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SHAPE OF CONE AND AIR INPUT ANNULUS

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to co-pending U.S. Patent Application Serial

No. 11/1 10,341, filed on April 19, 2005, entitled, "HIGH THROUGHPUT DISCOVERY OF

MATERIALS THROUGH VAPOR PHASE SYNTHESIS" and to co-pending U.S.

Provisional Application Serial Number 60/928,946, filed May 11, 2007, entitled

"MATERIAL PRODUCTION SYSTEM AND METHOD," both of which are hereby

incorporated by reference as if set forth herein.

FIELD OF THE INVENTION

Gas or vapor phase particle production is an important technique for producing

engineered materials, especially nano-materials. The present invention relates to methods of

cooling, collecting and controlling the flow of a reactive medium containing gas or vapor

phase particles.

BACKGROUND OF THE INVENTION

Specific characteristics of particles produced in gas or vapor phase synthesis reactions

depend not only on the energy delivered to the reactive medium, but also on the conditioning

of the reactive medium once the medium has left the energy delivery zone.

In a particle producing reactor, basic product species are formed within extremely

short time spans following ejection of a hot, reactive medium from the energy deliver zone.

Following ejection, further formation mechanisms determine the ultimate characteristics of

the final product.

Although chemical reactions such as nucleation and surface growth within precursor

materials occur largely during energy delivery, these formation mechanisms continue to be

active in the first short moments following ejection. More prevalent in the post-ejection time

period are bulk formation mechanisms such as coagulation and coalescence, which operate on

already formed particles. Any proper conditioning of the hot, reactive medium following

ejection from the energy delivery zone must account for these and other formation

mechanisms to form a final product having desired characteristics.

In addition to particle formation, proper conditioning must account for post-formation

processing of the product. Although particles, once formed, cool rapidly through radiative

heat loss, the residual gas in which they are entrained after formation cools much more



slowly, and especially so when confined. Confinement is necessary to some degree in any

controlled-environment processing system, and economic concerns usually dictate relatively

small, confining controlled environments. Therefore, such systems must provide efficient

mechanisms for cooling of the entire gas-particle product, yet also provide for efficient

transport of the product to collection points within the system.

The transportation of particles within a gas stream relies on entrainment of the

particles, which is largely a function of particle properties, e.g., mass, temperature, density,

and interparticle reactivity, as well as gas properties, e.g., density, velocity, temperature,

density, viscosity, and composite properties, such as particle-gas reactivity. Cooling of a gas

by definition affects gas temperature, but also may easily lead to changes in other properties

listed above, exclusive of mass. In view of this, balancing efficient cooling and transport of

gas-particle product requires careful optimization of process parameters, which the present

invention seeks to achieve.

SUMMARY OF THE INVENTION

According to the present invention, a gas and vapor conditioning system is presented.

The conditioning system is primarily intended to condition reactive gas-vapor product within

gas phase particle production reactors, such as flame reactors, plasma reactors, hot wall

reactors and laser reactors. Conditioning performed within the system includes the collection,

cooling and delivery of reactive gas-vapor mixtures for collection or sampling and accounts

for particle formation and interaction mechanisms within the reactive gas-vapor mixture.

The conditioning system comprises a constricting chamber preferably having a

circular cross section and a first end with a first diameter, and a second end with a second

diameter, wherein the first diameter is larger than the second diameter, and having an interior

surface forming smoothly varying constrictions from the first end to the second end. The first

end is coupled with a cover, which includes an injection port coupled to a reactive gas-vapor

injection device. This coupling is preferably air tight, and maintained with silicone paste or

some other heat resistant insulating material. Preferably, one or more supply ports are formed

within and arranged circumferentially in an annulus on the cover. In alternative

embodiments, there need not be any supply ports on the cover, but instead, one or more

supply ports can be arranged circumferentially elsewhere in the constricting chamber. The

second end is coupled with an ejection port having a diameter equal to the second diameter.

It is contemplated that the constricting chamber can have a cross section of any shape,

including rectangular, oval, and irregular shapes.



The gas and vapor conditioning system works to collect, cool, deliver and further

condition a reactive gas-vapor mixture flowing from an energy delivery zone within a gas

phase particle production reactor. In operation, once a hot, reactive gas mixture flows into

the constricting chamber, it rapidly expands and flows towardsthe second end of the

chamber. Several factors are responsible for this the direction of gas flow. The gas supply

process is preferably continuous, at least during each production period, forcing the gas-vapor

mixture toward the second end of the constricting chamber. Furthermore, the gas mixture

already tends to flow in this direction due to inertia of the gas mixture flowing through and

from the energy delivery zone. Although these two reasons tend to bias flow from the first

end to the second end during operation, the preferred configuration of the present invention

drives flow in this direction using more active means. Preferably, a vacuum configured to

form a negative pressure gradient within the constricting chamber forces flow of the gas-

particle mixture form the first end to the second end.

Furthermore, and as already alluded to above, the gas-vapor mixture tends to expand

within the constricting chamber because temperatures and pressures in the energy delivery

zone exceed those within the constricting chamber. Although this expansion is desirable and

necessary to some extent for cooling and for proper conditioning of the mixture, it also has

consequences which must be mitigated. Expansion of the mixture gas against the inner

surfaces of the constricting chamber can lead to adhesion thereto by particles within the gas

and subsequently to the depositing of residues within the chamber. This pollution of the

chamber will affect fluid flow within the chamber, and ultimately decrease process control,

and possibly even contaminate the output. The occurrence of significant deposits would

therefore necessitate regular cleaning of the chamber.

However, the occurrence of residue is minimized by the present invention, in which

conditioning fluid flows through the one or more supply ports and along the inner surface of

the constricting chamber, thereby providing a sheath of conditioning fluid between the gas-

vapor mixture and the surface of the constricting chamber. In a preferred embodiment, the

conditioning fluid is provided at a substantially cooler temperature than that of the gas-vapor

mixture. Furthermore, the flow rate of the conditioning fluid is preferably substantially

higher than that of the gas-vapor mixture. This disparity in flow rates allows for expansion of

the gas-vapor mixture against the sheath of conditioning fluid and, to a certain degree,

intermixture of the two fluids. However, the density and higher flow rate of the conditioning

fluid substantially prevents the gas-vapor mixture from encountering the inner surfaces of the

chamber. The composition of the conditioning fluid is determined partially with deference to



the specific product being synthesized. Typically, the conditioning fluid is an inert gas, such

as argon, neon or helium. Argon is preferred due to its higher molecular weight. Preferably,

the conditioning fluid is supplied passively, as described more fully below, through a neutral

pressure controlled atmosphere environment formed around the plurality of ports within the

cover.

Furthermore, as described above, condensation of particles within the gas-vapor

occurs rapidly upon flowing into the chamber and continues as the mixture flows through the

chamber. These particles experience rapid radiative heat loss, as was also mentioned above.

A certain amount of this radiation is absorbed by the conditioning fluid. However, as will be

more fully explained below, a much larger fraction of the radiation is absorbed and dissipated

by the chamber surfaces. More importantly, although the low flow rates of the mixture alone

may be unable to maintain entrainment of newly formed particles, the high flow rates of

conditioning fluid along the inner surfaces of the chamber and the constriction of the chamber

and attendant confinement of the gas flow as it moves toward the second end of the chamber

act together to maintain entrainment of all but the largest agglomerations of particles. This

loss of large agglomerations from the gas flow system is desirable, and although it will still

result in some contamination of the chamber, its occurrence is engineered into the system and

minimized.

In the preferred embodiments, the conditioning fluid flow enters the constricting

chamber near the first end and provides a sheath along substantially the entire inner surface of

the constricting chamber. However, in alternative embodiments the supply ports are

positioned between the first end and second ends of the constricting chamber and provide a

sheath of conditioning gas only along a portion of the inner surface of the constricting

chamber. This configuration can allow certain temperature-dependent formation mechanisms

within the reactive gas-vapor to occur for selected periods of time prior to cooling of the gas-

vapor, permitting formation of products having production mechanisms of variable time

lengths.

Therefore, the present invention provides a high flow sheath of conditioning fluid

along the inner walls of a constricting chamber into which a hot gas-vapor mixture flows,

forming particles. As the conditioning fluid and the gas-particle mixture flow through the

constricting chamber to the ejection port on the second end thereof, the smoothly varying

constrictions and differential in temperature and flow rate between the gas-particle mixture

and the conditioning fluid act to maintain entrainment of the particles and to cool the hot gas

mixture.



In one aspect of the present invention, a constricting chamber is provided having a

first end and a second end opposite the first end. The constricting chamber comprises an

interior surface formed between the first end and the second end. The interior surface is

disposed circumferentially around and defines an interior space and a longitudinal axis of the

constricting chamber. A frusto-conical surface is formed from the interior surface. The

frusto-conical surface narrows as it extends away from the first end and into the second end.

An ejection port is disposed at the second end of the constricting chamber. The ejection port

is substantially aligned with the longitudinal axis. A cover is disposed at the first end of the

constricting chamber. The cover is substantially perpendicular to the longitudinal axis and

comprises a center substantially aligned with the longitudinal axis. A reactive mixture

injection port is disposed on the cover proximate the center of the cover. The reactive

mixture injection port is configured to receive a reactive mixture into the constricting

chamber. An annular supply portion is disposed circumferentially around the longitudinal

axis. The annular supply portion comprises one or more supply ports configured to supply

conditioning fluid into the constricting chamber in an annular formation along the interior

surface.

In another aspect of the present invention, a particle production system is provided.

The particle production system comprises an energy supply device having an energy delivery

zone. The energy supply device is configured to produce a reactive mixture within the energy

delivery zone. The particle production system also comprises a constricting chamber having

a first end, a second end opposite the first end, and an interior surface formed between the

first end and the second end. The interior surface is disposed circumferentially around and

defines an interior space and a longitudinal axis of the constricting chamber. A frusto-conical

surface is formed from the interior surface and narrows as it extends away from the first end

and into the second end. An ejection port is disposed at the second end of the constricting

chamber in substantially alignment with the longitudinal axis. A cover is disposed at the first

end of the constricting chamber. The cover is disposed in a position substantially

perpendicular to the longitudinal axis of the constricting chamber. The cover comprises a

center substantially aligned with the longitudinal axis. A reactive mixture injection port is

disposed on the cover proximate the center and is configured to receive the reactive mixture

into the constricting chamber from the energy delivery zone. An annular supply portion is

disposed circumferentially around the longitudinal axis. The annular supply portion

comprises one or more supply ports configured to supply conditioning fluid into the

constricting chamber in an annular formation along the interior surface of the constricting



chamber.

In yet another aspect of the present invention, a method of conditioning a reactive

mixture is provided. The method comprises providing a constricting chamber having a first

end, a second end opposite the first end, and an interior surface formed between the first end

and the second end. The interior surface is disposed circumferentially around and defines an

interior space and a longitudinal axis of the constricting chamber. A frusto-conical surface is

formed from the interior surface and narrows as it extends away from the first end and into

the second end. A cover is disposed at the first end of the constricting chamber in a position

substantially perpendicular to the longitudinal axis of the constricting chamber. The cover

comprises a center that is substantially aligned with the longitudinal axis. A reactive mixture

flows into the interior space of the constricting chamber through a reactive mixture injection

port that is disposed on the cover of the constricting chamber proximate the center. A

conditioning fluid flows into the interior space of the constricting chamber through an annular

supply portion in an annular formation along the interior surface of the constricting chamber.

The annular supply portion comprises one or more supply ports disposed circumferentially

around the longitudinal axis of the constricting chamber. The reactive mixture is cooled

within the interior space of the constricting chamber, thereby forming a cooled mixture. The

cooled mixture flows through an ejection port disposed at the second end of the constricting

chamber. The ejection port is substantially aligned with the longitudinal axis of the

constricting chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of one embodiment of a nano-particle production

system in accordance with the principles of the present invention.

FIGS. 2A and 2B are axial views of different embodiments of an annular surface in

accordance with the principles of the present invention.

FIG. 3 is a cross-sectional view of an alternative embodiment of a constricting

chamber in accordance with the principles of the present invention.

FIG. 4 is a cross-sectional view of another alternative embodiment of a constricting

chamber in accordance with the principles of the present invention.

FIG. 5 is a cross-sectional view of yet another alternative embodiment of a

constricting chamber in accordance with the principles of the present invention.

FIG. 6 is a cross-sectional view of still another alternative embodiment of a

constricting chamber in accordance with the principles of the present invention.



FIG. 7 is a flowchart illustrating one embodiment of a method for conditioning a

reactive mixture in accordance with the principles of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The description below concerns several embodiments of the invention. The discussion

references the illustrated preferred embodiment. However, the scope of the present invention

is not limited to either the illustrated embodiment, nor is it limited to those discussed. To the

contrary, the scope should be interpreted as broadly as possible based on the language of the

Claims section of this document.

In the following description, numerous details and alternatives are set forth for

purpose of explanation. However, one of ordinary skill in the art will realize that the

invention can be practiced without the use of these specific details. In other instances, well-

known structures and devices are shown in block diagram form in order not to obscure the

description of the invention with unnecessary detail.

This disclosure refers to both particles and powders. These two terms are equivalent,

except for the caveat that a singular "powder" refers to a collection of particles. The present

invention may apply to a wide variety of powders and particles. Powders that fall within the

scope of the present invention may include, but are not limited to, any of the following: (a)

nano-structured powders(nano-powders), having an average grain size less than 250

nanometers and an aspect ratio between one and one million; (b) submicron powders, having

an average grain size less than 1 micron and an aspect ratio between one and one million; (c)

ultra-fine powders, having an average grain size less than 100 microns and an aspect ratio

between one and one million; and (d) fine powders, having an average grain size less than

500 microns and an aspect ratio between one and one million.

The present invention will be readily understood by the following detailed description

in conjunction with the accompanying drawings. To facilitate this description, like reference

numerals designate like elements.

Preferably, the dimensions of the constricting chamber of the present invention have

the following general relationships: the diameter of the first end is substantially greater than

that of the injection port, the diameters of the one or more supply ports are substantially

smaller than that of the injection port, the diameter of the second end of the constricting

chamber is substantially smaller than the first diameter and on the order of the diameter of the

injection port. Additionally, because of the inclusion of the annulus of smaller ports, the

diameter of the injection port is necessarily smaller than that of the first end of the



constricting chamber. Furthermore, the combined surface area of the smaller ports is

preferably equal to the surface area of the ejection port, though substantial equality or

substantial dissimilarity are also contemplated. More specifically, the constricting chamber

preferably has a first dimension of approximately 12 inches, constricting to a second

dimension of approximately two inches over a distance of 24 inches. Preferred aspect ratios,

i.e., ratios of the first diameter to the distance between the first and second ends, range

between one to three and one to two.

As mentioned above, the ejection port and combined one or more supply ports

preferably have substantially equal surface areas. In an alternative embodiment, the one or

more supply ports have variable combined surface area, but are capable of achieving a

combined surface area of substantial equality to the ejection port. The equality, or substantial

equality, of surface areas between the one or more supply ports and the ejection outlet is

preferred to minimize the pressure drop within the chamber, and to minimize compression of

the conditioning fluid as it flows from the ejection port. Flow of the conditioning fluid into

the one or more supply ports is preferably caused by formation of a negative pressure

differential with the ejection outlet, which also aids in maintaining flow of the mixture

through the chamber. This negative pressure differential is preferably formed by fluidly

coupling a vacuum formation system with the ejection port. In alternative embodiments,

active injection of conditioning fluid is contemplated, but this scheme has many

disadvantages when compared to passively drawing conditioning fluid into the system by

vacuum.

Because the present invention preferably uses a pressure differential to motivate flow

of the conditioning fluid through the one or more supply ports, variation of the combined

surface area of the one or more supply ports allows variation of the flow rate of conditioning

fluid. As described below, in some configurations a difference in flow rates between the

conditioning fluid sheath and the reactive gas vapor contributes to a conditioning effect of the

fluid. Therefore, adjustment of the flow rate of the conditioning fluid permits optimization of

the conditioning effect that a flow rate differential provides.

Within the present invention, many configurations of the smoothly varying

constrictions are contemplated. In the preferred embodiments, these constrictions will

smoothly vary in such a way so as to accelerate fluid flow and provide a Venturi-effect

pressure differential within the chamber. In general, the constriction shape is determined

while accounting for several factors affecting the conditioning of the reactive gas-vapor. Two

factors are of major concern. First, adequate space must be provided within the region



proximal to the first end of the constricting chamber to accommodate rapid expansion of the

hot gas-vapor following its flowing into the chamber. Second, constriction of the chamber

within the region proximal to the second end of the constricting chamber must not occur so

rapidly that undue turbulence is introduced into the gas-vapor as it flows to the ejection port.

For any chamber having fixed length between the first and second ends, these requirements

present contradictory design concerns. However, the several embodiments of the present

invention include designs which accommodate both concerns.

In the preferred configuration for constrictions within the constricting chamber, a

cylindrical surface of substantially constant interior diameter extends from the first end

toward the second end of the chamber until, at a point of sufficient distance from the second

end to allow a smooth constriction, the surface constricts in a cone like shape to the ejection

port at the second end. In alternative embodiments, a cone like surface constricts, at a

constant rate or otherwise, from the first end to the ejection port at the second end. In still

further embodiments, the surface constricts to a minimum diameter at a point between the

first and second ends. The minimum diameter may be less than or equal to the second

diameter, which is also the diameter of the ejection port. Where the minimum diameter is

less than the second diameter, the surface smoothly varies to open at the second diameter.

Where the minimum diameter is equal to the second diameter, the surface extends in a

cylinder-like surface to meet the ejection port. Other types of smooth variations are also

considered, so long as they effectively balance the design concerns described above in a

manner consistent with the present invention.

The constricting chamber of the present invention preferably comprises a thin shell.

The exterior of the constricting chamber is preferably cooled by a fluid cooling system, to

dissipate heat absorbed into the body of the constricting chamber from the gas particle

mixture. As mentioned above, this heat will primarily be supplied to the constricting

chamber body in the form of radiation from the newly formed particles as the rapidly cool

within the constricting chamber. In order to avoid overheating of the chamber body, the fluid

cooling system is preferably included.

Furthermore, although the embodiments discussed above have described only the

injection and ejection ports and the one or more supply ports, in some configurations the

inclusion of additional ports within the constricting chamber is preferred. Depending on the

configuration of the constrictions within the chamber, separation of the hot gas particle

mixture from the conditioning fluid will begin to break down prior to passage through the

ejection port without further introduction of conditioning fluid. Preferably, constrictions are



configured so that this does not occur. However, if constriction configurations that would

otherwise lead to such break down are deemed necessary, inclusion of auxiliary ports is

preferred. These auxiliary ports are preferably placed in a constricting area of the chamber,

and arranged or otherwise configured to minimally disturb gas flow within the constricting

area of the chamber. Use of the vacuum systems, as mentioned above, combined with the

preferable inducement of Venturi effect pressure differentials within the constricting

chamber, combine to draw conditioning fluid through the auxiliary ports at the optimal rate

necessary to maintain entrainment of particles and separation of the hot gas-particle mixture

from the conditioning fluid.

Referring now to FIG. 1, a gas phase particle production system 100 is provided. The

system 100 comprises a precursor supply device 110 and a working gas supply device 120

each fluidly coupled to an energy supply device 130 having an energy delivery zone 135

therein. The energy supply device 130 is fluidly coupled with an injection port 161 of a

constricting chamber 160, thereby allowing the energy delivery zone 135 to fluidly

communicate with the interior space of the constricting chamber 160. An annular supply

portion 162, comprising one or more supply ports, also allows fluid communication of the

chamber 160 with a controlled atmosphere system 170. The constricting chamber 160 is also

fluidly coupled with an ejection port 163.

Generally, the system 100 operates as a reactor, producing an output comprising

particles entrained within a gas stream. Production includes the basic steps of combination,

reaction, and conditioning. The system combines precursor material, such as powder,

supplied from the precursor supply device 110 and working gas, such as a mixture of

hydrogen gas and argon gas, supplied from the working gas supply device 120 within the

energy delivery zone 135 to form an energized, reactive mixture. The mixture comprises one

or more materials in a plurality of phases, which may include vapor, gas, and plasma.

Some embodiments of the present invention revolve around the use of a nano-powder

production reactor. In general, vapor phase nano-powder production means are preferred.

The embodiments of the present invention can use elements of nano-powder production

systems similar to those disclosed in U.S. Pat. Application Serial No. 11/1 10,341, filed on

April 19, 2005 and entitled, "HIGH THROUGHPUT DISCOVERY OF MATERIALS

THROUGH VAPOR PHASE SYNTHESIS", which is currently published as U.S.

Publication No. 2005-0233380-A. In such a nano-powder production system, working gas is

supplied from a gas source to a plasma reactor. Within the plasma reactor, energy is

delivered to the working gas, thereby creating a plasma. A variety of different means can be



employed to deliver this energy, including, but not limited to, DC coupling, capacitive

coupling, inductive coupling, and resonant coupling. One or more material dispensing

devices introduce at least one material, preferably in powder form, into the plasma reactor.

The combination within the plasma reactor of the plasma and the material(s) introduced by

the material dispensing device(s) forms a highly reactive and energetic mixture, wherein the

powder can be vaporized. This mixture of vaporized powder moves through the plasma

reactor in the flow direction of the working gas.

Referring back to FIG. 1, the reactive mixture flows from the energy delivery zone

135 into the constricting chamber 160 through the injection port 161. As the hot mixture

moves from the energy delivery zone 135, it expands rapidly within the chamber 160 and

cools. While the mixture flows into the chamber 160, the annular supply port 162 supplies

conditioning fluid along the inner surfaces of the chamber 160. The conditioning fluid

combines, at least to some extent, with the mixture, and flows from the chamber 160 through

the ejection port 163.

As previously described in more detail, during a brief period immediately after

entering the chamber 160, particle formation occurs. Furthermore, the supply of conditioning

fluid along the inner surfaces of the chamber 160 works to condition the mixture and to

maintain entrainment of the particles therein. This supply of conditioning fluid also works to

prevent deposit of material on the inner surfaces of the chamber 160, preferably by creating a

protectinve sheath separating particles from the inner surface of the chamber 160.

Still referring to FIG. 1, the structure of the chamber 160 is preferably formed of

relatively thin walled components capable of dissipating substantial quantities of heat. For

example, the thin-walled components can conduct heat from inside the chamber and radiate

the heat to the ambient. The chamber 160 comprises a substantially cylindrical surface 164, a

cone-like surface 165, and an annular surface 166 connecting the injection port 161 with the

cylindrical surface 164. The annular surface 166 provides a cover for one side of the chamber

160. The cylindrical surface 164, having a large diameter relative to the size of the injection

port 161, provides accommodation for the expansion of the mixture that occurs after it flows

into the chamber 160. The cone-like surface 165 is sufficiently smoothly varying so as to not

unduly compress fluid flowing from through the chamber 160 to the ejection port 163.

As described above, substantial heat is emitted, mostly in the form of radiation, from

the mixture following its entry into the chamber 160. The chamber 160 is preferably

designed to dissipate this heat efficiently. Hence, the surfaces of the chamber 160 are

preferably exposed to a cooling apparatus. As illustrated, the cone-like surface 163 and the



cylindrical surface 164 are exposed to the cooling apparatus 150. In other embodiments,

other portions of the structure are exposed to the cooling apparatus 150.

The cooling apparatus 150 preferably comprises the heat exchanger 156 fluidly

coupled with the heat dissipation device 152. However, other configurations of a cooling

apparatus are contemplated.

Still referring to FIG. 1, the controlled atmosphere system 170 comprises the chamber

171 into which conditioning fluid is introduced from one or more reservoirs 173 through a

conduit 172. As described above, the conditioning fluid preferably comprises argon.

However, other inert, relatively heavy gases are equally preferred. Also as discussed above,

the preferable mechanism of providing the conditioning fluid into the chamber 160 is the

formation of a pressure differential between the chamber 160 and the outlet 163. Such

pressure differential will draw the conditioning fluid into the chamber 160 through the ports

162. Other, less preferred, methods of providing the conditioning fluid include forming

positive pressure within the chamber 171.

The constricting chamber 160 has a longitudinal axis that runs from the injection port

145 to the ejection port 163. In a preferred embodiment, the injection port 161 is disposed

proximate the center of the annular surface 166, the ejection port 163 is disposed proximate

the center of the opposite end of the constricting chamber 160, and both the injection port 161

and the ejection port 163 are substantially aligned with the longitudinal axis of the

constricting chamber 160.

Referring now to FIG. 2A, the annular surface 166 comprises a plurality of supply

ports 162. The injection port 161 is preferably positioned in the center of the annular surface

166 and has a perpendicular orientation relative to the surface. The supply ports 162 are

arranged in an annular fashion around the perimeter of the annular surface 166. As

previously described with reference to FIG. 1, the supply ports communicate with the

chamber 160. Preferably, the ports are oriented to direct flow along the inner surfaces of the

chamber 160. In one embodiment, the ports are oriented perpendicularly within the annular

surface 166 and mounted flush to the interior surfaces of the chamber 160. In an alternative

embodiment, the ports are slightly angled relative to the perpendicular with respect to the

annular surface 166 so as to direct fluid more directly against, along, or away from the inner

surfaces of the chamber 160.

Referring now to FIG. 2B, the annular surface 166 comprises one continuous annular

supply port 162'. The injection port 161 is preferably positioned in the center of the annular

surface 166 and has a perpendicular orientation relative to the surface. The annular supply



port 162' is configured to lie around the perimeter of the annular surface 166. As previously

described with reference to FIG. 1, the port communicates with the chamber 160. Preferably,

the port is oriented to direct flow along the inner surfaces of the chamber 160. In one

embodiment, the ports is oriented perpendicularly within the annular surface 166 and

mounted flush to the interior surfaces of the chamber 160. In an alternative embodiment, the

port is slightly angled relative to the perpendicular with respect to the annular surface 166 so

as to direct fluid more directly against, or away from, the inner surfaces of the chamber 160.

Although the port 162' and ports 162 illustrated within FIGS. 2A and 2B have fixed

size, alternative embodiments include port structures with variable total area. Because the

port structures deliver fluid motivated by a pressure differential between the fluid source and

the chamber, adjusting the total area of the port structures changes the rate at which fluid

flows into the chamber.

Referring now to FIGS. 3 through 6, various embodiments of the constricting chamber

as employed in the present invention are discussed. The constricting chamber 300 includes

injection port 310, ejection port 330 and one or more supply ports 320. Fluid moving from

the injection port through the chamber 300 initially expands into the wider end of the cone-

like shape formed by frusto-conical surface 340. Fluid moving through the chamber 300 is

constricted as the surface 340 narrows, reaching an apex 345, at which fluid is maximally

constricted. The smooth constrictions of the surface 340 form a Venturi which introduces a

pressure differential in the moving fluid, further encouraging flow from the injection port 310

to the ejection port 330. Furthermore, particle-containing-fluid flowing through the injection

port 310 is entrained with fluid flowing through the smaller ports 320 as the fluids move

together through the chamber 340.

The constricting chamber 400 includes injection port 410, ejection port 430 and one

or more supply ports 420. Fluid moving from the injection port through the chamber 400

initially expands into the wider end of the cone-like shape formed by frusto-conical surface

440. Fluid moving through the chamber 400 is constricted as the surface 440 narrows,

reaching an apex at the ejection port 430, at which fluid is maximally constricted. The

smooth constrictions of the surface 440 constrict the flow of gas through the chamber 400.

Depending on the configuration of chamber or conduit attached with the ejection port 430, a

Venturi may be formed. Furthermore, particle-containing-fluid flowing through the injection

port 410 is entrained with fluid flowing through the smaller ports 420 as the fluids move

together through the chamber 440.



The constricting chamber 500 includes injection port 510, ejection port 530, one or

more supply ports 520, and one or more auxiliary ports 550. Fluid moving from the injection

port 510 through the chamber 500 initially expands into the cylindrical portion of the

chamber 500 formed by cylindrical surface 545. Fluid moving through the chamber 500 is

eventually constricted as it enters the cone-shaped portion of the chamber 500 formed by the

frusto-conical surface 546. The space within the surface 546 narrows, reaching an apex at the

ejection port 530, at which fluid is maximally constricted. The smooth constrictions of the

surface 546 constrict the flow of gas through the chamber 500. Depending on the

configuration of chamber or conduit attached with the ejection port 530, a Venturi may be

formed. Furthermore, particle-containing- fluid flowing through the injection port 510 is

entrained with fluid flowing through the smaller ports 520 as the fluids move together

through the chamber 540. The auxiliary ports 550 provide additional conditioning fluid as

constriction occurs. As discussed above, in the preferred system, conditioning fluid is drawn

into the ports 520 and 550 and is supplied at the correct rate to maintain entrainment.

Referring now to FIG. 6, the constricting chamber 600 includes injection port 610,

ejection port 630, and one or more supply ports 650. Fluid moving from the injection port

610 through the chamber 600 initially expands into the cylindrical portion of the chamber 600

formed by cylindrical surface 645. Fluid moving through the chamber 600 is eventually

constricted as it enters the cone-shaped portion of the chamber 600 formed by the frusto-

conical surface 646. The space within the surface 646 narrows, reaching an apex at the

ejection port 630, at which fluid is maximally constricted. The smooth constrictions of the

surface 646 constrict the flow of gas through the chamber 600. Depending on the

configuration of chamber or conduit attached with the ejection port 630, a Venturi may be

formed. Furthermore, once particle-containing-fluid flowing through the injection port 610

has expanded as it moves through the first part of the chamber formed by the surfaces 645, it

joins with fluid flowing through the one or more supply ports 650 as the fluids move together

through the chamber 640. As discussed above, in the preferred system, conditioning fluid is

drawn into the ports 650 and is supplied at the correct rate to maintain entrainment.

FIG. 7 is a flowchart illustrating one embodiment of a method 700 for conditioning a

reactive mixture in accordance with the principles of the present invention. As would be

appreciated by those of ordinary skill in the art, the protocols, processes, and procedures

described herein may be repeated continuously or as often as necessary to satisfy the needs

described herein. Additionally, although the steps of method 700 are shown in a specific

order, certain steps may occur simultaneously or in a different order than is illustrated.



Accordingly, the method steps of the present invention should not be limited to any particular

order unless either explicitly or implicitly stated in the claims.

At step 710, a constricting chamber is provided consistent with the principles of the

present invention discussed above. The constricting chamber has a first end, a second end

opposite the first end, and an interior surface formed between the first end and the second

end. The interior surface is disposed circumferentially around an interior space and a

longitudinal axis of the constricting chamber, thereby defining the interior space and the

longitudinal axis of the constricting chamber. The constricting chamber also comprises a

frusto-conical surface formed from the interior surface. The frusto-conical surface narrows as

it extends away from the first end and into the second end. The constricting chamber further

includes a cover disposed at the first end of the constricting chamber. The cover is disposed

in a position substantially perpendicular to the longitudinal axis. Additionally, the cover

comprises a center that is substantially aligned with the longitudinal axis of the constricting

chamber.

At step 720, an energy delivery device, which is fluidly coupled to the interior space

of the constricting chamber, produces a reactive mixture. It is contemplated that the reactive

mixture can be produced in a variety of ways. However, in a preferred embodiment, the

energy supply device receives a working gas from a working gas supply device, delivers

energy to the working gas to form a plasma stream, receives a precursor material from a

precursor supply device, and applies the plasma stream to the precursor material, thereby

vaporizing the precursor material and forming the reactive mixture. The reactive mixture

preferably comprises vaporized precursor material entrained within the plasma stream.

At step 730, the reactive mixture flows into the interior space of the constricting

chamber through a reactive mixture injection port disposed on the cover of the constricting

chamber. The injection port is preferably disposed proximate the center of the cover so that it

is substantially aligned with the longitudinal axis of the constricting chamber.

At step 740, a conditioning fluid flows into the interior space of the constricting

chamber through an annular supply portion in an annular formation along the interior surface

of the constricting chamber. The annular supply portion comprises one or more supply ports

disposed circumferentially around the longitudinal axis. As previously discussed, the annular

portion can be disposed on the cover or along the interior surface of the constricting chamber.

Furthermore, the annular supply portion can comprise a plurality of ports disposed in an

annular formation or one continuous supply port disposed in an annular formation.



At step 750, the reactive mixture is cooled within the interior space of the constricting

chamber, thereby forming a cooled mixture. In preferred embodiments, this cooling of the

reactive mixture results in the formation of condensed particles that comprise the precursor

material.

At step 760, the cooled mixture flows through an ejection port disposed at the second

end of the constricting chamber. In a preferred embodiment, the ejection port is substantially

aligned with the longitudinal axis of the constricting chamber.

The present invention has been described in terms of specific embodiments

incorporating details to facilitate the understanding of the principles of construction and

operation of the invention. As such, references herein to specific embodiments and details

thereof are not intended to limit the scope of the claims appended hereto. It will be apparent

to those skilled in the art that modifications can be made to the embodiments chosen for

illustration without departing from the spirit and scope of the invention.



CLAIMS

What is claimed is:

1. A constricting chamber having a first end and a second end opposite the first end, the

constricting chamber comprising:

an interior surface formed between the first end and the second end, the

interior surface disposed circumferentially around and defining an interior space and a

longitudinal axis of the constricting chamber;

a frusto-conical surface formed from the interior surface, wherein the frusto-

conical surface narrows as it extends away from the first end and into the second end;

an ejection port disposed at the second end of the constricting chamber,

wherein the ejection port is substantially aligned with the longitudinal axis;

a cover disposed at the first end of the constricting chamber, wherein the cover

is substantially perpendicular to the longitudinal axis and comprises a center

substantially aligned with the longitudinal axis;

a reactive mixture injection port disposed on the cover proximate the center,

wherein the reactive mixture injection port is configured to receive a reactive mixture

into the constricting chamber; and

an annular supply portion disposed circumferentially around the longitudinal

axis, wherein the annular supply portion comprises one or more supply ports

configured to supply conditioning fluid into the constricting chamber in an annular

formation along the interior surface.

2. The constricting chamber of Claim 1, wherein the annular supply portion is disposed

on the cover.

3 . The constricting chamber of Claim 2, wherein the annular supply portion comprises a

plurality of supply ports disposed in an annular formation around the reactive mixture

injection port and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

4. The constricting chamber of Claim 2, wherein the annular supply portion comprises

one continuous supply port disposed in an annular formation around the reactive



mixture injection port and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

5. The constricting chamber of Claim 1, wherein the annular supply portion is disposed

along the interior surface of the constricting chamber.

6 . The constricting chamber of Claim 5, wherein the annular supply portion comprises a

plurality of supply ports disposed in an annular formation on the interior surface of the

constricting chamber and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

7. The constricting chamber of Claim 5, wherein the annular supply portion comprises

one continuous supply port disposed in an annular formation on the interior surface of

the constricting chamber and configured to supply conditioning fluid into the

constricting chamber along the interior surface.

8. A particle production system comprising:

an energy supply device having an energy delivery zone, wherein the energy

supply device is configured to produce a reactive mixture within the energy delivery

zone; and

a constricting chamber having a first end, a second end opposite the first end,

and an interior surface formed between the first end and the second end, the interior

surface disposed circumferentially around and defining an interior space and a

longitudinal axis of the constricting chamber,

wherein a frusto-conical surface is formed from the interior surface and

narrows as it extends away from the first end and into the second end,

wherein an ejection port is disposed at the second end of the constricting

chamber in substantially alignment with the longitudinal axis,

wherein a cover is disposed at the first end of the constricting chamber, the

cover being substantially perpendicular to the longitudinal axis and comprising a

center substantially aligned with the longitudinal axis,

wherein a reactive mixture injection port is disposed on the cover proximate

the center and is configured to receive the reactive mixture into the constricting

chamber from the energy delivery zone, and



wherein an annular supply portion is disposed circumferentially around the

longitudinal axis, the annular supply portion comprising one or more supply ports

configured to supply conditioning fluid into the constricting chamber in an annular

formation along the interior surface.

9 . The system of Claim 8, wherein the energy supply device is configured to:

receive a working gas from a working gas supply device;

deliver energy to the working gas to form a plasma stream;

receive a precursor material from a precursor supply device; and

apply the plasma stream to the precursor material, thereby vaporizing the

precursor material and forming the reactive mixture, wherein the reactive mixture

comprises vaporized precursor material entrained within the plasma stream.

10. The system of Claim 8, wherein the annular supply portion is disposed on the cover.

11. The system of Claim 10, wherein the annular supply portion comprises a plurality of

supply ports disposed in an annular formation around the reactive mixture injection

port and configured to supply conditioning fluid into the constricting chamber along

the interior surface.

12. The system of Claim 10, wherein the annular supply portion comprises one

continuous supply port disposed in an annular formation around the reactive mixture

injection port and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

13. The system of Claim 8, wherein the annular supply portion is disposed along the

interior surface of the constricting chamber.

14. The system of Claim 13, wherein the annular supply portion comprises a plurality of

supply ports disposed in an annular formation on the interior surface of the

constricting chamber and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

15. The system of Claim 13, wherein the annular supply portion comprises one



continuous supply port disposed in an annular formation on the interior surface of the

constricting chamber and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

16. A method of conditioning a reactive mixture, the method comprising:

providing a constricting chamber having a first end, a second end opposite the

first end, and an interior surface formed between the first end and the second end and

disposed circumferentially around and defining an interior space and a longitudinal

axis of the constricting chamber, a frusto-conical surface formed from the interior

surface and narrowing as it extends away from the first end and into the second end,

and a cover disposed at the first end of the constricting chamber substantially

perpendicular to the longitudinal axis and comprising a center substantially aligned

with the longitudinal axis;

flowing the reactive mixture into the interior space of the constricting chamber

through a reactive mixture injection port disposed on the cover of the constricting

chamber proximate the center;

flowing a conditioning fluid into the interior space of the constricting chamber

through an annular supply portion in an annular formation along the interior surface of

the constricting chamber, wherein the annular supply portion comprises one or more

supply ports disposed circumferentially around the longitudinal axis;

cooling the reactive mixture within the interior space of the constricting

chamber, thereby forming a cooled mixture; and

flowing the cooled mixture through an ejection port disposed at the second end

of the constricting chamber, wherein the ejection port is substantially aligned with the

longitudinal axis.

17. The method of Claim 16, wherein the annular supply portion is disposed on the cover.

18. The method of Claim 17, wherein the annular supply portion comprises a plurality of

supply ports disposed in an annular formation around the reactive mixture injection

port and configured to supply conditioning fluid into the constricting chamber along

the interior surface.

19 . The method of Claim 17, wherein the annular supply portion comprises one



continuous supply port disposed in an annular formation around the reactive mixture

injection port and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

20. The method of Claim 16, wherein the annular supply portion is disposed along the

interior surface of the constricting chamber.

2 1. The method of Claim 20, wherein the annular supply portion comprises a plurality of

supply ports disposed in an annular formation on the interior surface of the

constricting chamber and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

22. The method of Claim 20, wherein the annular supply portion comprises one

continuous supply port disposed in an annular formation on the interior surface of the

constricting chamber and configured to supply conditioning fluid into the constricting

chamber along the interior surface.

23. The method of Claim 16, wherein the step of flowing the reactive mixture into the

interior space of the constricting chamber is preceded by the steps of:

an energy supply device receiving a working gas from a working gas supply

device;

the energy supply device delivering energy to the working gas to form a

plasma stream;

the energy supply device receiving a precursor material from a precursor

supply device; and

the energy supply device applying the plasma stream to the precursor material,

thereby vaporizing the precursor material and forming the reactive mixture, wherein

the reactive mixture comprises vaporized precursor material entrained within the

plasma stream.

24. The method of Claim 16, wherein:

the conditioning fluid flows into the constricting chamber at a cooler

temperature than the temperature at which the reactive mixture flows into the

constricting chamber; and



the conditioning fluid flows into the constricting chamber at a higher flow rate

than the flow rate at which the reactive mixture flows into the constricting chamber.

25. The method of Claim 16, wherein the conditioning fluid is an inert gas.

26. The method of Claim 25, wherein the inert gas is argon.
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