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vessel, and an actuator assembly operatively connected to at least one of the first and second contacts. The actuator assembly Is
structured to cause the first contact surface and the second contact surface to repeatedly come into contact, and separate after
making contact, while in operation. The first contact surface Iis a surface of a first triboelectric material and the second contact
surface Is a surface of a second triboelectric material, the surface of the first triboelectric material having a negative triboelectric
potential relative to the surface of the second triboelectric material. The second contact includes a material that includes an atomic
element in its composition that has an excited quantum energy state that can be excited by electrons traveling from the first contact
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energy band upon transition from the excited state into a lower energy state. The enclosing vessel Is structured to provide control of
an atmospheric environment to which the first and second contact surfaces are exposed.
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(57) Abstract: An x-ray source for generating x-rays with at
least one narrow energy band includes an enclosing vessel, a
first contact arranged with a first contact surface in the en-
closing vessel, a second contact arranged with a second con-
tact surtace in the enclosing vessel, and an actuator assembly
operatively connected to at least one of the first and second
contacts. The actuator assembly is structured to cause the
first contact surface and the second contact surface to re-
peatedly come mto contact, and separate after making con-
tact, while in operation. The first contact surface is a surface
of a first triboelectric material and the second contact surface
1S a surface of a second triboelectric material, the surface of
the first triboelectric material having a negative triboelectric
potential relative to the surface of the second triboelectric
material. The second contact includes a material that in-
cludes an atomic element in its composition that has an ex-
cited quantum energy state that can be excited by electrons
traveling from the first contact surface to the second contact
surface such that the atomic element emits x-rays having an
energy within the at least one narrow energy band upon
transition from the excited state into a lower energy state.
The enclosing vessel 1s structured to provide control of an at-
mospheric environment to which the first and second contact
surfaces are exposed.
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A TRIBOELECTRIC X-RAY SOURCE

CROSS-REFERENCE OF RELATED APPLICATION
[0001/2] This application claims priority to U.S. Provisional Application No.
61/451,694 filed March 11, 2011.

BACKGROUND-

1. Field of Invention

[0009] The field of the currently claimed embodiments of this invention relates to

triboelectric x-ray sources.
2. Discussion of Related Art

[0004] Triboelectricity has been utilized in fundamental scientific research as a
source of high electrostatic potential for over three centuries from the early electrostatic
apparatus of Haukesbee (F. Haukesbee, Physico-Mechanical experiments on various
subjects (London: 1709)) through to the eponymous generators of van der Graaf, yet there
remains a notable absence of a first principles approach to the subject (M. Stoneham,
Modelling Simul. Mater. Sci. Eng. 17, 084009 (2009)). Electrostatic generators store the
integrated charge that is developed when two materials are rubbed together in frictional
contact. The materials are selected to be furthest apart in the triboelectric series—an
empirically derived list showing both the propensity of the materials to charge and the
polanty of charge (P. E. Shaw, Proc. R. Soc. Lond. A 94, 16 (1917)). At the point of
contact between the two materials, the frictional electrification may be of such magnitude
that it may ionize the gas surrounding it, creating triboluminescence. The
triboluminescence observed during peeling pressure sensitive adhesive (PSA) tape has

long attracted scientific attention (E. N. Harvey, Science 89, 460 (1939)) and has an
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clectrostatic origin. When the tape is peeled, charge densities 10'° ¢ cm™ (where is ¢ is
the fundamental charge on the electron) are exposed on the surfaces of the freshly peeled
region and subsequently discharge (C. G. Camara, J. V. Escobar, J. R. Hird and S. P.
Putterman, Nature 455, 1089 (2008)). If the tape 1s peeled in vacuum ~10 mTorr, it has
been found that the triboluminescence produced extends to X-ray energies (V. V.
Karasev, N. A. Krotova and B. W. Deryagin, Dokl. Akad. Nauk. SSR 88 777 (1953)).
More recently (Camara, et al., 1d.), it was found that there are two timescales for
tribocharging during the peeling of tape in vacuo: the first, common to ¢lectrostatic
gencrators and classic clectrostatic experiments (W. R. Harper, Contact and frictional
electrification, (Oxtord University Press, London, 1967)), 18 the long timescale process
which results in an average charge density of 10" ¢ cm™ being maintained on the surface
of the tape and second, a nanosecond process with charge densities of 10'* ¢ cm™. In
addition, 1t was found that the X-ray discharge from peeling tape was sufficiently self-
collimated at the peel line to resolve the inter-phlangeal spacing of a human digit. The
emission of nanosecond X-ray pulses allowed an estimate of the emission region to be
calculated. Subsequent research on pecling PSA tape with a width of 1.5 mm has
confirmed that the process takes place at dimensions less than 300 um (C. G. Camara, J.
V. Escobar, J. R. Hird and S. P. Putterman, Appl. Phys. B 99, 613 (2010)). This result
has provided the prospect of multiple-element X-ray sources consisting of sub-mm arrays

powered by the triboelectric effect.

[0005] Underpinning this recent work on triboelectricity 1s a resurgence of interest
in how charge transfer occurs between different materials and particularly between
polymers. Particularly intriguing is the report of like-polymers charging each other (M.
M. Apodaca, P. J. Wesson, K. J. M. Bishop, M. A. Ratner and B. A. Grzybowski, Angew.
Chem. Int. Ed. 49, 946 (2010)). More fundamentally, an open question 1s whether the
transfer particle 1s an 1on (L. McCathy and G. M. Whitesides, Angew. Chem. Int. Ed. 47,
2188 (2008)) or an electron(Harper, 1d.) — a matter that 1s still debated despite centuries of
cexperimental research. Whether the charge carriers responsible for tribocharging are

clectrons or 10ons, what 18 clear 1s that very large charge densities are readily generated.

[0006] For the most effective charging to occur, intimate contact between the

materials and cleanliness of the contacting surfaces 1s important (R. Budakian, K.

Weninger, R. A. Hiller and S. P. Putterman, Nature 391, 266 (199%)). While the peeling
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gecometry of PSA tapes 1s mathematically elegant (A. D. McEwan and G. 1. Taylor, J.
Fluid Mech. 26, 1 (1966)) and meets both criteria, a disadvantage of using these for a
portable X-ray device not requiring a high voltage supply 1s, however, the significant out-
gassing that occurs during peeling off-the-shelf tape in vacuo(E. Constable, J. Horvat and

R. A. Lewis, Appl. Phys. Lett. 97, 131502 (2010)). There thus remains a need for

improved triboelectric x-ray sources.

SUMMARY

[0007] An x-ray source for generating x-rays with at least one narrow energy band
according to an embodiment of the current invention includes an enclosing vessel, a first
contact arranged with a first contact surface in the enclosing vessel, a second contact
arranged with a second contact surface in the enclosing vessel, and an actuator assembly
operatively connected to at least one of the first and second contacts. The actuator
assembly 1s structured to cause the first contact surface and the second contact surface to
repeatedly come into contact, and separate after making contact, while 1 operation. The
first contact surface 1s a surface of a first triboelectric material and the second contact
surface 1S a surface of a second triboelectric material, the surface of the first triboelectric
material having a negative triboelectric potential relative to the surface of the second
triboelectric material. The second contact includes a material that includes an atomic
clement 1n 1ts composition that has an excited quantum energy state that can be excited by

clectrons traveling from the first contact surface to the second contact surface such that

band upon transition from th¢ cxcited statc imnto a lower energy statc. The enclosing
vessel 1s structured to provide control of an atmospheric environment to which the first

and second contact surfaces are exposed.

[0008] An x-ray source array according to an embodiment of the current for
generating an array of x-rays with at least one narrow energy band includes a plurality of
triboelectric x-ray sources arranged in an arrayed pattern. Each of the plurality of
triboelectric x-ray sources includes a first contact arranged with a first contact surface 1n
an enclosing vessel, a second contact arranged with a second contact surface in the

enclosing vessel, and an actuator assembly operatively connected to at least one of the



first and second contacts. The actuator assembly is structured to cause the first contact
surface and the second contact surtace to repeatedly come into contact, and separate after
making contact, while in operation. The first contact surface is a surface of a first
triboelectric material and the second contact surface 1s a surface of a second triboelectric
material. The surface of the first triboelectric material has a negative triboelectric
potential relative to the surface of the second triboelectric material. The second contact
includes a material that includes an atomic element in its composition that has an excited
quantum energy state that can be excited by electrons traveling from the first contact
surface to the second contact surface such that the atomic element emits x-rays having an
energy within the at least one narrow energy band upon transition from the excited state
into a lower energy state. The enclosing vessel 1s structured to provide control of an

atmospheric environment to which the first and second contact surfaces are exposed.

[0008a] In accordance with an aspect of an embodiment, there 1s provided an x-ray
source for generating x-rays with at least one narrow energy band, comprising: an

enclosing vessel; a first contact arranged with a first contact surface in said enclosing

vessel; a second contact arranged with a second contact surface in said enclosing vessel;
and an actuator assembly operatively connected to at least one of said first and second
contacts, wherein said actuator assembly is structured to cause said first contact surface
and said second contact surface to repeatedly come into contact, and separate after
making contact, while in operation, wherein said first contact surface is a surface of a first
triboelectric material comprising a polymer and said second contact surface is a surface of
a second triboelectric material comprising an epoxide, said surface of said first
triboelectric material having a negative triboelectric potential relative to said surface of

sald second triboelectric material, wherein said second contact comprises said second

triboelectric material and an additional material comprising an atomic element in its
composition that has an excited quantum energy state that can be excited by electrons
traveling from said first contact surface to said second contact surface, wherein said
additional material comprising said atomic element is a metal, wherein said epoxide is
loaded with said metal, wherein said atomic element emits x-rays having an energy within
said at least one narrow energy band upon transition from said excited state into a lower
énergy state, and wherein said enclosing vessel is structured to provide control of an

atmospheric environment to which said first and second contact surfaces are exposed.
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[0008a] In accordance with an aspect of an embodiment, there is provided an x-ray
source array for generating an array of x-rays with at least one narrow energy band, said
X-ray source array comprising a plurality of triboelectric x-ray sources arranged in an
arrayed pattern, wherein each of said plurality of triboelectric x-ray sources comprise: a
first contact arranged with a first contact surface in an enclosing vessel; a second contact
arranged with a second contact surface in said enclosing vessel; and an actuator assembly
operatively connected to at least one of said first and second contacts, wherein said
actuator assembly 1s structured to cause said first contact surface and said second contact
surtace to repeatedly come into contact, and separate after making contact, while in
operation, wherein said first contact surface is a surface of a first triboelectric material
comprising a polymer and said second contact surface i1s a surface of a second
triboelectric material comprising an epoxide, said surface of said first triboelectric
material having a negative triboelectric potential relative to said surface of said second
triboelectric material, wherein said second contact comprises said second triboelectric
material and an additional material comprising an atomic element in its composition that
has an excited quantum energy state that can be excited by electrons traveling from said
first contact surface to said second contact surface, wherein said additional material
comprising said atomic element is a metal, wherein said epoxide is loaded with said
metal, wherein said atomic element emits x-rays having an energy within said at least one
narrow energy band upon transition from said excited state into a lower energy state, and
wherein said enclosing vessel 1s structured to provide control of an atmospheric

environment to which said first and second contact surfaces are exposed.

449
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Further objectives and advantages will become apparent from a

consideration of the description, drawings, and examples.

[0010] FIG. 1 1s a schematic illustration of an X-ray source according to an
embodiment of the current invention. This apparatus brings a silicone rod and epoxy
substrate 1in and out of contact. Epoxy substrate 106 1s 3.5 mm thick with an imprint of
the cylindrical silicone rod 102 having a diameter of ~10 mm. The silicone 1s attached to
the solenoid 112 by means of pins to a teflon mount 118. The armature of the solenoid is
pulled by two extension springs 114, 116 into the epoxy substrate which 1s mounted on a
teflon block 120. A solid state X-ray detector 122 is placed at a distance of 7 cm from the
source at 65 degrees. The separation between 106 and 102 could be varied between 0 mm

and 5 mm and 1t was found that the device could operate at up to 20 Hz.

[0011] FIG. 2 shows X-ray emission spectra of the device of Figure 1 operated at | Hz

for 60 secs using molybdenum (light) or silver (shaded) loaded epoxy in contact with silicone

rubber. The maximum separation was 5 mm. The resolution of the spectra are instrument limited.

[0012] FIG. 3 shows individual X-ray photons plotted as a function of time of

arrival when the device of Figure 1 (silicone-Ag-epoxy system) is operated at 0.5 Hz, a

4b
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separation of 5 mm and at 1 mTorr. X-rays are continually emitted throughout the open
cycle and are of sufficient intensity to excite the Ag K-lines for > 1 s. Imset: The spectra
of the first 100 ms (black) and last 100 ms (shaded) emitted photons show no spectral

differences over the full cycle.

[0013] FIG. 4 shows X-ray cmission spectra of Ag-loaded cpoxy as a function of
pressure with the device of Figure 1 operated at 10 Hz. Changing the vacuum pressure
from 1 mTorr (light) to 30 mTorr (shaded) results 1n a change of spectrum and a notable
absence of the Ag K-lines at the higher pressures. Inset: Histogram of X-ray photons
recorded over 1 s at a vacuum pressure of 30 mTorr showing the temporal narrowing of

the X-ray emission.

[0014] FIG. 5 shows X-ray flux at different repetition rates for the Ag-Epoxy-silicone
system operated at a pressure of 20 mTorr. Inset: The scaling between short sample times 1s

approximately linear.

[0015] FIG. 6 shows an X-ray source according to another embodiment of the

current invention.

[0016] FIG. 7 18 a photograph showing the device of Figure 6 operating in a low

pressure neon atmosphere.

[0017] FIG. 8 1s a schematic 1illustration of an X-ray array source according to an

embodiment of the current invention.

[0018] FIG. 9 1s a schematic illustration of a quadrant of the X-ray array source of

Figure 8 in an exploded view.

[0019] FIG. 10 1s a schematic 1illustration of a cross-sectional view of two

triboclectric X-ray sources in the X-ray array source of Figure 8.

[0020] FIG. 11A 18 a schematic illustration of an X-ray array source according to

anothcr embodiment of the current invention 1n partially cut-away, perspective view.

[0021] FIG. 11B 1s a schematic 1llustration of the X-ray array sourcc of Figurc

11A with a side of the enclosing vessel removed.



DETAILED DESCRIPTION

[0022] Some embodiments of the current invention are discussed in detail below.

In describing embodiments, specific terminology is employed for the sake of clarity.

However, the invention is not intended to be limited to the specific terminology so

selected. A person skilled in the relevant art will recognize that other equivalent

components can be employed and other methods developed without departing from the

broad concepts of the current invention.

[0023] Some embodiments of the current invention can provide an 1nexpensive X-ray
source which does not require a high voltage power supply. In one embodiment, 1t
Coﬁlprises two triboelectric materials repeatedly brought in and out of contact in a
vacuum using an actuator (e.g., a device which uses piezoelectricity, electromechanical
force, magnetostriction, or human energy to etfect motion). One material 1s the cathode,
which can be, but 1s not limited to, a polymer or monomer (such as silicone, vinyl, latex,
EPDM, Teflon etc.). The second material provides the anode and is either from a metal,
or a plastic, a ceramic, a polymer, a monomer, or an epoxide, for example, which 1is
loaded with metallic material so as to increase bremsstrahlung efficiency and to generate
characteristic X-ray lines. The device can be used for X-ray imaging, elemental analysis

and spectroscopy, for example, and may open up new possibilities in the many fields in

which X-rays are used.

[0024] There are many benefits of some embodiments of the current invention over a
system incorporating PSA tape. For example, the geometry may be changed to increase
the electric field or to produce a shaped source of X-rays; outgassing in the vacuum can
be reduced; the X-ray spectrum can be controlled to produce characteristic lines of
clements; the contacting surfaces may be designed to promote a more rapid electrical
discharge; the device can be further miniaturized and individual elements can be arranged

into arrays. The x-ray emission can be controlled by the contact repetition rate, the gas
composition and pressure, the temperature, the contact stress, the surface roughness, the

surtace stittness.

[0025] Devices according to some embodiments of the current invention can find

application where X-rays are used and could open up new market areas. Applications can

CA 2829621 2018-03-29
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include medical 1maging situations where cost or lack of power supply 1mm remote
locations 1s an 1ssue. Other areas of application can include X-ray fluorescence and
clemental analysis 1n geology or material science, ctc. However, the broad concepts of

the current invention are not limited to these particular examples.

[0026] Figurc 1 1s a schematic illustration of an X-ray source 100 for gencrating
X-rays with at lcast onc narrow cnergy band according to an embodiment of the current
invention. The X-ray source 100 includes an enclosing vessel (not shown 1n Figure 1), a
first contact 102 arranged with a first contact surface 104 1n the enclosing vessel, a second
contact 106 arranged with a second contact surface 108 1n the enclosing vessel, and an
actuator assembly 110 operatively connected to at least one of the first contact 102 and
the second contact 106. The actuator assembly 110 1s structured to cause the first contact
surface 104 and the second contact surface 108 to repeatedly come into contact, and
separate after making contact, while 1n operation. The first contact surface 104 1s a
surface of a first triboelectric material and the second contact surface 108 1s a surface of a
sccond triboelectric material. The surface of the first triboelectric material has a negative
triboelectric potential relative to the surface of the second triboelectric material while the
X-ray source 18 1n operation. The second contact 106 includes a material with an atomic
clement in 1ts composition that has an excited quantum energy state that can be excited by
clectrons traveling from the first contact surtace 104 to the second contact surface 108.
The atomic element emits X-rays having an energy within the at least one narrow energy
band upon transition from the cxcited statc into a lower encrgy statc. The enclosing
vessel 1s structured to provide control of an atmospheric environment to which the first

and second contact surfaces are exposed.

[0027] The term “‘narrow energy band” of X-rays refers to the type of X-rays
emitted by transitions between quantized energy levels, such as between atomic electron
energy levels. Some broadening of the energy band is intended to be included within the
definition of “narrow energy band”, such as, but not limited to Doppler broadening. This
can also mclude a fine structure 1n the narrow energy band, such as when the atoms that
emit the x-rays are 1n a magnetic field. This can include, but 1s not limited to, K-lines. It

can also include L-lines and/or other transition lines.

[0028] The atomic element can have a plurality of excited quantum energy states

that can be excited by electrons traveling from the first contact surface to the second
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contact surface in some embodiments of the current invention. The atomic element 1n
this casse emits x-rays having an encrgy within a plurality of narrow energy bands upon

transition from the plurality of excited quantum energy states into lower energy states.

[0029] In some embodiments, the second contact 106 includes a material with a

be excited by clectrons traveling from the first contact surface 104 to the sccond contact
surface 108. In this case, the plurality of atomic elements emit x-rays that have an energy
within respective narrow energy bands upon transition from each respective excited
quantum ecnergy state into a corresponding lower energy state. In other words, a
particular atomic element may provide a plurality of useful X-ray lines for some
applications. In other applications, two, three, four, or more atomic elements can be used

in the second contact 106 to provide a multiline source.

[0030] The K-lines of atomic elements increase roughly as the square of Z-1,
where Z 18 the atomic number. Therefore, for applications in which higher energy narrow
band sources are neceded, one can consider atomic elements with higher atomic number Z
to be include 1n the second contact 106. For example, in some applications an atomic
clement that has an atomic number Z of at least 13 may be desirable. In some
embodiments, the material that includes the atomic element that emits the narrow band of
X-rays can be the second triboelectric material. For example, the second contact 106 can
be a metal contact in some embodiments. One example that can be suitable for some
applications 1s using lcad (Pb) for the sccond contact 106. However, the broad concepts
of the current invention are not limited to these examples. In other embodiments, on¢ can
sclect the second triboelectric material based on 1ts triboelectric and/or other properties
and seclect an additional material that has an atomic eclement that provides the desired
narrow band of X-rays. Other properties of the materials can be practical properties, such
as cost, safety, manufacturability, ability to be combined with materials containing the
desired atomic elements, etc. For example, in some applications, the second triboelectric
material can be an epoxy and the material that has the atomic element can be a metal. In
some¢ embodiments, a polymer has been found to be suitable for the first triboelectric
material. However, the broad concepts of the current invention are not limited to these

particular examples.
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[0031] In some embodiments, the first triboelectric material and the second
triboelectric material are selected to provide a charge density of at least 10" electrons per

2
cm ~ across the first contact surface.

[0032] The actuator assembly 110 can include at least one of an clectrical, a

contact surface to repcatedly come into contact and scparate after making contact. Some
particular embodiments of actuator assemblies will be described 1n more detail below.

However, the mvention 1s not limited to these particular examples.

[0033] As noted above, some embodiments of the current invention can provide a
simple triboelectric powered X-ray source that does not utilize PSA tape. We now
describe a particular embodiment in more detail. The X-ray source 100, illustrated in
Figure 1, mcludes a 12 V DC 'pull type' solenoid 112 and associated driver which 1s
activated by a TTL pulse from a delay generator (SRS DG535). A cylinder of smooth
silicone rubber (1.6 mm thick; 60A durometer) 18 formed around a silicone rod (diameter
& mm) and mounted on the end of the solenoid armature to form a hammer (cylindrical
radius of ~ 5 mm) to provide first contact 102. The hammer impacts a piece of 3.5 mm
thick cast epoxy (Devcon No. 14270) by means of extension springs 112, 114 that pull
the armature away from the body of the solenoid 112 so that silicone-epoxy contact 18
made. Prior to mounting, the silicone 1s sonicated in ethyl-alcohol 1n an attempt to clean
the surface. To ensure a good contact with the epoxy substrate, a thin film of epoxy (of
similar composition) 1s applicd to the substrate before allowing it to come into contact
with the substrate. This 1s [eft to dry for 15 minutes. The ¢poxy docs not adhere to the

silicone and so, when separated, the silicone forms a cylindrical reliet slightly proud of

the substrate. The contact has an apparent contact area of 64 £ 5 mm” (second contact

surface 108).

[0034] It was found that powdered elemental metals could be added to the epoxy
without eliminating the triboelectric charging behavior of the epoxy binder. The addition
of molybdenum (1 um — 2 um) and silver (400 mesh) powders are used in the examples
below. The epoxy substrates were simultancously cast and weighed in a polystyrene

welghing dish using epoxy that was dispensed using an applicator gun and mixer nozzle.
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If metallic filler was used, this would first be weighed before epoxy was added and

thoroughly mixed using a wooden stirrer.

[0035] The apparatus was mounted in a vacuum chamber that was evacuated by a
turbomolecular pump backed by a dry pump. The vacuum pressure was measured using a
pirani gauge (SRS PG105) and controller (SRS 1GC100) calibrated for N>. A bleed valve
on th¢ vacuum chamber allowed the pressurc to be varied. The X-rays were detected
using a solid state X-ray detector (Amptek XR-100T-CdTe) having a 25 mm* detector
arca and an efficiency approaching 100 % 1n the range 10 keV to 60 keV. This was
placed outside of the chamber behind a 6 mm polycarbonate window (not corrected for).
The output signal of 1ts associated amplifier (Amptek PX2T-CdTe) was recorded at 1 M
sample s™ by an acquisition board (NI PXI-1033) and stored to disk before analysis was
performed. The data acquisition board was triggered using the solenoid TTL trigger.
Unless otherwise stated, the collection time for all data presented 1n this experiment was
60 s and the detector was 7 cm away from the center of the source. Using this apparatus,
we have investigated the production and spectra of X-rays at vacuum pressures between

10~ Torr and 107 Torr, at separations between 2.5 mm and 5 mm and at repetition rates

between 1 Hz and 20 Hz.

[0036] Figure 2 shows the resulting X-ray spectra from loading the epoxy with
silver and molybdenum clearly showing characteristic K-lines of molybdenum (K 17.48
keV, Kp; 19.61 keV) and of silver (K 22.16 keV, Kg; 24.94 keV). The resolution of
these lines 1s instrument limited (~ 400 eV) so it 1S not possible to resolve the Ky23 Kga 3
components. For the silver spectrum shown, a flux of 2.43 x 10° X-ray photons s™ was

emitted mto 2. Of these, 9 % have energies ranging between 20.5 keV and 23 keV.

[0037] The emergence of the K-lines from the bremsstrahlung 1s an unambiguous
demonstration that the silicone charges negatively with respect to epoxy, since the metal-
loaded epoxy must act as the e¢lectron target or anode. Although displacement between
the contacting surfaces was not directly measured, an examination of the data showed that
at the maximum cycle frequency used (20 Hz), the duration of the emission almost
cxactly corresponded to the time that the silicone and epoxy were separated; implying
that the maximum separation was reached 1n a time much less than 25 ms. The addition

of high-Z materials to the epoxy should also increase the probability and efficiency of the

10
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emission. While experimental variations did not permit a full investigation of this
prediction, 1t 1S worth mentioning that the maximum X-ray flux we have recorded (~8 x
10° X-rays s') were in experiments conducted with a tungsten filler. At the lowest gas
vacuum pressures used (1 mTorr), 1t was found that the X-ray emission decayed over
scveral seconds (Figure 3) and that there was no significant spectral difference other than
an order of magnitude loss of intensity (Figure 3 mnset). The presence of the Ag K, p;
lines throughout the separation of the cycle 1s a striking demonstration of the energetics
involved 1n the process and shows that a potential of 40 kV still exists after 1 second of
discharge. If the maximum kinetic energy of the electrons in the field created by the
silicone and epoxy is assumed to be 40 kV at the end of each open cycle, and additionally

that the contact can be approximated by parallel charged plates of 64 mm®, then the final
charge density orat a separation of 5 mm 18 4.4 x 10" ¢ cm™. For the experiment shown

in Figure 3, a flux of 1.26 x 10° X-ray photons s™ was recorded (corresponding to 2.52 x

10° per open cycle). If the bremsstrahlung efficiency of the metal-filled epoxy is ~107,
then the initial charge density, o; , is 4.6 x 10" ¢ cm™ — only marginally larger than that

on the surface at the end of the cycle.

[0038] As the vacuum pressure was raised, 1t was found that 1t was possible to
change both the spectral envelope (Figure 4) and the timing of the X-ray burst (Figure 4:
inset). The long X-ray emission times which characterize the system at 1 mTorr (Figure
3) can be shortened so that the temporal duration of the pulse narrowed to less than 10
ms. These bursts occurred as the cpoxy-silicone 1nitially scparated. It was found that the
optimal pressure for this narrowing to occur varied between experiments, but was usually
found between 20 mTorr and 30 mTorr. At a temperature of 296 K and a pressure of 30
mTorr (4 N m™), the mean free path of an electron is calculated to be ~8 mm-—the same
order of magnitude as the plate separation (2.5 mm)—suggesting that interactions with gas

molecules play an increasing role 1n the mechanism.

[0039] A characteristic decay of the device was found which appeared to depend
on both the pressure and the number of contacting cycles. Despite this, 1t was found that
the cycle frequency could be increased to enact an almost linear scaling up to 20 Hz when
the timescales between successive sampling intervals was short. Figure 5 shows the

number of X-ray photons recorded per second when the system 1s run at 1 Hz, 10 Hz and

11
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20 Hz. The 1nset to figure 5 15 a plot of the average number of X-ray photons per

contacting cycle for the 10 Hz, 1 Hz, 20 Hz sequence shown.

[0040] A simple X-ray source that uses the triboelectric effect instead of a high
voltage power supply was demonstrated in this example according to an embodiment of
th¢ current invention.  During repeated contact between a mcetal-loaded epoxy and
silicone rubber, clectrical charge 1s transferred, rendering the silicone more negative than
the epoxy. The resulting charge imbalance creates an clectric field able to accelerate

cxcess electrons towards the metal filled-epoxy creating strong characteristic X-ray lines

over relatively long timescales. At higher pressures, the X-ray intensity scales linearly
with cycle frequency up to 20 Hz suggesting that the only limitation to achieving a
realistic device having 10° photons s™ is finding an actuator capable of mm displacements
that can be operated at frequencies of at least 500 Hz. Piezoelectric bimorph actuators

may be suitable for such operation.

[0041] Figure 6 shows an X-ray source 200 according to another embodiment of
the current invention. Again, the enclosing vessel 1s not shown for clarity in viewing the
inner structures. In use, the X-ray source 200 will be enclosed 1n an enclosing vessel 1in
order to provide a vacuum. The enclosing vessel can have a window portion that 1S more
transparent to the X-rays produced that other portions. The X-ray source 200 has a
cantilever 202 that 18 driven by a piczoclectric transducer. There 1s a thin silicone
mecmbrance 204 on the cantilever 202 to provide the first contact. An ¢poxy contact 206
has metal particles mixed 1n 1t to provide the sccond contact. Figure 7 1s a photograph
demonstrating the device 200 1n operation in which there 1s a low pressure neon gas
atmosphere within the enclosing vessel which provides the characteristic red-orange glow

of neon discharge.

[0042] Figure 8 1s a schematic illustration of an X-ray source array 300 for
generating an array of X-rays with at least one narrow energy band according to an
embodiment of the current invention. The X-ray source array 300 includes a plurality of
triboelectric X-ray sources, such as triboelectric X-ray source 302 and triboelectric X-ray
source 304, arranged 1n an arrayed pattern. Only two of the triboelectric X-ray sources
arc labeled with references numerals, for clarity. The array 300 has a total of sixteen

triboelectric X-ray sources. Each of the sixteen triboelectric X-ray sources in the X-ray

12
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source array 300 are enclosed within separate enclosing vessels which are 1n turn
connected together in this embodiment. Each of the plurality of triboelectric X-ray
sources includes a first contact 306 arranged with a first contact surface i an enclosing
vessel, a second contact 308 arranged with a second contact surface in said enclosing
vessel, and  an actuator assembly 310 opcratively connected to at Icast onc of the first
contact 306 and sccond contact 308. (See Figures 9 and 10.) Each of the separate
triboelectric X-ray sources in the array can be constructed and operate as in the
embodiments described above. Figure 9 1s an exploded view of a quadrant of the array
300 1illustrated mn Figure 8. Figure 10 1s a cross-sectional view of two adjacent
triboelectric X-ray sources which provides a clearer view in the structure of the enclosing

vessels.

[0043] Each of the triboelectric X-ray sources 1n the X-ray source array 300 can
be thought of in analogy to a color video display. Each source can provide one or more
narrow bands of X-rays of a selected energy (or frequency), thus, in a sense, being an X-

ray “color’” pattern of emission.

[0044] Figures 11A and 11 1s a schematic illustration of an X-ray source array
400 for gencrating an array of X-rays with at least one narrow energy band according to
another embodiment of the current invention. The X-ray source array 400 includes a
plurality of triboelectric X-ray sources, such as triboelectric X-ray source 402 and

triboelectric X-ray source 404, arranged 1n an arrayed pattern. This embodiment 18

X-ray sourccs arc encloscd within a common cnclosing vesscl.

10045] The ecmbodiments 1llustrated and discussed 1n this specification arc
intended only to teach those skilled 1n the art how to make and use the mnvention. In
describing embodiments of the invention, specific terminology 1s employed for the sake
of clarity. However, the mvention 1s not intended to be limited to the specitic
terminology so selected. The above-described embodiments of the invention may be
modified or varied, without departing from the imvention, as appreciated by those skilled
in the art 1 light of the above teachings. It 1s therefore to be understood that, within the
scope of the claims and their equivalents, the invention may be practiced otherwise than

as specifically described.
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WE CLAIM:

1. An x-ray source for generating x-rays with at least one narrow energy band,
comprising:

an enclosing vessel;

a first contact arranged with a first contact surface in said enclosing vessel;

a second contact arranged with a second contact surface in said enclosing vessel;
and

an actuator assembly operatively connected to at least one of said first and second
contacts,

wherein said actuator assembly is structured to cause said first contact surface and
said second contact surface to repeatedly come into contact, and separate after making
contact, while 1n operation,

wherein said first contact surface is a surface of a first triboelectric material
comprising a polymer and said second contact surface 1s a surface of a second
triboelectric material comprising an epoxide, said surface of said first triboelectric
material having a negative triboelectric potential relative to said surface of said second
triboelectric material,

wherein said second contact comprises said second triboelectric material and an
additional material comprising an atomic element in its composition that has an excited
quantum energy state that can be excited by electrons traveling from said first contact
surface to said second contact surface,

wherein said additional material comprising said atomic element is a metal,

wherein said epoxide 1s loaded with said metal,

wherein said atomic element emits x-rays having an energy within said at least
one narrow energy band upon transition from said excited state into a lower energy state,
and

wherein said enclosing vessel 1s structured to provide control of an atmospheric

environment to which said first and second contact surfaces are exposed.

2. An x-ray source for generating x-rays with at least one narrow energy band
according to claim 1, wherein said atomic element has a plurality of excited quantum

energy states that can be excited by electrons traveling from said first contact surface to

said second contact surface,
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wherein said atomic element emits x-rays having an energy within a plurality of
narrow energy bands upon transition from said plurality of excited quantum energy states

into lower energy states.

3. An x-ray source for generating x-rays with at least one narrow energy band
according to claim 1 or claim 2, wherein said additional material comprises a plurality of
atomic elements, each of which has an excited quantum enecrgy state that can be excited
by electrons traveling from said first contact surface to said second contact surface,
wherein said plurality of atomic elements emit x-rays having an energy within
respective narrow energy bands upon transition from each respective excited quantum

energy state 1nto a corresponding lower energy state.

4. An x-ray source for generating x-rays with at least one narrow energy band
according to any one of claims 1 to 3, wherein said atomic element has an atomic number

Z. of at least 13.

J. An x-ray source for generating x-rays with at least one narrow energy band
according to any one of claims 1 to 4, wherein said second triboelectric material and said
additional material comprising said atomic element are different materials forming at

least one of a mix, a blend, a composite or a layered structure of said materials.

b. An x-ray source for generating x-rays with at least one narrow energy band
according to claim 5, wherein said first triboelectric material and said second triboelectric

material are selected to provide a charge density of at least 10" electrons per cm™ across

said first contact surface.

7. An x-ray source for generating x-rays with at least one narrow energy band
according to any one of claims 1 to 6, wherein said actuator assembly comprises at least
one of an electrical, a hydraulic or a pneumatic system for causing said first contact
surface and said second contact surface to repeatedly come into contact and separate after

making contact.

15
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8. An x-ray source for gencrating x-rays with at least one narrow energy band

according to any one of claims 1 to 6, wherein said actuator assembly comprises a
solenoid for causing said first contact surface and said second contact surface to

repeatedly come into contact and separate after making contact.

9. An x-ray source for generating x-rays with at least one narrow energy band
according to any one of claims 1 to 6, wherein said actuator assembly comprises a
piezoelectric actuator coupled to a cantilever, said cantilever having one ot said first

triboelectric material or said second triboelectric material thereon.

10.  An x-ray source array for generating an array of x-rays with at least one narrow
energy band, said x-ray source array comprising a plurality of triboelectric x-ray sources
arranged 1n an arrayed pattern, wherein cach of said plurality of triboelectric x-ray
SOUrCes Comprise:

a first contact arranged with a first contact surface in an enclosing vessel;

a second contact arranged with a second contact suriace in said enclosing vessel,
and

an actuator assembly operatively connected to at least one of said first and second
contacts,

wherein said actuator assembly 1s structured to cause said first contact surface and
said second contact surface to repeatedly come into contact, and separate after making
contact, while in operation,

wherein said first contact surface 1s a surface of a first triboelectric material
comprising a polymer and said second contact surface is a surface of a second
triboelectric material comprising an epoxide, said surface of said first triboelectric
material having a negative triboelectric potential relative to said surface of said second
triboelectric matenal,

wherein said second contact comprises said second triboelectric material and an
additional material comprising an atomic element in its composition that has an excited

quantum energy state that can be excited by electrons traveling from said first contact
surface to said second contact surface,
wherein said additional material comprising said atomic element is a metal,

wherein said epoxide is loaded with said metal,

16
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wherein said atomic element emits x-rays having an energy within said at least

one narrow energy band upon transition from said excited state into a lower energy state,

and

wherein said enclosing vessel 1s structured to provide control of an atmospheric

environment to which said first and second contact surfaces are exposed.

11. An x-ray source array according to claim 10, wherein at least two of said plurality

of triboelectric x-ray sources have different narrow energy bands of x-rays.

12.  An x-ray source array according to claim 10 or claim 11, further comprising an

enclosing vessel to contain all of said plurality of triboelectric x-ray sources therein.

13. An x-ray source array according to claim 10 or claim 11, further comprising a
plurality of enclosing vessels to contain each of said plurality of triboelectric x-ray

sources 1n a corresponding enclosing vessel.

14. An x-ray source array according to any one of claims 10 to 13, wherein said
atomic element has a plurality of excited quantum energy states that can be excited by
electrons traveling from said first contact surface to said second contact surface,

wherein said atomic element emits x-rays having an energy within a plurality of
narrow energy bands upon transition from said plurality of excited quantum energy states

into lower energy states.

15.  An x-ray source array according to any one of claims 10 to 13, wherein said
additional material comprises a plurality of atomic elements, each of which has an excited

quantum energy state that can be excited by electrons traveling from said first contact

surface to said second contact surface,
wherein said plurality of atomic elements emit x-rays having an energy within

respective narrow energy bands upon transition from each respective excited quantum

energy state into a corresponding lower energy state.

16.  An x-ray source array according to any one of claims 10 to 15, wherein said

atomic element has an atomic number Z of at least 13.
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17.  An x-ray source array according to any one of claims 10 to 16, wherein said
second triboelectric material and said additional material comprising said atomic element
are different materials forming at least one of a mix, a blend, a composite or a layered

structure of said materials.

18.  An x-ray source array according to claim 17, wherein said first triboelectric
material and said second triboelectric material are selected to provide a charge density ot

at least 10'? electrons per cm™ across said first contact surface.

19.  An x-ray source array according to any one of claims 10 to 18, wherein said
actuator assembly comprises at least one of an electrical, a hydraulic or a pneumatic
system for causing said first contact surface and said second contact surface to repeatedly

come into contact and separate after making contact.

20.  An x-ray source array according to any one of claims 10 to 18, wherein said
actuator assembly comprises a solenoid for causing said first contact surface and said

second contact surface to repeatedly come into contact and separate after making contact.

21.  An x-ray source array according to any one of claims 10 to 18, wherein said
actuator assembly comprises a piczoelectric actuator coupled to a cantilever, said
cantilever having one of said first triboelectric material or said second triboelectric

material thereon.

18
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