WO 2005/119730 PCT{US2005/018156 1 X-RAY SOURCE WITH
NONPARALLEL GEOMETRY FIELD OF THE INVENTION [0001] This

“jB\é%glﬁtj%)B lates generally to x-ray generation and use, andp&%%zoui 018156
particularly, relates to a system and method for generating a convérgent
or divergent x-ray emission pattern from a continuous source.
BACKGROUND [0002] High-energy electromagnetic radiation in the form
of x-rays has foulYUSEUR aEVHETE Pk SLAHSERMETRSavors. The

use of x-rays in medical imgging;is prebakhy: thgorost familiar scenario to
people, but other uses abo as well. For example, x-rays may be
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ehxipy radiationdn graundandugeological exploration are known, such
as in connection with oil exploration or subsurface imaging. One effective

use of x-ray radiation is in the e otSHbstances to reduce
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runoff may be irradiated in the same mariner to reduce contamination.
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geNeFst CBIP TP STRIEOTRe B el dHE COIBRATER S G- T diete b face
anskimpasi-the:-metaldang et pokimprch afdhednighteneipgyatestorguce
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radiation spreads In a conical pattern beyond the region of Impact
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operation, the electrons generated by the point source are accelerated through the
accelerator, and impact the metal target. Upon impact of the high-energy electrons with the
target, x-ray radiation is emitted.
[B004] Typically the emitted radiation spreads in a conical pattern beyond the region of
impact depending upon the composition and configuration of the tatget, the energy and
dispersal of the impinging electrons, etc. Given this divergent radiation pattern, it can be
seen that the radiation dose at a given distance » from the region of impact falls off in
approximately an inverse squéred (1/#*)y 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 mabile
point sources, to make up for the suboptimal emission pattern, such systems have their own
inherent drawbacks and complexities. In particular, complications involving source {iming,

positioning, etc. are commeonplace.



must be generated, and the object of interest must be positioned properly
in the radiation cone. Although some radiation sources use multiple point
one or more mobile point sources, to make up for the
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drawbacks and complexities. In particular, complications involving source
timing, positioning, etc. are commonplace. WO 2005/119730
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generation and use, The technique described herein utilizes orie’or more
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surface or element. 2a [0007a] According to the first aspect of the,
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ray generation surface or element.



generation apparatus comprising: a first tubular member having an inner

passage and an outer surface, the outer surface having over at least a

portion of the surface an x-ray emitting material responsive to electron

bombardment to emit x-ray radiatigﬁa, and a second tubular member

surrounding the first tubular member in a substantially concentric

ionship thereto, there being a cavity .between the first and second
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responsive to electron bombardment to emit x-ray radiation, the primary
thebqgﬂp?“gftfﬁ’éﬂéliﬂﬁﬁmﬁ‘?éﬂ?ﬁﬁ% PelAGEIBEREN GRS ANt 16 37 /st drst
tubotmtainmientwhbebeing suosnded bymapriswessuriddessf anpamitehisls, an
cle¥Rereinthe inngrsurface of the emitter tube comprises an electron

emitter surface; extracting electrons from the emitter surface; and
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substantially concentric_relationship thereto, there being a cavity between
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bombar(fment to emit x-rgy radiation. TB@‘O%%Y] ccor |r€g 1o the fourth >
cordafhEranbhe anddnndEctherenisherevdemamstiod agsiddirerpitieatment of a
[0usTglet materirbegimprising thedstepscobmIRCingete i get-malgidlded an x-ray
generation apparatus comprising: a first tubular member having an inner passage and an
outer surface, the outer surface having thercon a gated electron emitter element; and a
second tubular member surrounding the first tubular member in a substantially concentric
relationship thereto, there being a cavity between the first and second tubular members,
the second tubular member having an inner surface facing the outer surface of the first
tubular member wherein the inner surface comprises a target layer responsive to electron
bombardment to emit x-ray radiation.
[0007d] According to the fourth aspect of the invention, there is provided method
of x-ray treatment of a target material comprising the steps of: placing the target material
within a containment tube having an outer surface having thereon an electron emitter
element, the containment tube being substantially transparent to x-rays, the containment

tube being surrounded by an inner surface of an x-ray tube, wherein the inner surface of



within a containment tube having an outer surface having thereon an
electron emitter element, the containment tube being substantially
transparent to x-rays, the containment, tube being surrounded by an inner
surface of an x-ray tube, wherein the inner surface of 2b the x-ray tube
comprises a target layer that is responsive to electron bombardment to
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member is substantially transparent to x-ray radiation. 10007f] According
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generated x-ray radiation through the interior space and then passing at
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and then passing at least some of the reflected portion of the generated x-ray radiation
through the housing; wherein the step of generating electrons comprises using a gated
electron emitter.
18008]  Additional features and advantages of the invention will be made apparent from
the following detailed description of iliustrative embodiments which proceeds with
reference to the accompanying figures,
| BRIEF DESCRIPTION OF THE DRAWINGS
jo009]  While the appended claims set forfh the features of the present invention with
particularity, 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-seciional side view of an x-ray generation apparatus according
o an embodiment of the invention;
[6011]  FIG. 2 is a cross-sectional side view of an x-ray generation apparatus.according
to & further embodiment of the invention;



reference to the accompanying figures. BRIEF DESCRIPTION OF THE
DRAWINGS [0009] While the appended claims set forth the features of

v&%ez Gr§§l%gt invention with particularity, the invention, together with its )
objects and advantages, may be best understood from the fSHERRES/ 018156
detailed description taken in conjunction with the accompanying drawings

- of which: [0010] FIG. 1 is a cross-sectional side view of an x-ray
g@férhtiont Hpparatasasportiingidtov v efiliadimgntiofitheanyentiaiun apparatus
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an x-ray generation apparatus comprising Tnner and outer curved sheets
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Fllncéen ié%,a schematic drawing of a single-pass parallel treatment system
comprising dual x-ray generation apparatus in accordance with an

eltfiddimdiitol the nhpiegiaph OfGUITPRIG X745 sephoioyraphrohsaprotdingie an
Xefayb@iaRaration apparatus according to an embodiment of the invention;
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[6620] FIG.10isa cross-sectional side view of an x-ray generation apparatus according
to another alternative embodiment of the invention;
[0621]  FIG. 11 is a plot of an x-ray spectrum at 40kV electron energy within a device
according to an embodiment of the invention;
(6622}  FIG. 12 is a cross-sectional side view of an x~ray generation apparatus according
1o 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
[6024]  FIG. 14 is a cross-sectional side view of an x-ray emitting device according to an
embodiment of the invention.
DETAILED DESCRIPTION
[6G25] 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 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



to another alternative embodiment of the invention; [0021] FIG. 11 is a.
plot of an x-ray spectrum at 40kV electron energy within a device
i an embodiment of the invention; [0022] FIG. 12 is a o
“?%g(s(%%g?%?nal side view of an x-ray ggneration apparatus a%%gﬁd?ﬁ%b@’g”(’
further alternative embodiment of the invention; [0023] FIG. 13 is a
schematic diagram of a use environment according to an embodiment of
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ings. Referring to,FIG.. 1, a cross-sectional side view of an x-ra
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aiter membarkRdnies subsiantially saamialdalaiansbipnvitba bl seats,
tublllrl]grépper member 1Q3, The inner 3&03 and ,Oljﬁ:[ﬁ?g 1&1 tubular members
held | cd

are held il their FRpective PoSIions ano- ARATRIA BEACAHY 1Sdhadd:
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cIonta fyvith. the inner 103 and Quter i
ayer 1[5 (8 situated on the outer surface of the inner tubular member 103, and may or may

not be insulated from the inner tubular member 103 by an insulating layer, not shown. The
metal target layer 115 and the gate of the gated field emitter source 113 are electrically
accessible from outside the end cap 107. In an embodiment of the invention, respective
teads 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 accessibie via lead 117
through the end cap 107, such as via a high voltage feed through or similar mechanism.
[00628] Finally, the outer tubular member 101 has a portal 123 from outside of the outer
tubular member 101 to the inner space 123 defined by the outer tubular member 101, the
inner tubular member 103, and the end caps 105, 107. This portal is used primarily for
evacuating the inner space 125 to vacumm (such as less than 10°° Torr} during operation of
the device 100, to minimize collisions of accelerated electrons with foreign molecules or

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



101 tubular members, such as via a screwing or sliding contact.
Alternatively, annular seals or gaskets 109, 111 may be interposed
“p(% 1r}9t7h3% end caps 105, 107 and the inner 103 and outer 101 tubular
ﬂbers as shown, etc. Suitable sealg and gaskets includetubb&r¥agigse
such as Viton, or copper gaskets, etc. as will be appreciated by those of
skill in the art. [0027] An annular electron emitter source 113 such as a
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Nitr gen or other, |Uéert gas, when the device 100 js not in use. [00
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vacuum level that is maintained in the inner sp ace 1 in addition, it is
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collisions of accelerated
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
outeroppings and irregularities between the electron emission surface and the target x-ray

generation surface or element.



electrons with the metal target layer 115 pass substantially through the
wall of the inner tubular member 103 into the inner space 127 thereof.

@(ﬁ aterials of sufficient x- ray transmissivity include glass, )
p as%%:?ﬂ?f{?lﬁgrr]r]etal, beryllium, quartz, graphite, boron nitride,Pé‘(‘tqg’.U[%?@f’:’?ﬂffIIEﬁ136
addition, with respect to the outer tubular member 101, it is desirable that

this member be either substantially opaque to the x-rays generated by the
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While FIG. 2 can be seen to represent a cross sectional side view taken
the target fayer 209. Although higher acceleration voltages yield higher electron energies,

the maximum such voltage may be limited by the insulating limits of the end caps, feed
throughs, etc., as well as by the onset of arcing or dielectric breakdown.

[8036] 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
yield 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 eleciron acceleration region, the edges of the shells 303,



of a device of the configuration shown in FIG. 3A, it also applies to

devices having cylindrical rather than spherical or hemispherical

“%99&?%9){7 0034] The wall 203 of an oute_r tubular member can Pe %%%Hlisr}%(
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metal target layer is similarly represented by element 209. The applied
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shells, 303, 305 is an electron acceleration regigy), with a_target layer (not
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dlectron Bnvitens gatedrorothépuisdubvdtr siowis)s béingidispusedeo thevbeets
ingide;afithg autarnshel 0% dnarienin evacuals the &1aeHeN being disposed
acceleration region, the edtg3es of the shglls 303, \Q/O 2005/119730 , .
ﬁé%@%&%ﬁ%‘igﬁ%me 11, and a gated or ungated emrtter, not shown, being

disposed on the inside of the outer sheet 309, Again, in order to evacuate the electron
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acceleration region, the edges of the sheets 309, 311 may be sealed together, such as by an
insﬁlating edge fitting, or the apparatus may stmply be used within an evacuated chamber,
Moreover, since the inner sheet 311 is concave, the generated radiation field will be
substantially radially convergent within or near the volume defined inside the inner sheet
311.

[0040] 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 iliustrates 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



7 305 may be sealed together, such as by an insulating end ring, or the

apparatus may simply be used within a separate evacuated chamber.
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the center of the concentric spherical shells 303, 305. It will be
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evacuated chamber. Yﬁover since the inner sheet 311 is concave the

A& aﬁ%ﬁﬁléHP&ﬁ%ﬁlﬁeﬁ%? e SR A B PR IR RS GRY AR or 07
nNédIha fiwolinpe defined psideitheinmfShtptsB4 first through the first x-ray

generation apparatus 507, and the flow then retums through the second x-ray generation
apparatus 509, before the material is expelled from the outlet 505. During each pass
through an x-ray generation apparatus, the liquid 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. I 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, etc. to be affected, For example, it may desired
to cause the breakdown of PCBs, Ifthe chiorine atom of the molecule is removed via

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



[0040] For the reader's convenience, a brief description of the electron
extraction and acceleration processes as well as the x-ray emission

wﬁr%ﬁ%ﬁs{ﬂgﬁ given with reference to FIG. 4. FIG. 4 iIIustrateﬁérﬁEg}%ighg&ﬁﬁ
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 WO 2005/119730 PCT/US2005/018156 8 has thereon a section 403
Sty MFIERGAE eSarEtiBPIYRINA0S ATSEES APEBIS OeaF oSt Hne the
has,thereqma section 407 of a target metal film or foil. In operation,
jewing the path of a single electron.. lectron, 411, is extracted from
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apparatus according to example embodiments of the invention, s me . erial
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invgniareanditl movpdralididesisorak FISnSnsHowS witnbighphrsdhont throughilar,
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escriBed above, in high levél schematic form. The s st%m 500
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e_Téé rical supply 511 are shown connected to each X-ray generation |
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PassRsHisbiNouokeHaefisatapraymg 60k do mippacatusid Ovihanedheeflowmtion

thenm[fjl tléllgb t%&utghﬁhe. 5%%0% XAy, 98nerafion; Apparatus 509, before

tABPMAtEral is expe_:elle *rom? e outlet 505. During each pass through an

xI9646h Eriedatienhiapparambodivecniorli dissiadicrderiiivh Ber EFPASYAIBN,

~ according to FIGS. 5 and 6 be able to be disassembied for maintenance, storage, or

shipping. Thus, the inlets, outlets and connecting pipes, conduits, etc. are preferably
removable and reinstaliable, such as via standard vacuum, plumbing, and electrical
hardware.
[0047] Tt 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 s-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 showz, there is no imitation to the invention in
that regard, and the x-ray generation apparatus may vse dedicated or shared support

equipment as desired.



generated and directed in the manner described above. In this way, any
biological or chemical components susceptible to this type of radiation will
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[00441 Another example of this is in facilitating “through’ rather
E‘f‘f‘%@l‘ﬁﬁf‘éﬂ‘?ﬁé’ﬁﬁ?ﬁ ﬂﬂﬁ?@&@t‘@%&ﬁ%‘?&éﬁﬂf@ﬁ’@ﬁgé@ﬁers can be
passrd th'IRhEI@fb‘ﬁi‘!ﬁp@ﬂéhﬁe%t&mﬁ)dﬁﬁcﬂhﬁd?ab\ﬁb’@eﬂ_ B@té(aﬁ)y&nnate ly 36”

qsneRIee %%rb%rﬁ%’j}(ﬁmé%%%r B GRHRG I:%Q;IZ 190 Jgduc g fee radical
polymerlzatlo In addition to the many benefi sprow E“l%)ysuc

dBREHMLIBYS: Brersesy i s et drsarirevidasizsimsrolémentbiver The

trachttonadddhiaelymerzate Hw&ék&air&lﬁ@b/@ hawe M%@thﬂ@&bx&@ such as
%utgg%rf 8e as[pe cribed elsew erein ma&/ia so.be usedint

evice 15 simila at showrn sc&/ 81.15%[(%6}1%‘ r }thaéﬂfgggh

manner, a ough allowances Woull be necessa
tﬁ)&t@ﬁi@ﬁréﬁ@rw S g yipieel Briesparidwaudntypasedyextinctionperated in

(R4 kdmanntires esbedimeni eiihesdnve 'IE&%‘S@M&W 811 LS NRCSIRALY §9h o
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garatu 609 g as those described above with reference to FIG.
SPUEHIBHAS R BTN FEE A Liechital <UBECBIIoHBREVRPS
walikepthdsap prratiisve hdwiarimiiGoeB peh &0fredffi@nt. system 600 treats

R In xSIRGIGPASFOIABYIES MR GRRIDR 10 MREANE LA ARRME

Thus, liquid material entering into inlet 601 may pass through eit
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%Hﬁ}t E@lglg‘ed by 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 vacuum levels are sufficient, and ultrahigh vacuum is
unnecessary. Thus, the prototype utilized a turbo molecular pump 705 backed by a
mechanical roughing pump, not shown.

[6051] A typical x~ray spectrum taken within space 127 at 40kV clectron 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}  Inan 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



[00461 It is desirable in an embodiment of the invention that the treatment
systems according to FIGS. 5 and 6 be able to be disassembled for

vs)g%%@ﬂ%%e' storage, or shipping. Thus, the inlets, outlets I%E‘Q'USZQGS/MSHG
connecting pipes, conduits, etc. are preferably removable and T

reinstallable, such as via standard vacuum, plumbing, and electrical
hardware. [0047] It should be noted that the treatment systems described
&hpvidagreimerdly ditangplasgstandran plso ebisatiomahdeconfigpretioanidbr ease
glements is possible within the invention. For example, a parallel system
that includes multiple x-ra% generation apparatus in each path are
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itical and either or both may be instead much greater or much less
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eppregie pIRdiRrae the devieanddfrespblatis torthe epnteptuy BiEhe dEviedom

sughasdube &lpakilGashekheradayiee ispimiiabiaitag fhaWheverse

schematically in FIG. 1, although the emitter layer of the prototype is not
SRR O PRSP S BB Al A dE R g
tiehyi 88370hileshsiteticnfter 2t (srigyswotioting algraphits éylinde invithrarface of

diameteret 80318dnshes conagnticaly postioned sEeuBding &S e non-
dlam%%rgguartz tube, onto which a 12.5 m thick copﬁer foil was wrapped

SRR AT B L TOHE COUTPSHBIER th (R RTEFIdyEP™
1 {oipiffingnthed) dtdpokiFGioledvinilédikgreoppissifoilnd reflective devices may
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 ari 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 813 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 8132 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



corresponds to the annular metal target layer 115. The 3" diameter inner
guartz tube corresponds to the hollow tubular inner member 103 of FIG.
0050] As will be appreciated by those of skill in the art, high and
wlqt%a %Fﬁ]g\?agcuum levels are typically itainable only by mul%gcs%\ $0S/018156
pumping. For example, high vacuum (on the order of 10-6 torn) may be
achieved by pumping of the chamber by a turbo molecular pump backed
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701 was stabilized at 5.1 x 10"7 torr, [0052] In an embodiment of the
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tungsten may also be used, molybdenum is preferred for ease of coating.
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the eiemem 813 and thus ente:r the inner space 827 to irradiate its contents. The voltages
may be set to achieve the desired level of radiation given the geometry, configuration, and
materials of the device.

[0060] FIG. 9 illusirates 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 903
(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 Vy is also
established at points on the element 909, and a voliage V) is applied to the electron target
and x-ray emission layer 905. The voliage difference V-V, is typically on the order of 10-

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



layer (e.g. layer 115). To mitigate this problem, a reflective mode is also
usable. Example devices operable in the reflective mode will be
Vgg%g%lg with reference to FIGS. 8 and 9. [0055] FIG. 8 shows a
Cross-sectional side view of a cyllndrl\jgl x-ray generation apparaties/e18ise
similar to that shown in FIG. 1. However, the apparatus of FIG. 8 differs
from that of FIG. 1 in two primary aspects. First, the apparatus of FIG. 8
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Moreover, the mechanism of electron emission may be any suitable mechanism, including
without limitation 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, molybdenun, 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. Moreover, 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.

[6064] FIG. 10 illustrates, in cross-sectional side view, a thermionic diode mode
transmissive x-ray generation device similar in some regards fo the device of FIG, 8. A

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



The desired quality of the target layer 815 is that it emits x-rays when
impacted by electrons of sufficiently high energy. (0058) The target layer
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etmittedfoorntier is not gated, whereas in the triode mode the emitter is gated. Moreover,
in the reflective mode, the target volume for the x-rays lies on the same side of the x-ray
emitter surface or element as the electron impingement; in the transmissive mode ike 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 (diode/reflective); (3} Field Emission
(irfode/transmissive); (4) Field Emission (triode/freflective); (3) Thermionic Emission
(diode/transmissive); (6) Thermionic Emission {diode/reflective); (7) Thermionic Emission
(triodeftransmissive); and (8) Thermionic Emission (triode/reflective). FIGS. 1, 2, and 4,
discussed above, show examples of Field Emission (friode/transmissive) devices, while
FIGS. 8 and 9 illustrate examples of a Thermionic Emission (diode/reflective) device. FIG.

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



electron emission element 909 and accelerated toward the electron target
and x-ray emission layer 905. Although only three electrons are shown for
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0 illustrates, in“cross-sectional side view, a thermjonic diode mode
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 thereof 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 1o shield generated x-rays. Similarly, the outer shell is composed of a material and
configuration allowing significant x-ray transmission, such as a polymer material, graphite,
beryllium, or thin metallic material.

[0671]  Within the outer sheil 1201, quartz support rods 1205a and 1205b are placed,
and may be held in place by end caps 1207a and 1207b. End caps 1207a and 1267b also
serve to seal the inner space 1209 defined by the outer shell 1201. A thermionic electron

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



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
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arrangement of quartz support rods Q21. Electrical leads 1017a and )
1017b allow current to be passed through element 1013. An outer tube
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around the outside of the device 1301, and used to detect flaws in the pipe via changes in
the image infensity.

[0074]  Note that although the device is illustrated being used in a particular
environment, there is no limitation 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 {o irradiate a
specific site.

[0075]  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 pattem. For example, a ring of



(diode/transmissive); (2) Field Emission (diode/reflective); (3) Field
Emission (triode/transmissive); (4) Field Emission (triode/reflective); (5)
Emission (diode/transmissive); (6) Thermionic
Wéloée ré?lgctlve) (7) Thermionic Emission (trlode/transmlsglve) agﬁg /&5}]%
Thermionic Emission (triode/reflective). FIGS. 1, 2, and 4, discussed
above, show examples of Field Emission (triode/transmissive) devices,
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ﬁ%ﬁ’ﬁ%@%ﬁ'&gﬁé%ge%%nﬁe 10 illustrates an example of a Thermionic
Emission (diode/transmissive) device. The WO 2005/119730
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uit integrity is especially important in industrial and home plumbing
he urtualin sefeeranzi apPrEATOHEPS Tt RSP HERIESS poiwd bRt Rooling
$YSIeMS. Leads 14132 and 1413b supply power to the electron emission element 1411,

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.
{00806} In operation, a voltage difference is applied between the thermionic electron
emission element 1411 and the target material 1403, Electrons emitted by the thermionic
electron emission element 1411 accelerate toward the target material 1403 under the
influence of the applied field and sirilce 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 postion 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



[0070] A device for generating x-rays and directing them outwardly is
shown in FIG. 12. The device is similar to that of FIG. 8, but may be much

Smg Ig{ @17133 does not have an axial flow-through opening. Ig %%% 018156
etaéiﬁ tfl1e evice 1200 comprises a cyéindrical outer shell 12((?{ aving on
the inner surface thereof a target material 1203. The target material may

be any of the target materials discussed above, and is thin enough or
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[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 smalier 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 ag 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 sysiem
such as described herein. Instead of being flowed through the system, solids are preferably
conveyed, such as by belt or shaker. Morsover, although the described embodiments of the

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



The device is preferably attached to a line 1305 for support. Leads 1307
used to operate the device are also attached to the device 1301. When
0 e device emits x-rays 1309 that impinge upon t%%&a{ D& 136
Wg’.g%‘%@%%r‘}in order to analyze the pi g's 1303 integrity, the varianceslyr:' 15
transmission of x-rays through the pipe 1303 is detected by an x-ray
detector 1311 placed outside the pipe 1303. Alternatively, an x-ray
e asitivedilmymay bewsrdppedvideaigtt theedintsil @ lohasidewdborBo1ayand
daedipdetacklas B thepneviabanaeminiie kpagaintaaky. [00741
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ilusisatetedevicryiibsizedbappiopriatelys cantaisorbdaisadfonameriivs of
e HRLEXAMRIE,SUGRA Seusercanhatssrkiniaalypioginteal

ructures such as veins and cavities, or for providing, radjatjon to
snbplEnutaFasTSIeRIRd S oReP GG RRinpltms 1 @rﬂ%{ﬁfi‘g %
spegific site. [00751 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 WO 20051119730 PCT/US2005/018156 17 transmissivity will
produce a donut radiation pattern, while a stripe of transmissivity will
produce a plane or sheet pattern. [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 through the tubular member and exit the device can then be
used to irradiate external materials. [0077] Although the foregoing
discussion has focused on devices that operate in one of either a
reflective or a transmissive mode, devices are possible which utilize both
modes of operation simultaneously. FIG. 14 illustrates, in cross-sectional
side view, one such device according to an embodiment of the invention.
The device 1400 is similar to that of FIG. 12,



but it is shown separately to more clearly describe its distinct mode of
operation. [0078] The device 1400 comprises a cylindrical outer shell 1401
having on its inner surface a target material 1403. Again, the target
material is thin or diffuse enough so as not to substantially shield
enerated x-rays. Similarly, the outetShell 1401 is composed of a
CLAMRrial and configuration allowing significant x-ray transmission as
discussed above. End caps 1.407a and 1407b serve to seat the inner
1. Spaceayipeietine cabyatiaéistemshishd 49 firgt WieieviomsodlEch@ring an inner
passajssRN elemetet Boddcks dite atetdithiacahd it appxiniately agontentotthe
suneith, thexaute estitidl 4@telhedbeonsionitoe tetroshemissmtretementidll-ray
radhatiyn berstracteaiiyl Selbsap pastingrosmaymd sy proned hybarnsneedsr in a
sulgtenil showentR0Eibases IHkkem amerd43aRgSH RV BUEVLEIGe first and
se@e@&rm%m@mgl,&m@pb%kum }ﬁéﬂﬂéﬂ{hﬁﬁg@ﬁiﬁggg%&@f%ﬁ]g the
outi geiraaaterigld A8 wsiithihede aeehHke: HheAiSGusSed AMNGs over at
lea8ffeR 444 fE18Yr bR HRBHJO SHREHAlBHag:space 1409 for operation of the
device 1400, and may be sealed if pumping is discontinued for use of the
2. feviee Al Al in.opetalion, gxoltagg diterence s apaliedbenyeen. i
&

mam%i%%”ggpsflﬁgegl%ﬁg%ﬁ]ﬂ{%&lws%ﬁ!Ori]{t%remg?%rjﬁd' 15:9 @%t%%it&r%%;fr%%te&ag% first
1403, Electrons emitted by the thermionic eléction emission element

ti‘ﬁ:}ijfi{n Sccelerate toward the target material 1403 under the influence of
5 tﬁtE 3$?Iied field and strike the tar 9{} material 1403. As a result, th%‘_target%
- miterdl 14T ENNS R THAiIAtON A¥ rbted hdve! ot thetargeton ermitte

CISIRET AT PAGS ARTTRR %5HER 1401 do not substantially shield such

radiation. Thus, a portion of the generated radiation passes to the outside
4. OPthe device' 14007 IRFaattin 2 aFsthal porkishiof the yeneratetadthationitier
elejgraflectébmurglytsivatds e opposite wall of the outer shell 1401.

Upon traversing the cavity within the outer shell 1401, a portion of the
5. Tefectad cadtbon\WP2e06 1LoT80 e ©TE B2 008G 8b58edBpassaited from
thethrieagbrthendpositeeril ot the aeatérvairelth4Odusmdsextisdhef dewidiest tubular
mebA@0, ftrdantie xseeprtittihghisareadifiestsnodenaftbpeisticaucreasasssion of x-
rayefidighey given that initially reflected x-rays may still exit the device 1400,

albeit on the opposite side. [0081] In an alternative embodiment of the
6. inveniignJelateddo Apatshawnia kG 14 the-deyiee N HhREEOMPIIEES of the
er@linpeniubularmemberalsq-coatad with x-rayemitting target dpaterial.

The acceleration field is further maintained between the electron emitter
7. opd )Q%V generation apparatus according to claim 1, wherein the cuter surface of the
first tubular member and the inner surface of the second tubuiar member define a cavity,
and wherein the cavity is sealed and is evacuated to less than ambient pressure.

8. The x-ray generation apparatus according to claim 7, wherein the cavity is evacuated
i a pressure of less than 10° torr.

8. The x-ray generation apparatus according to claim 1, wherein at least one of the first
ang second twbular members has a substantially smooth cross-section,

10. The »-ray generstion apparatus according to claim 1, wherein at least one of tha first
and secondg fubular members has a non-smooth cross-section,



tubular members, such that electrons accelerate both inwardly and
outwardly from the electron emitter and strike both target surfaces. The
outer surface performs as described above. The inner surface maybe
thicker and operates in the reflectlvez\{node relative to the inner tube. That
is, the x-rays generated at the x-ray emitting target material on the inner

s tﬁ‘%h@&?@ﬁéﬁ%&ﬁ%ﬁ@%%ﬁ%&ﬁ%@ aﬁﬂ%ﬁb‘é’fﬁﬁ%l@f R thfotighe frst

anRECHtfe . "TODB2 IR TR B prégiterthat Hewr R d8eful x-ray
generation techniques and devices have been described hereln In view

12. dithe-rAagg possibl @ Emisbdirmemis kowhighinthe principles 'ekthigie of the first

andreentionimay bexappliedzitshoultbbe recoghizédithat the embodiments
described herein with respect to the drawing figures are meant to be

13 ilustrativesenty :aind shoewle notdetakencasdimiting:therscopeiahinventiomcre

insirer f&?(@ﬁ@ﬁ@% dhesetof skillin-theart will fecognizethat the peeisenbers, such

thacenfigurations-and-shapesishown ateexemplary anehthat theslusirated ctive

arr@bediments-can-thushe medified in arrangement and detail without
departing from the spirit of the invention. For example, it will be

14, aﬁw%@gﬁg@%@%&y@%&%tﬂwatr@@tr%ﬂr@h@p@%@{ otherwise Mayalsobe piiar
meModified @é%ﬁ@@gﬁg@@g@yﬁ, portions or elements such as a flare or

flange at one or more edges, and that such does not negate the

15. SMbStﬁlntoa l TC Onca}/r&éh% t!t;!le @ﬁ%g}g/& % @Paq rc&%g)?%nélmg %Q—%g %Etad[%cmg the

umerical e mples erein, It

tar?ﬁé%\;g%r:%lﬁél?%ﬁgl arﬁ r%O Q%VICGS a% %Jn ar %on a ml,lCﬁ1 outer surface

8 f%n“?éPS ke éc ShaagRye meeﬁau smoo"hraly

raciglion e wgva%% 't&?a%aatﬂa%’%ﬁf eaﬁu g\gﬁ% Al iariparen t
fay@eH@ré%R?Y?ﬁ?{Eﬁ%*H?&w‘P&éfWﬂ%‘é PhRAHTR THNETR ShAViGIUI fafuLe:
WheEsipBifetiiRes (AR a8 sBifBSo PRUIFHONRS EEFEXSRTHRD RIBELhEUMEF suracs;
extﬁﬂv@@@@%@@ §eetidhe EptighaSEs: iFTReRpHARALES SRR atipnpRtantia
betyfegie thaembersHegsper dofamerals syeti @%hqtmﬁan@mm@tmm@@r@y the
exifhaedoemayofiai dscalsshlielitgMidglidsdrrirgas o) hetebis dayslid stimalabeg the
relpmssed thiougtadiationetiter bycnsysterestushrastdesofibstidiereiay radiation
pethestaasl tfebomty fidvilesl tordaignéht Biystemd solidsgse yrefetiabliarget material
placadvieyeth. such as by belt or shaker. Moreover, although the described

embodiments of the invention have focused upon x-ray generation, it will
16 berappreciatedthat the:principles oh WO 2005/ E1973kin the target material is a
HoPChAdS2005/018156 19 the invention may also be used to provide

electron radiation of materials without x-ray

17, The method of w-ray freatment according to claim 15, wherein the target materiai s o
gaseous or piasma material,

18, The method of xwrmy tregtment according to claim 15 | wherein the targe! material is
2 solid or slurry materia

The method of xray treatment according o claim 15, further compnising evacuating
a space between the containment tube and the emitter tube to reduce the pressure In
the space below ambient pressure.



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
provide electron irradiation of the cantents of volume 127. Therefore, the
invention as described herein conteffiplates all such embodiments as
20. rhig BEHBdRTHiNah & RBIE AR I RIAG ElalsdHPeErRRIERE svacuating
the graedbepreLihpMaiainne X iee e ha R Epplirad’ lesnipaRiHe Bl fist
tubular member having an inner passage and an outer surface, the outer
21. siirfavethavinigpowriciesant @prmions ¢¢ tainufavdelaix-ihe eomtatimgent tube
conmpétedadneispo rsivean eldetrancoviriyartihentteremhiplediag e iatiost; matkrial
witlarséeonchtaipuianimetre benguises mdmdutieditse tulatdaninae thbenigt, anoving the
magustanrtialhticongentaiciralaiionghipstheteta| thrate beirg a cavity between
the first and second tubular members, the second tubular member having
an inner surface facing the outer surface of the first tubular member
wherein the inner surface comprises over at least a portion thereof an
electron emitter element. 2. The x-ray generation apparatus according to
claim 1, wherein an acceleration field is maintained between the electron
emitter element and the outer surface of the first tubular member. 3. The
X-ray generation apparatus according to claim 1, wherein the electron
emitter element is a gated electron emitter. 4. The x-ray generation
apparatus according to claim 1, wherein the electron emitter elementis a
therrnionic electron emitter, 5. The x-ray generation apparatus according
to claim 2, wherein electrons emitted from the electron emitter element
accelerate toward the outer surface of the first tubular member, strike the
X-ray emitting material thereon, and thereby cause the emission of x- ray
radiation. U. The x-ray generation apparatus according to claim 5, wherein
at least a portion of the emitted x-ray radiation enters the inner passage
of the first tubular member. 7. The x-ray generation apparatus according
to claim 1, wherein the outer surface of the



first tubular member and the inner surface of the second tubular member

define a cavity, and wherein the cavity is sealed and is evacuated to less

than ambient pressure. 8. The x-ray generation apparatus according to

claim 7, wherein the cavity is evacu ged to a pressure of less than 10’

tore. 9. The x-ray generation apparatus according to claim 1, wherein at

least one of the first and second tubular members has a substantially
22. MBIV EFESISEACRPPROEIR S REPEN Er it dpiR AT BRCHRYIAG f& inner
passiagm A ity SUEIS: SieiThBUMate HRY 158 CORGA IR IASIRBIEPS RENST
elemen-ardoatisenoys-bdstin MEMBEL, SN e rBisdritpRiratggber in a
substatiaingeocelaine islailvasbip ddeist heeeobdia fastaandistesa tubdrar and
seamrehbershasratsub stensatiyncitoblsarcressese ctymglah fhensudyce facing the
outgeparfationkineaiatusiadeordengpts etharih, ivbenesr atiitast crmepobtsesfitsiget
lay@n@Seeene tukidatsherohesdiasnatpelygonalyoragatsaction. 13. The x-ray

generation apparatus according to claim 1, further comprising one or more
23 insdlatiag seasatewibiaihecanibdeiweerihertirsimidiseponddbuirn fieid
is MMENRRRLS: SiGhthatdhashacetmmanirindhe first @ad-segonstidauiaithe first
wbsmbeksdp a nonconductive arrangement with respect to one another.

14. The x-ray generation apparatus according to claim 1, wherein the

second tubular member is substantially opaque to x-ray radiation. 15. A

method of x-ray treatment of a target material comprising the steps of:

placing the target material within a containment tube having a primary

body and an outer surface coated with a metallic layer that is responsive

to electron bombardment to emit x-ray radiation, the primary body of the

containment tube being substantially transparent to x- rays, the

containment tube being surrounded by an inner surface of an emitter tube,

wherein the inner surface of the emitter tube comprises an electron

emitter surface; extracting electrons from the emitter surface; and

applying an acceleration potential between the emitter surface and the

metallic layer of the containment tube, whereby the extracted electrons

accelerate toward and strike the metallic layer, stimulating the release of

x-ray radiation there from, at least a portion of which x-ray radiation

penetrates the body of the containment tube and impinges upon the target

material



placed therein. 16. The method of x-ray treatment according to claim 15,
wherein the target material is a liquid material. 17. The method of x-ray
treatment according to claim 15, wherein the target material is a gaseous
or plasma material. 18. The methodzgf x-ray treatment according to claim
15 . wherein the target material is a solid or slurry material. 19. The
method of x-ray treatment according to claim 15, further comprisin ,
24. dEctEdh geRespiR e BRRIRIER BRECOREIAMG TR e WIRITR nitSr finRder
elemant el oragsrEssuislipeidpae SIATERbR#EPRb ssure. 22 20. The
method of x-ray treatment according to claim 19, further comprising
25. el Uremtn o athes aprc e dretwis regre et s dinvieint tebevarrdainestaviinss teméted
frorto fesethitiar 195t RteFratariotrind dfx-rayereatfaeatacberdierptd tubular
megiaém dbikwitercirdbe dontaibirertdabend dimpebe Sansi beaat i ssicoutiet-ray
radafidrivherein the step of placing the target material within the containment
tube comprises introducing the material at the inlet, moving the material
26 thfRughtheshis anapiinaving-Hedmgterabah he audetin2d: Rasr i pofedh of
theSSRBERIIQN,APRGEAIS ISUNBHEI e Wwh S D Wit FoeRRDAR oyiRe-8 BIMAE first
tubBBs$ageaRd an outer surface, the outer surface having thereon a gated
electron emitter element; and a second tubular member surrounding the

zzﬂfﬁwﬁ é}';n dRsaber é&s@r HRstaptialy,aanaamtrissrelationship ithere Yortion of
t X

INSIG2e18.2 GauItYOF I}é’aes%'ééh&r%ﬁ%}rﬁ% Ss%%%ﬂg HRUIAr MEMBS oSt the

the emi t%?
ubufar member having an inner surface tacing the outer surface

secon

ap%?rﬂg)%sfirst tubular member wherein the inner surface comprises a target
layer responsive to electron bombardment Eo,e i&x-rag/ rad%ﬁ\tion 23. The

28 ThS SRR U B4R A6FAIRE Yo %féﬁr'{“zn%, WHETER 3F SebeiSHtess o

tnerel WM RS TR TE eRIEREh Sriies AEEHPHRD BRI BicRome @

caviyfaee WIS GRENIS $RRRHRI 9 e REUARIG Ry KIRs Aftipnt pressure.

apparatus according to claim 22, wherein the electron emitter
29. The x-ray generation apparatus according to claim 28, wherein the cavity is

evacuated to less than 107 torr.

30. The x-ray generation apparatus according to claim 22, wherein the second tubular
member is substantially opague to x-ray radiaiion.

31. A method of x-ray treatment of a target material comprising the steps of: placing the
target material within a containment tube having an outer surface having thereon an
electron emitter element, the containment tube being substantially transparent to x-rays,
the containment tube being surrounded by an inner surface of an x-ray tube, wherein the
inner surface of the x-ray tube comprises & target layer that is responsive to electron
bombardment to emit x-ray radiation; extracting electrons from the electron emitter
element; and acceierating the extracied electrons toward the target layer, whereby the
accelerated electrons sirike the target layer stimulating the release of x-ray radiation
there from, at least a portion of which x-ray radiation penetrates the containment tube
and impinges upon the target material placed therein.

32. The method of x-ray treatment according fo claim 31, further comprising evacuating
a space between the containment tube and the x-ray emitter tube to reduce the pressure
in the space below ambient pressure.



element is formed from helical windings of an emitter material. 25. The

X-ray generation apparatus according to claim 23, wherein electrons

emitted from the emitter element accelerate toward the inner surface of

the second tubular member, strike H%e target element thereon, and

thereby cause the emission of x-ray radiation. 26. The x-ray generation
33. IbBARRIShREST@N Y TBIIS S50 WREE A Al TeAst ' HTH SR B &Yt 9
the graRPrRieRinthe arBIIBI RSN MR AN d SR R R AP s iess Bethlhrta

tubular member. 27. The x-ray generation apparatus according to claim
34. Thevmrrsheinh Atieas e PoIHDPEEOHE @ fRifBiNk-Fay Wasiaiioh H aeaied ment tube
conthrisegathalst coddat ruléet rasehbiete i iethden s paeisg 18e TAast ragterial
wittge tiezatiotaapparatuseacuodises totehalimig feneaiinith@tobe indel fayiog the
matidafitistoludiuies msmbed ssrdothed tiremstefacetdhehmieicond tubular

member define a cavity, and wherein the cavity is sealed and is
35 evaGUalegdalassihapambicnirpessigtes 2ed bexnay geiteradienent; and a
tubBlRPMalHEACLEIElINgitg chainaledronharatertbraavityrisa evasuaied foctes2ntric
reldfaRs A" i ERERo Sthel AB XA IRFAHINRPBAT HHS ARGaIEINt iM gl ddctron
emiBETEINDG SRraRth g sPemBstds SRSt aHY1ORRAUSVE X¥8)onsive to
elefAdIRIRAB A aREthOd Qhx-rayFeaimentOf & fRrgst maleralaamarising: is
Subtgt%rﬁ@;{ﬁ@ﬁﬁg@ﬁ%@gm@pg&tamﬁerlal within a containment tube having

an outer surtace having thereon an electron emitter element, the

containment tube being substantially transparent to x-rays, the

containment tube being surrounded by an inner surface of an x-ray tube,

wherein the inner surface of the x-ray tube comprises a target layer that is

responsive to electron bombardment to emit x-ray radiation; extracting

electrons from the electron emitter element; and accelerating the

extracted electrons toward the target layer, whereby the accelerated

electrons strike the target layer stimulating the release of x-ray radiation

there from, at least a portion of which x-ray radiation penetrates the

containment tube and impinges upon the target material placed therein.

32. The method of x-ray treatment according to claim 31, further

comprising evacuating a space between the containment tube and the

X-ray emitter tube to reduce the pressure '




in the space below ambient pressure. 25 33. The method of x-ray
treatment according to claim 32, further comprising evacuating the space
between the containment tube and the x-ray emitter tube to less than 10"5
torr. 34. The method of x-ray treatné[%nt according to claim 31, wherein the
containment tube comprises an inlét'and an outlet and wherein the step
36. of tatifRy tRNRARGER ARSIV R AHe donfAiftReRPIBIEEENTYLEE: Wubular
mepRsaiting ae FEaalike IR iR d tRelURtARE MBS TPBLGH IR RIRR the
eleetrh remiBoing ameThatbrEs Attise Betiean 3BNIAN ety risabshvappdhgtiner
tubgempesihg: angdtedteiuiaronasmiteusiewnding dhel elestibolamiientiement, and
whanginoamdirigrtherelectrbthe mitker teletae ptdm ars wostansied| v cencedtideget layer
respelstion shigethere tmrthertiteriatoneeriberheatigiam inner surface facing
the electron emitter element wherein the inner surface comprises a target
37 layer+espgasiveitn sipetmisharoharaient#ness! wHayiradiabors svbeseifeld
is ri@hibiRdaponesaherdSeisubstoatialh BRARRRIENE i Ietadiaiionads @ the
sechh@ Mt @gaeration apparatus of claim 35, further comprising an inner
tubular member within and substantially concentric with the tubular

38, %@9@3}3@@%9%&%@&%@&%&@ 8lemant, WReLrin the-electosh field
is Ui %ﬁ&&%ﬁ?ﬂ? éﬂ%ﬂ&!@énﬁgwmr{h@wgmg gethe tubular

member surroundlng the electron emitter element, and wherein an outer
surface of the inner tubular element comprlses a second target layer
ponswe to eI ctron bombardmen to ra |at|on,th37 iThte ray..,
eFaWé’rP 5 arg n CF o %8 nP1ere| an accerera ﬁ)rr??eﬁ et
el e% FISRE ?érb%?o?f 3%%?%%‘?1%66 rl;\nd both of the target
er and the second target layer. 38, The x-ray generation apparatus
gﬁ@rﬁTFﬂjt%eﬁ%{ﬁ‘ﬁ%aQ\ﬂ?é?&‘ﬁ ARCREtBR DA TeRD ¥ RRsfitaRRegons emitted
ffo%‘e“t‘%@e@ﬁ'ﬂ% RRCEHIrPERRIRER R ORI AibstikdRgeeradybiagy. fresygpusing
thegsnisriiopf 2pparatiatiaBeording to claim 38, wherein the electron emitter
element is formed from helical windings of an emitter material. 40. The
41 xiasy geyegatioriappapatistas cording ttelainn3 S S wieresin dhectubngr member
defsmittedcdvamitherechities étenmigttaccelpittte tbensrot aacdsriladinettargevity is
sedtympntharelycoatasingless than ambient pressure.
42. The x-ray generation apparatus according to claim 41, wherein the cavity is
evacuated to less than 10~5 torr.

43. A method of generating wide-angie x-ray radiation from a portable housing
comprising: generating electrons within the housing by way of an electron emitter
surface, the housing defining an interior space, the housing further being responsive to
electron bombardment fo produce x-ray radiation; accelerating the generated electrons
toward the housing; allowing at least a portion of the generated electrons to strike the
housing, wherehy x-ray radiation is generated; passing a portion of the generated x-ray
radiation through the housing and reflecting a portion of the generated x-ray radiation
from the housing; and



the emission of x-ray radiation. 41. The x-ray generation apparatus
according to claim 35, wherein the tubular member defines a cavity in
which lies the electron emitter element, and wherein the cavity is sealed
and is evacuated to less than ambleé[}t pressure. 42. The x-ray generation
apparatus according to claim 41, wherein the cavity is, evacuated to less
thaRaBIB4 4R r&ﬁes&%%@m&s%?f JBR S déf%@?@‘%“%k DA SRGHBIR"
spagHERABIShoasHIE ebiRpHshngYehdatirdeascRENitiihEIEIRYG Ky
radighgrdhem eiebe R Eingterh SR e HiRP @ﬁ@f@téﬁﬁh@%%%@é&&mg
a geediniesiiag &NdRSr being responsive to electron bombardment to produce
x-ray radiation; accelerating the generated electrons toward the housing;
44 dlewving ayteasttdperienatitegedemte disloctdnshersitrike tikerior space is
sedhatisingswherekyKiodyssaitiatiamisepe nersged;. passing a portion of the
generated x-ray radiation through the housing and reflecting a portion of
45 thegengyaleckxatioy taiatan daardie houring andRstepassingdher space is
evd@ilected Redipa 0l thegenerated x-ray radiation through the interior
space and then passing at least some of the reflected portion of the
generated x-ray radiation through the housing; wherein the step of
generating electrons comprises using a gated electron emitter. 44. The
X-ray generation apparatus according to claim 43, wherein the interior
space is sealed and is evacuated to less than ambient pressure. 45. The
X-ray generation apparatus according to claim 44, wherein the interior
space is evacuated to less than 10-5 torr.



