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I NVENTI ON [ 0001] This invention relates generally to
X-ray generation and use, and, nore particularly,
relates to a systemand nethod for generating a
convergent or divergent x-ray em ssion pattern froma
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el ectromagnetic radiation in‘the formof x-rays has
found use in a vast spectrumof fields and endeavors.
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' \eﬁ ilci?%atorfadiaﬁon is produced and directed is sﬁ?soptimai af present. Typical x-ray
sources comprise a point source eleciron producer, an accelerator, and a metal target. In

" 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.
[0004]  Typically the emitted radiation spreads in a conical pattern beyoad 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 at a giveﬁ distance r from the region of impact falls off in
approximately an mmverse squéred- (1% manner. Teo effectively employ this radiation
pattern at proper dases, 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 muitipie 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 mvolving source timing,

positioning, efc. are commonplace.
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[0009] ' ayW%SQ glreaag)]lagnrgleg g aﬂrrrlsa gelt'I forth 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: _
‘10010] FIG. 1 is a cross-sectional side -view of an x-ray gencration apparatus
according to an embodiment of the i-nvention;'

[0011] FIG. 2 is a -cross-sectional side view of an X-ray generation apparatus

. according to a further embodiment of the invention;



according to an enbodi nent of the invention;
[O0O11]FIG 2 is a cross-sectional side view of an
X-ray generation apparatus according to a further
enbodi nent of the invention; 33 [0012]FIG 3Ais a
perspective side view of a hem spherical x-ray
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apparatus according to an embodiment of the invention with concavity omitted for clarity;
[6015]  FIG. 5 is a schematic drawing of a multi-pass flow-through treatment system and
component x-ray generation apparatus in accordance with an embodiment of the invention;
[6016] FIG. 6 is a schematic drawing of a single-pass parallel treatment system
comprising dual x-ray generation apparatus in accordance with an embodiment of the
invention; |

[0017}  FIG. 7 is a photograph of a profotype x-ray generation apparatus according to an
embodiment of the invention;

[0018] FIG. 8 is a cross-sectional side view of an x-ray generation apparatus according

to an alternative embodiment of the invention;
[0019)  FIG. 9 is a cross-sectional end view taken along direction B of FIG. 8 at the level

of line A in an embodiment of the invention; :
[0020]  FIG. 10 is a cross-sectional side view of an x-ray generation apparatus according
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
according to an embodiment of the invention;
[0022]  FIG. 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
[6025] 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



[0015]FIG 5 is a schematic drawing of a multi-pass
flowthrough treatment system and conponent x-ray
generation apparatus in accordance wi th an enbodi nment
of the invention; [0016]FIG 46 is a schematic draw ng
of a single-pass parallel treat rrent syst em conpri si ng
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generation apparatus according to an embodiment of the invention is shown. The x-ray
generation apparatus 100 comprises a hollow tubular outer member 101 in a substantially
coaxial relationship with a hollow tubular inner member 103. The inner 103 and outer 101
tubular members are held in their respective positions and maintained electrically isolated
from one another by a first annular insulating end cap 105 and a second annular insulating
end cap 107. The end caps 105, 107 may be in direct contact with the inner 103 and outer
101 tubular members, such as via a screwing or sliding contact. Alternatively, annular seals
or gaskets 109, 111 may be interposed between the end caps 105, 107 and the inner 103 and
outer 101 tubular members as shown, etc. Suitable seals and gaskets include rubber seals,
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 gated field emitter source is located
along the inside wall of the outer tubular member 101. Similarly, an annular metal target
layer 115 is 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
leads 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 ficld 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 105, 107. This portal is used primarily for
evacuating the inner space 125 to vacuum (such as less than 108 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



to another alternative enbodi nent of the invention;
[0021]FIG 11 is a plot of an x-ray spectrum at 40kV
el ectron energy within a device according to an
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ray transmissivity include glass, plastic, thin metal, beryllium, quartz, graphite, boron

mifride, etc.
[0030] In 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 instrument, or be
coated with a material that is substantially opaque to such x-rays. This is because a portion
of the x-rays generated within the device may be directed or be scattered owtwardly. The
shielding property of the outer tubular member 103 is thus important when it is desired to
protect nearby personnel and/or materials from radiation damage. Preferably, the outer
tubular member 103 is constructed of a reasonable thickness, such as 0.12”, tubular stainless
- steel or aluminum, but any other material or materials can be used within the principles set
forth above.
[0031] With respect to the metal 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 voliages
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 farget x-ray

generation surface or element.
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generated radiation field will be substantially

convergent in a region near the center of the
concentric spherical shells 303, 305. It will be
appreci ated that additional non-convergent radiation
fields may al so be generated, but such are not of



[0038] The concavity of the inner 305 and outer 303
shells can be controlled to define the convergent
pattern of em ssion produced by the device. For
exanpl e, nore focused concavidties will tend to
tighten or narrow the em ssion pattern while |ess
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tomard the center of the device, sone x-rays 418 may
al so scatter backward toward the outer wall (or in a
t ubul ar assenbly, pass out the far side of the inner
tubul ar nenber and continue toward the opposite point
on the outer tubular nenber). Thus, as noted above,
the outer wall should have shielding properties or

i nclude a shielding layer. [0042] Having described a
nunber of Xx-ray generation apparatus according to
exanpl e enbodi rents of the invention, some exenplary
uses of such systens according to farther enbodi nent s




CX2 result. As the above exanple points out, one can
target specific reactions by tuning the x-ray

radi ati on. [00441 Anot her exanple of this is in
facilitating flowthrough, r&her than batch

pol yneri zation. Appropriate nononers and/or oligoners
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exanpl es, and any conbi nati on and confi gurati on of
hasfeent s is possible within the invention. For
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o fiplecEpudl hdiim Bl BRSSPI xA3Y BQKRLion fa I cach path are
pdssible s wellasatsedes tieatmentsysicargomprising @ serigs of paraljel subsystems.

ener atj, 0 I j . . . ..
MGy e AR R Ror R fE oA R b e RIORTE o invention n
thaxgafdrd) undtheorrap geheopion apparatunmapugsrdediostyper dhered gepport

according tao one enbodinment of the invention is
“HE?E*?%%%“ ‘nore detail below. The device is

preferably configured and operated such that the

generated x-rays irradiate the material to be treated

with a dose at the center of the tube of

approxi mately 1000 gray. This dose level is generally

adequate to kill bacteria in foodstuffs and is al so

generally of sufficient energy to dissociate

el emental bonds within, for exanple, waste water

conmpounds. [0049(The prototype device 701 is shown in

FIG 7. The device is approximtely 36" |ong and 60"

hi gh, al though neither neasurenent is critical and



| evel s are typically attainable only by nmulti-stage
punpi ng. For exanple, high vacuum (on the order of
10-6 ton.) nmay be achi eved by punping of the chamnber
by a turbo nol ecul ar punp ba&ked by a nechanical or
"roughi ng" punp. U trahi gh vacuum may be achi eved fin

[ echa ry by first i n
(s, BB ervistrefio: pEoregbn o HBOIREaE S tsoe i one
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punp or nost enpadi nents of the Lnvent .. high
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1%1%@{1% g@%%h RIRuBRn&RRF ﬂ%asupgﬁ%npﬁéﬁn&[ SRS RToothiRay be

was Stabilized at 5.1 x 10-7 tort.
ins@ad apngreaterariough h@ﬁ’@\’ﬁbwttdﬁ@fﬁlm he scops ofhsdaventien. The
vﬁ%?eocﬁ{tﬁrfcbﬁtgﬁlnéra?tog SF b %@ﬂcg&ﬁﬁgéonﬁﬁjgt é&xtéﬁ@& cﬁ%headevwc such as

I'n ano I rent of
tuba\remﬁmﬁ IaThnxleybd mmnlarjm thahshgen sthepagicalky umEKaI although

ﬂjglretE‘P‘gﬂf ?&é'ar ‘F%St RaduPEH co lg%el&%g@%%k}gfw‘g i operaied i

thaldidae wolde.t Tiee devick GOV pmsisedaf a 2a Iwms@mm of mgxdﬂnt&e:vlm@r with a
albpLE kT3 e SR UG SRl felahPortuars e
ot bﬂm al12.59n ﬁfmmﬂ;lgﬁaﬁbﬁ ohs WP@pemaﬂdrsbidaﬁd ﬂm, thi: gtaghhite tube
em risre ce . h .
oTrah oAb B GRUPAB AN Erutimgentgpn ot ERE- 1 v e Fonmgg of

odrRbkpBas foMtRe Anulaf MBAMafet M?elﬂlﬂg eThd ﬁ’ﬁﬁﬁl&bﬂnner quartz tube
enbodi nents of the invention described to this poirnt

cquesepnds igribehiollep tubular inner memmber 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 (on
the order of 107 torr) may be achieved by pumping of the chamber by a turbo molecular
pump backed 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.

f0051] 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



el ectron em ssion near the outer tube 101 resulting
in X-ray em ssion near the inner tube 103. However,
in this node, referred to as transm ssion node (since
the x-rays nust pass at |easltl partially through the
netal target |ayer depending upon where in its depth
theﬁﬂare generated), the x-ray intensity may be
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el ectron generation element 813 is connected to a
vol tage source via leads 817a and 817b. In this case,
the relative voltages at the ends of the wire 813
establish the current throughzthe wire, while the
vol tage differences between the target |ayer 815 and
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target volume 913. Keeping in mnd that in the
il lustrated enbodi nent of the invention the electron
em ssion elenent 909 is a spirally wound wire, a
portion of the radiation dirigcted toward the target
vol une 913 is stopped by the el ectron em ssion
- elenment 909, while another portion passes between the
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Irected 1n many directions, but a substantial nunber
are directed toward a target volune 1027 within the
i nner tube 1003. A portion of this x-ray radiation
passes through the target material 1015 and the inner
tube 1003 and enters the target volunme 1027. In this
manner, the contents of the target volune can be
effectively irradi at ed.




[ 0066] A nunber of other nodes of operation are

avai l able within the invention, given the principles
taught above. In general, an x-ray generation device
in accordance with the invent4on nmay operate in
either a field enm ssion or thermnonic em SSI on node
Wth respect to electron em ssion. Wthi
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the device such that x-ray radiation did not extend
out si de of the device. However, in an alternative

enbodi ment of the invention, it is desirable to
irradiate materials outside I5at her than inside the

devi ce. For exanple, x-ray radiation can be used from

i nside a constricted space, such as _a pipe
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In particular, the device 1301 is illustrated being

| onered inside a pipe 1303 to be anal yzed. The device
is preferably attached to a Iine 1305 for support.
Leads 1307 used to operate tlhe device are al so
attached to the device 1301. Wen power ed, the devi ce
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duce a desired output pattern.
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e or et patfern. T70076] Note that an
deiceate aiso dmadtwd taithe devicel30¢ e When powered e dayicesmitg &rrays 1309

thathlmpmge upon the wall of the pipe 1303. In order to analyze the pipe’s 1303 integrity,
the variance in 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 sensitive film may be wrapped
around the outside of the device 1301, and used to 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 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 to jrradiate 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 pattern. For example, a ring of



principles, nanely, an electron emtter, a tubular
menber surrounding the electron emtter, and a

vol tage source for creating a field to accelerate
emtted electrons fromthe glfectron emtter toward

t he tubul ar nenber. El ectrons that pass through the
tubul ar nmenber and exit the device can then be used
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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 refiected radiation




passes through the opposite wall of the outer shel
1401 and exits the device 1400. It can be seen that
this nodified node of operation increases efficiency
given that initially reflectld x-rays may still exit
the device 1400, albeit on the opposite side.
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20 CLAIM5S 1. An x-ray irradiation apparatus
conprising: a continuous substantially concave
em ssion el enent for generating x-rays with a
convergent pattern of em ssi®n; and a predefined
target volune, such that at |east a substantia
fraction of the emtted radiation is concentrated
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degrees, 90 degrees, 180 degrees, and 270 degrees.
5. The x-ray irradiation apparatus of claim1,
wherei n the continuous concave em ssion elenent is
general ly concave but has a conplex surface.. 6. The
X-ray irradiation apparatus of claim1, wherein the
conti nuous concave em ssion elenent is generally
concave and has a snmooth surface. 7. The x-ray
i rradiation apparatus according to claim1, further
conprising a concave electron emtter elenent,
wherein each of the x-ray em ssion el enent and the
el ectron emtter elenment have a respective focus, and
wherein the foci of the electron emtter elenent and
the x-ray em ssion elenent are on the sane side of
the predefined target volune. 8. The x-ray
irradi ati on apparatus according to claim1, wherein
an acceleration field maintai ned between the el ectron
emtter elenment and the x-ray em ssion elenment. 9.
The x-ray irradi ati on apparatus according to claim1,
wherein the electron emtter el enent conprises a
gated electron emtter |ayer.



10. The x-ray irradiation apparatus according to
claiml1l, wherein the electron emtter elenment emts
el ectrons via field em ssion. 21 11. The x-ray
irradi ati on appar at us accorSing'to claim1, wherein
the electron emtter eleneft enits electrons via
“thermionic emssion. 12. -The x-ray irradiation
apparatus according to clcaam8, wherein el ectrons
enitted fron1the el ectron emtter elenment accelerate
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8. The x-ray irradiation apparaius according to claim 1, wherein an acceleration figld is
maintained befween the slactron emittar element and the x-ray emission elemeant.

9. The x-ray irradiation apparatus according to claim 1, wherein the siectron emilter
aiement comprises a gated eleciron emitter {ayer.

10. The x-ray iradiation apparatus according fo claim 1, wherain the eieciron emitter
elemant emiis elecirons via field amission.



19. An el ectron bonbardnment device for treating a
target material conprising: a first tubul ar nenber
for containing the target naterial; a second tubular
menber in a surroundi ng concentric relationship to
the first tubul ar nmenber, sch that an annul ar space
is defined between the first and second tubul ar
menbers, and wherein the second tubul ar nenber is an
electron emtting material; and valtage application
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element and the x-ray emission element define a cavity thers betwaan, and wherein the
cavity is sealed and is evacuated {o iess than ambiant pressure.

17. The x-ray irradiation apparatus according to claim 7, wherein cavity is evacuatad fo
less than 10'5 torr.

18. The x-ray irvadiation apparatus according to claim 7, further comprising one or mora
insulating spacers within the cavity between the slectron amitter siemant and the x-ray
arnission slement, such that the spacers maintain the slectron emitter slement and the
x-ray emission element in a nonconductive arrangament with respact to onz another

19. An eleciron bombardment device for treating a farget material comprising: a first
tubular member for containing the target material, a second tubular member in a
surrounding concentric relationship to the first tubuiar member, such that an annular
space is defined between the first and second tubular members, and wherein the second
tubular member is an electron emitting matenal;, and voltage appiicaion means for

accelerating emitted electrons from the second tubular member toward the first tubular
member.

20. The electron bombardmant device according o claim 18, wherein the second fubular
mamber is a thermionic eleciron emitiing material.

21. The electron bombardmeant device according to claim 18, wherein the second wbular
member is a field electron emitling material.



An i nproved x-ray generation system produces a
converging or diverging radiation pattern
particularly suited for substantially cylindrical or
spherical treatment devicess In an enbodi nent, the
system conprises a closed or concave outer wall about
a closed or concave inner wall. An electron emtter
is situated on the inside surface of the outer wall,
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X-RAY SOURCE WITH NONPARALLEL GEOMETRY
Absfract

~ Animproved x-ray generation system produces a converging or diverging radiation
pattern particularly suited for substantially cylindrical or spherical treatment devices. In
an embodiment, the system comprises a closed or concave outer wall about a closed or
concave inner wall. An electron emitter is situated on the inside surface of the outer wall,
while a target fiim is situated on the outside surface of the inner wall. An exiraction
voltage at the emitier extracts electrons which are accelerated toward the inner wall by

- an acceleration voltage. Alternately, electron emission may be by thermionic means.
Coliisions of electrons with the target film causes x-ray emission, a substantial portion of
which is directed through the inner wall into the space deﬁned within. In an embodiment,
the location of the emitter and target film are reversed, establishing a refiective rather
than transmissive mode for convergent patterns and a transmissive mode for divergent
patterns.

Figure 9



