteristics of the wire 813 can be used to determine

an optimal spacing if such is desired. Note that a thermionic emission element may become

very hot in operation, and thus it may be desirable depending upon the material of the inner



apparatus similar to that shown in FIG. 1. However, the apparatus of FIG.

8 differs from that of FIG. | in two primary aspects. First, the apparatus of
FIG. 8 is in a reverse configuration in that the electron-generating

element 813 is at the outer surface of thg,inner tube 803, while the

electron target (x-ray generating) element 815 is at the inner surface of

the outer tube 801. Secondly, the device shown in FIG. 8 is a diode device
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[0060]  FIG. 9 illustrates the electron and x-ray emission processes in greater detail.
FIG. 9 shows a cross-sectional top view of a thin slice taken along line B, and at about line
A, of FIG. 8. The device 901 comprises, in inward concentric order, an outer tube 963
{801), an electron target and x-ray emission layer 905 (815), an electron/x-ray traversal
space 907 (825), an electron emission element 909 (813), an inner tube 911 (803),and a
target volume 913 (827) for irradiation of flow through materials. In operation a voltage is
applied across the electron emission element 909, and an average voltage of V is also
established at points on the element 909, and a voltage V is applied to the electron target
and x-ray emission layer 905, The voltage difference V»-V; is typically on the order of 10-

500 kV as discussed above, although greater or smaller voltages may be used.



813 will establish the impact energy of emitted electrons. [0059] When
operated in the thermionic diode mode as shown, a voltage is applied
across the electron generating element 813, and a voltage is applied to
the target layer 815. The resultant field strength is sufficient to accelerate
the emitted electrons toward the target 1dyer 815 such that they attain
impact energies sufficient to cause x-ray generation in the target layer
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generated x-rays are reflected or directed toward the interior of the device.
MRS o B SiRRirAtBsr A “cteacerintatedd e BriplgeTemiaiseba grray emission
@ns@admas&f&;ﬁgegn%@&c&l&%ﬁm@@meﬁTh kﬁlﬁe@aﬁemﬁg@wmm be
Inner spac to Irradiate Iits co nts. e yoltages ma e setto .
g e gt LR M e S
amdtagmtgﬁ@$btmemm14mﬁﬂﬁt Qlél kisttate sathe aldotnon anision layer
XY L IIRSION RLOSESSES IR GALR! &%@Aﬁ&'?ﬁrﬁ@ OWBAon  from meny puch

cross-sectional top view of a thin slice taken ao-ng Iine B, and at al ine

AZBPERGT - sA R efetict Wodralmpsel Iilirriardiosy cantiebri sl ldhe

?gsfewﬂsdlglﬁé% x(%%,ilé/ n@?i&h&ﬁ%@ﬁidﬁ;&gﬁ&' %gl;lz 26521’@%)‘ ﬁ@i@ﬁ. i&fitbh%i’%&%yloreover,
: ectron/x:ray traversal spac 4 , an electron emission |,

R i DB 15 8038 NG ARER ol ML Gappreciied

(82 pdorel gachatiol: ohfl cdithirouglyrva dffatently dipertation a voltage is

applied acr ctr ISS] | \r

. E{? §§§ R&.ﬁﬁgﬁa‘?éﬁ, 1 a%}ff?:% 'gﬁ%‘ %%Eé}ﬁ?é}{ )2—9&1%’ ARG %‘gxrgﬁgd  oward the

of Vl'is also established at points on the element 9 . _
v g dbplicernintia slacibe tardetl isasiedapbadisaiohobieroestion the

Thecweliaagdifferencg\aMd d SRl @ theOrdelr 0510 RORKMIRS directed
discussed above @I‘;Qou%h greater or smaller voltages, m?g be used. 13

(OBBI AR drEe e OO REERASH R0 B GBS SRR OB e Emttltf

fromlibepetseitenseniicsienm ele meitd@Reandaacelidraid dritolvandiihe 911 and
electron target and x-ray,emissi er 905. Although only three

o R B R veciatea that ar
itfetlse nbmibebeofreleeiasAshiliby ploalnytorbroeneietonddn dpevatiohhicct to a
VRIa0Es: hRe.RleR QRS ARCLE|R Bied- Pagidherelectian farget&Rfon emission

x-ray emission layer 905 at impact zones 915, resulting in the generation
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dlkﬁ%%%@er, the mechanism of electron emission may be any suitable mechanism, including
without [imitation thermionic emission, field emission, etc. Moreover, the electron target
and x-ray emission layer 905 may be any suitable material and configuration. For example,
copper, tungsten, molybdenum, or any other suitable material may be used, and the
configuration of the layer 905 may be partial or continuous, and may act as an x-ray shield
or may not. Mc;reover, although the geometry of the reflective device shown in FIGS. § and
9 is cylindrical, it will be appreciated that any other suitable geometry such as those
described above or otherwise may be used within the scope of the invention.
{0064]  FIG. 10 illustrates, in cross-sectional side view, a thermionic diode mode

transmissive x-ray generation device similar in some regards to the device of FIG. 8. A

thermionic electron emitting wire or filament 1013 is wound about a cylindrical



[0062] As illustrated, a portion of the generated x-ray radiation is directed
toward the target volume 913. Keeping in mind that in the illustrated
embodiment of the invention the electron emission element 909 is a
spirally wound wire, a portion of the radiation directed toward the target
volume 913 is stopped by the electron efftission element 909, while
another portlon passes between the coils of the element 909 and the inner
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Moreover, although the geometry of the reflective device shown in FIGS, 8
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angement of quartz support rods 1021. Electrical leads 1017a and
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Ino tlon electron emlttlng filament 101

redistivenflniton dsipHe foget opblae AR TTiRGRPE B SUER SRSty T2y
in the. eMission of Slectrons A RIAGREIFaR b ment; in the transmissive mode the target

volume for the x-rays lies on the opposite side of the x-ray emitter surface or element from
the electron impingement.

[0067]  Thus, in general, several exemplary modes of operation are (1) Field Emission
(diode/transmissive); (2) Field Emission (diodefreflective); (3) Field Emission
(triode/transmissive); (4) Field Emission (triode/reflective); (5) Thermionic Emission
(diode/transmissive); (6) Thermionic Emission (diode/reflective); (7) Thermionic Emission
(triode/transmissive); and (8) Thermionic Emission (triode/reflective). FIGS. 1, 2, and 4,
discussed above, show examples of Field Emission (triode/transmissive} devices, while
FIGS. § and 9 illustrate examples of a Thermionic Emission (diode/reflective) device. FIG.

10 illustrates an example of a Thermionic Emission (diode/transmissive) device. The



field is established between the filament 1013 and the target material
1015 by applying appropriate voltages to these elements such that the
emitted electrons accelerate toward and strike the target material 1015.
The x-rays generated from such impacts are directed in many directions,
but a substantial number are directed toward a target volume 1027 within
the inner tube 1003. A portion of this x-ray radiation passes through the
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volume 1027. In this manner, the contents of the target volume can be
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(6) Thermionic Emission (diode/reflective); (7) Thermionic Emission
(HOGEArIF®missive); and (8) Thermionic Emission (triode/reflective).
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set forth above to construct any of the other types of devices as well,
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WAaso purifit dtteivafd geast@ing x-rays and directing them outwardly is shown in FIG.

12. The device is similar to that of FIG. 8, but may be much smaller and does not have an
axial flow-through opening. In greater detail, the device 1200 comprises a cylindrical outer
shell 1201 having on the inner surface theveof a target material 1203. The target material
may be any of the target materials discussed above, and is thin enough or diffuse enough so
as not to shield generated x-rays. Similarty, the outer shell is composed of 2 material and
configuration allowing significant x-ray transmission, such as a polymer material, graphite,
beryllium, or thin metallic material.

[0071] Within the outer shell 1201, quartz support rods 12052 and 1205b are placed,
and may be held in place by end caps 1207a and 1207b. End caps 1207a and 1207b also
serve to seal the inner space 1209 defined by the outer shell 1201. A thermionic eleciron

emission element 1211 is wrapped about the quartz support rods 1205a and 1205b.



treatment, it will be appreciated that the described embodiments of the
invention are also suitable for noncommercial settings. For example, in an
embodiment of the invention, a small device according to the above
described principles is associated with a home kitchen appliance to
provide a purifying function. For exampllé such a device may be placed in
line with a drinking water source such as at a faucet, refrigerator, coffee
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supply power to the electron emission element 1211, while [ead .
1218 ubpitestaidorbthe do1tise 1aPdettd atisddp detect flaws in the pipe via changes in

the image intensity.

[0074]  Note that although the device is illustrated being used in a particular

environment, there is no Iimitation to that environment. For example, the illustrated device,
' if sized appropriately, can also be used for medical proposes. For example, such a device

can be used for analyzing internal body structures such as veins and cavities, or for

providing radiation to such structures. For example, such a device can be used to irradiate a

specific site.

[06075]  Although in the above example, both the target material 1203 and the shell 1201

were substantially transmissive to x-ray radiation, such is not a requirement. In particular,

one or both of the target material 1203 and the shell 1201 may be opaque to x-ray radiation

in selected locations to produce a desired output pattern. For example, a ring of



1203. An orifice 1217 may be used to evacuate the space 1209 for
operation of the device. In operation, pumping may continue, or the orifice
1217 may be sealed. [00721 Operation of the device is generally as
discussed above. In particular, a voltage difference is applied between
the thermionic electron emission elemeht 1211 and the target material
1203. Electrons emitted by the thermionic electron emission element 1211

aggrlaratetoward e araeh material 12 03endeiibe inthienae.0lthGivity wil

applied field and strike the target material 1203. Responsive to this

JIERArSh RIRIB AFdATEHRAHTE target material 1203 emits x-ray radiation.
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requirement. In particular, one or both of the target materjal, 1203 and {Q% ey
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and lead 1415 applies a voltage to the target material 1403. As with the device of FIG. 12
discussed above, orifice 1417 may be used to evacuate the space 1409 for operation of the
device 1400, and may be sealed if pumping is discontinued for use of the device 1400,
10036] In operation, a voltage difference is applied between the thermionic electron
emission element 1411 and the target material 1403. Electrons emitted by the thermicnic
electron emission eiement 1411 accelerate toward the target material 1403 under the
influence of the applied field and strike the target material 1403. As a result, the target
material 1403 emits x-ray radiation. As noted above, both the target material 1403 and the
shell 1401 do not substantially shield such radiation. Thus, a portion of the generated
radiation passes to the outside of the device 1400. In addition, another portion of the
generated radiation is reflected inwardly towards the opposite wall of the outer shell 1401,

Upon traversing the cavity within the outer shell 1401, a portion of the reflected radiation



[0076] Note that an electron bombardment device can be constructed
using the same principles, namely, an electron emitter, a tubular member
surrounding the electron emitter, and a voltage source for creating a field
to accelerate emitted electrons from the electron emitter toward the
tubular member. Electrons that pass thrb%gh the tubular member and exit
the device can then be used to irradiate external materials. [0077]
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appreciated that the invention applies equally to devices and systems on a much larger or
much smaller scale without limitation. Likewise, although generally smooth members have
been illustrated herein, it will be appreciated that a generally concave member may itself be
made up of many individual flat components such as strips or polygons. For example, tubes
having polygonal cross sections could be used in the apparatus of FIG. 1 in place of the
members having circular cross sections. Finally, it is contemplated that not only fluids
(including liquids and gasses) but also solids may be passed through and treated by a system
such as described herein. Instead of being flowed through the system, solids are preferably
conveyed, such as by belt or shaker. Moreover, although the described embodiments of the

invention have focused upon x-ray generation, it will be appreciated that the principles of



passes through the opposite wall of the outer shell 1401 and exits the
device 1400. It can be seen that this modified mode of operation
increases efficiency given that initially reflected x-rays may still exit the
device 1400, albeit on the opposite side. [0081] In an alternative
embodiment of the invention related to tRat shown in FIG. 14, the device
further comprises an inner tubular member also coated with x-ray emitting

RIosl MaeHal lke @%@!ﬁ{%{iﬁﬂaﬁ@ Id dsfurthatmainiained:hetwesnihe ay

electron emitter and both tubular members, such that electrons
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appreciated that new and useful x-ray generation techniques and devices
H&¥&Been described herein. In view of the many possible embodiments to
which the principles of this invention may be applied, it should be
recognized that the embodiments described herein with respect to the
drawing figures are meant to be illustrative only and should not be taken
as limiting the scope of invention. For example, those of skill in the art will
recognize that the precise configurations and shapes shown are
exemplary and that the illustrated embodiments can thus be modified in
arrangement and detail without departing from the spirit of the invention.
For example, it will be appreciated that any of the illustrated shapes or
otherwise may also be modified to include non-concave portions or
elements such as a flare or flange at one or more edges, and that such
does not negate the substantial concavity of the affected member. [0083]
Although certain numerical examples have been given herein, it will be
appreciated that the invention applies equally to devices and systems on a
much larger or much smaller scale without limitation. Likewise, although
generally smooth members have been illustrated herein, it will be
appreciated that a generally concave member may itself be made up of
many individual flat components such as strips or polygons. For example,
tubes having polygonal cross sections could be used in the apparatus of
FIG. 1 in place of the members having circular cross sections. Finally, it is
contemplated that not only fluids (including liquids and gasses) but also
solids may be passed through and treated by a system such as described
herein. Instead of being flowed through the system, solids are preferably
conveyed, such as by belt or shaker. Moreover, although the described
embodiments of the



invention have focused upon x-ray generation, it will be appreciated that

the principles of 19 the invention may also be used to provide electron
radiation of materials without x-ray generation. For example, in the device
of FIG. 1, if the target layer 115 is made substantially transparent to
electrons and the inner tube 103 is relatively transparent to electrons,

then the device may be used to prauigg€lectron irradiation of the contents
of volume 127. Therefore, the invention as described herein contemplates
all such, em%%dguzi%eg%%% %%%‘&W&Q'” &%%% iy %é%'r%}’éﬂﬁ} concave
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Is prTASERIN fIS GRYSTER AN REEE2Rd into it steradians. 3. The x-ray
irradiation apparatus of claim 1, wherein the convergent pattern of
3. imdssiogn itssighstantialyioscusddinto 2restdndtitaney @i perigyn of emission
is pradiatitel appacatusiof otaiterddinterein the convergent pattern of
emission is substantially focused within a cross sectional angle selected
4 from theygreuetonsistingtuefd 0 degreed; 06 degreesyd§erdegiees oaadission
is 2(0stegreeJob.sEaaxiay: itragiation apparatesebetaimdrwheseinthensisting
ofCaNdALeLS eongave-emissignrelement 15geaeiadly concave but has a
complex surface. 6. The x-ray irradiation apparatus of claim 1, wherein the
5. C%'Q%y%%ﬁ%\ﬁea B&‘%?L%%fel%m?ﬂt [S-eenerally conrave.and has @mission
iSOt surace, Lolhexgay, iradinonanparatus according to claim 1,

further comprising a concave electron emitter element, wherein each of

8. t}% X rag el%" %ggne(lj%%ﬁ&%g%d t@e el{ec )%1 e%”iﬁéeéo%'%{ﬂ&'j‘é b &3 emission
Jrespective focys, and wherel ee lectron emitter element an
ﬁ} e X- ray“é‘mlss of-efément are on ?We dame Side of the predefined target

volume. 8. The x-ray irradiation apparatus accordln% gclalm 1, wherein
7 an Gk RIS fpraratus ac crcsmg o claim 1, Turther comprising & concave
electron emitter slement, wherain sach of the x-ray emission element and the electron

emitier element have a respeciive focus, and wherein the focl of the eleciron amitter
- element and the x-ray emission element are on the same side of the pradsfined target
volume.

8 The x-ray irradiation apparatus according o claim 1, wherein an acceleration field is
mainfained belween the electron emitter element and the x-rav emission slement,

8. The x-ray irradiation appareius according to claim 1, wherein the electron emitier
glement comprises a gated eleciron emitler layer.

10, The x-ray irradigtion apparatus according 1o claim 1, wherein the slectron emitter
glemeant emits elecirons viz field emission.



maintained between the electron emitter element and the x-ray emission
element, 9. The x-ray irradiation apparatus according to claim 1, wherein

the electron emitter element comprises a gated electron emitter layer. 10.
The x-ray irradiation apparatus accoréqng to claim 1, wherein the electron
emitter element emits electrons via field emission. 21 11. The x-ray
irradiation apparatus according to claim 1, wherein the electron emitter
element emits electrons via thermionic emission. 12. The x-ray irradiation
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under the influence of the acceleration field, strike the x-ray emission
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An electron bombardment device for treating a target material comprising:
1a first tulylaragemberforeantaimingitheitargetmateriakia sedgnd subtlated o
lwaember (sacsurrounding concentric relationship to the first tubular
member, such that an annular space is defined between the first and

gecord: Ul menbars: and whereiRdhe se6and furiner comprising one or more
insulating spacers within the cavity betwsen the siectron emittar slement and the x-ray
emission element, such that the spacers mainiain the sleciron emiiter element and the
x-ray emission element in a nonconductive arrangamaent with respect to one another,

19. An electron bombardment device for treaiing a iarget material comprising: 2 first
tubular member for containing the target material, a second tubuiar member in a
surrounding concentric relationship to the first twbular membear, such that an annular
space is defined between the first and second tubulay members, and wherein the second
tubular member is an electron emitiing material; and voltage application means for

acceleraling emitted elecirons from the sscond tubular member toward the first tubular
menmber.

20, The electron bombardment device acoording to claim 19, wherein the second fubular
mamber is & thermionic alectron emitling material,

21. The siectron bombardment device aecording 1o claim 19, wherein the second fubular
membsr is 2 fisld slectron emitling material,



tubular member is an electron emitting material; and voltage application

means for accelerating emitted electrons from the second tubular

member toward the first tubular member. 20. The electron bombardment

device according to claim 19, where#®the second tubular member is a

thermionic electron emitting material. 21. The electron bombardment

device according to claim 19, wherein the second tubular member is a
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