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Apparatus and Methods for a Gas Dynamic Virtual Nozzle

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of the filing date of U.S. Provisional Patent

Application Serial No. 61/349,206, filed May 28, 2010, which is hereby incorporated by

reference in its entirety.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with government support under Grant numbers 0919195 and

0555845 awarded by the National Science Foundation. The government has certain rights in

the invention.

BACKGROUND OF THE INVENTION

Analysis and manipulation of particles, such as proteins or other biological molecules,

often requires introducing or injecting the particle into vacuum, where the particle must

maintain its native conformation. Examples of particle manipulation or analysis that may

require particle injection into vacuum include molecular structure determination,

spectroscopy, particle deposition onto a substrate (to produce, for example, sensor arrays),

nanoscale free-form fabrication, formation of novel low temperature forms of particle-

containing complexes, bombardment of particles by laser light, x-ray radiation, neutrons, or

other energetic beams; controlling or promoting directed, free-space chemical reactions,

possibly with nanoscale spatial resolution; and separating, analyzing, or purifying these

particles.

Therefore, for many technological and scientific applications, the ability to form a

single-file beam of microscopic liquid droplets is of great interest. Thus, methods and

apparatus for providing streams of particles that are adapted for injection of the particle into

vacuum would be of great benefit to these various fields.

SUMMARY OF THE INVENTION

In a first aspect, the invention provides a nozzle assembly comprising, (a) a housing,

wherein a distal end of the housing defines an outlet channel, (b) a capillary tube disposed

within the housing, wherein a distal end of the capillary tube is tapered, (c) at least one bore

defined by the capillary tube, wherein the at least one bore defines a capillary outlet on a side

surface of the tapered distal end, and (d) an asperity defined substantially on an apex of the

tapered distal end.



In a another aspect, the invention provides a method for manufacturing a capillary

tube, the method comprising: (a) heating the distal end of the capillary tube, (b) bending the

distal end to a predetermined radius of curvature, (c) cutting the distal end at a desired

distance along the radius of curvature, and (d) grinding a symmetrical cone onto the

remaining portion of the distal end.

In a another aspect, the invention provides a method for manufacturing a capillary

tube, the method comprising: (a) heating the distal end of the capillary tube until closure, (b)

grinding the distal end into a cone, and (c) cutting at least one bevel into the cone.

In a another aspect, the invention provides a method for producing a liquid jet

comprising (a) providing a nozzle assembly according to the first aspect of the invention, (b)

injecting a first fluid into the proximal end of the housing, and (c) injecting a second fluid

into the proximal end of the capillary tube. The nozzles described herein can produce a

liquid jet whereby the second fluid exits the capillary outlet and flows along the surface of the

tapered end to the asperity, and the first fluid actsupon the second fluid located on the

asperity to create a liquid jet that flows through the outlet channel.

In another aspect, the invention provides injectors comprising (i) a chamber

comprising a vacuum orifice and an injector orifice, wherein the chamber is adapted for use

with a vacuum analysis system; and (ii) a nozzle according to the preceding aspect, wherein

the outlet channel of the nozzle outputs to the chamber and is essentially aligned with the

injector orifice.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross-sectional view of a prior art nozzle.

Figure 2A is a side view of a capillary having a capillary outlet on a side surface of a

tapered end.

Figure 2B is a cross-sectional side view of a nozzle assembly.

Figure 2C is a cross-sectional end view of a nozzle assembly.

Figure 3A is a cross-sectional side view of a capillary tube with the distal end bent to

a predetermined radius of curvature.

Figure 3B is a cross-sectional side view of a capillary tube with the distal end cut and

ground into a symmetrical cone.

Figure 4A is a cross-sectional side view of an embodiment of a capillary tube's distal

end geometry.



Figure 4B is a cross-sectional side view of an embodiment of a capillary tube's distal

end geometry.

Figure 4C is a cross-sectional side view of an embodiment of a capillary tube's distal

end geometry.

Figure 5A is a side view of a capillary tube with a coned and beveled distal end.

Figure 5B is a cross-sectional side view of a capillary tube with a coned and beveled

distal end.

Figure 5C is a side view of a capillary tube with a coned and beveled distal end.

Figure 6 is a cross-sectional side view of a double-bore straight capillary tube with a

distal end in the shape of a cone.

Figure 7 is a side view of the nozzle assembly generating an asperity-guided liquid jet

at the tip of the distal end of a coned capillary tube.

Figure 8A shows a pyramidal exit channel that tapers continuously from the square

tube cross section to a quadra-oval aperture of approximately 100 micrometer diameter in a

flat distal end.

Figure 8B is an image showing the bore of the capillary exiting through a conical

taper at a chosen distance back from the conical tip.

Figures 8C and 8D are images showing that the capillary cone surface comes into

contact with the flat internal pyramidal sides of the outer housing in the exemplary

embodiment described in Example 1.

Figure 9 is an electron microscope image of a 10 micrometer diameter liquid jet

produced by an exemplary embodiment of the nozzle of the disclosure.

DETAILED DESCRIPTION

In a first aspect, as shown in Figures 2A-C, for example, a nozzle assembly

comprises: (a) a housing 15, wherein a distal end of the housing defines an outlet channel 20,

(b) a capillary tube 25 disposed within the housing 15, wherein a distal end of the capillary

tube is tapered 30, (c) at least one bore 35 defined by the capillary tube 25, wherein the at

least one bore 35 defines a capillary outlet 40 on a side surface of the tapered distal end, and

(d) an asperity 45 defined substantially on an apex of the tapered distal end 30.

As used herein, the housing 15 is sized and shaped to receive the capillary tube 25.

The housing's internal cross-section may take various forms, for example, circular, square,

triangular hexagonal, etc., essentially any symmetric cross-section that allows ample access

for a first fluid, preferably a gas, to have a sufficient gas flow rate and symmetrical gas flow



pattern. Note that asymmetry in gas flow can force the resulting filamentary liquid jet to

emerge from the outlet channel off-axis. In one embodiment, the housing's internal cross-

section is circular, and the inner diameter of the housing 15 is greater than the outer diameter

of the capillary tube 25 such that there is a coaxial space between the housing's inner wall

and the capillary tube's external wall. In another embodiment, the housing 15 defines a

square internal cross-section, as shown in Figures 2B-C, such that the four corners of the

housing provide sufficient access for gas flow.

The distal end of the housing may be formed into a symmetric convergent taper to

create the outlet channel 20. Alternatively, the outlet channel 20 may have a constant

diameter along its length. As used herein, the outlet channel 20 is a constricting aperture that

receives both gas flow and a liquid stream emerging from the capillary tube 25. The capillary

tube 25 is preferably substantially aligned along the axis of the outlet channel 20.

As used herein, the capillary tube 25 has at least one bore 35 through which a second

fluid flows. In one embodiment, the capillary tube's tapered end 30 is received in the outlet

channel 20. In order to aid in self-centering alignment of the capillary tube 25 within the

housing 15, the capillary tube's tapered end 30 may be substantially conical. Alternatively,

as shown in Figs. 5A-C, the capillary tube's tapered end 30 may be substantially conical and

beveled. This has the advantage of providing two different angles to facilitate adaptability of

insertion of the capillary tube 25 into the outlet channel 20. This embodiment may operate

with a single bevel as well.

In yet another embodiment, the capillary tube's tapered end 30 defines a plurality of

planar flats (not shown), preferably with a minimum of at least three planar flats to achieve

adequate gas flow. In certain embodiment, three to about ten planar flats are provided on the

capillary tube's tapered end 30. In certain embodiment, three to about eight planar flats; or

three to about six planar flats are provided on the capillary tube's tapered end 30. In certain

embodiment, three flats; or four flats; or five flats, or six flats; or seven flats; or eight flats; or

nine flats; or ten flats are provided on the capillary tube's tapered end 30.

These planar flats take the form of symmetric apertures evenly spaced and equally

angled about the periphery of the tapered end 30 of the capillary tube 25 through which the

gas flow can merge between the tapered end 30 and housing 15, when the tapered end 30 and

outlet channel 20 are mated together to achieve self-centering. In alternative embodiments,

the capillary tube's tapered end 30 is positioned upstream of or even with the outlet channel

20.



This self-centering methodology results in the liquid jet being injected directly into a

supersonic free-jet expansion of the gas, as opposed to injection into the convergent

continuum gas flow just upstream of the nozzle. That a linear filamentary liquid jet can be

generated in this fashion was unexpected.

As used herein, the at least one bore 35 extends along the length of the capillary tube

25 to the distal end 30. In one embodiment, as shown in Figures 2A-C, 3A-B, 4A-C, 5A-C,

the at least one bore 35 comprises a single bore 35 that is aligned with the central axis of the

capillary tube 25. This single bore 35 may diverge from the capillary tube's central axis to

define the capillary outlet 40 on a side surface of the tapered end (Figures 2A-C, 3A-B, 4A-

C). Alternatively, at least one bevel 50 is cut into a closed distal end 30 of the capillary tube

25 to reveal the single bore 35 resulting in a capillary outlet 40 on a side surface of the

capillary tube's distal end 30. In yet another embodiment, as shown in Figures 6A-B, the at

least one bore 35 is parallel to but spaced apart from the central axis of the capillary tube 25.

In the case where the capillary tube 25 defines two (or more) bores 35, the second fluid could

flow through either or both of the bores 35. Alternatively, two reacting liquids could be sent

separately down the respective bores 35 to be mixed at the tip of the capillary tube's distal

end 30.

As used herein, an asperity 45 is a slight projection (e.g., a point or bump) from the

exterior surface of the capillary tube 25. The asperity 45 is preferably centered on the distal

end 30 of the capillary tube 25, such that the asperity 45 is automatically centered when the

capillary tube 25 is inserted in the housing 15. The provision of an asperity 45 has the

advantageous effect of controlling the point at which the second fluid will emerge from the

capillary tube 25, since the liquid jet will emerge from the most pronounced asperity 45

present on the distal end 30 of the capillary tube 25.

In a second aspect, as shown in Figs. 3A-B, the invention provides a method for

manufacturing a capillary tube 25, the method comprising: (a) heating the distal end 30 of the

capillary tube 25, (b) bending the distal end 30 to a predetermined radius of curvature, (c)

cutting the distal end 30 at a desired distance along the radius of curvature, and (d) grinding a

symmetrical cone onto the remaining portion of the distal end 30.

In certain embodiments, the capillary can be rotated during the grinding or heating or

both to symmetrize any gravitational forces during heating, to provide highly axisymmetric

capillary tip geometries.

The position of the capillary outlet 40 is determined by cone angle, the predetermined

radius of curvature, and the position of the cut within the radius of curvature. Examples of



different positions for the capillary outlet 40 are illustrated in Figs. 4A-C. This method of

manufacturing is preferably employed with a capillary tube 25 defining a single central bore

35.

In a third aspect, as shown in Figs. 5A-C, the invention provides a method for

manufacturing a capillary tube 25, the method comprising: (a) heating the distal end 30 of the

capillary tube 25 until closure, (b) grinding the distal end 30 into a cone, and (c) cutting at

least one bevel 50 into the cone. The face of each bevel 50 will define a capillary outlet 40.

In a fourth aspect, as shown in Fig. 7, the invention provides a method for producing

a liquid jet 55 comprising (a) providing a nozzle assembly 10 according to the first aspect of

the invention, (b) injecting a first fluid into the proximal end of the housing 15, (c) injecting a

second fluid into the proximal end of the capillary tube 25, (d) the second fluid exiting the

capillary outlet 40 at the tapered end 30 which contains an asperity 45 on its periphery, and

(e) the first fluid acting upon the second fluid to create a liquid jet 55 that emerges from the

asperity 45 and flows through the outlet channel 20.

As used herein, the first fluid is preferably a gas. For example, in some embodiments,

the first fluid comprises one or more inert gases flowing through the housing. The term

"inert gas" as used herein means a gas which will not cause degradation or reaction of the

fluids and/or any analytes. Such gases preferably contain limited levels of oxygen and/or

water; however, the acceptable level of water and/or oxygen will depend on the fluids and/or

analytes, and is readily apparent to one skilled in the art. Such atmospheres preferably

include gases such as, but are not limited to, hydrogen, nitrogen, carbon dioxide, helium,

neon, argon, krypton, xenon, volatile hydrocarbon gases, or mixtures thereof. In certain

embodiments, the inert gas comprises nitrogen, helium, argon, or a mixture thereof. In

certain embodiments, the inert gas comprises nitrogen. In certain embodiments, the inert gas

comprises helium. In certain embodiments, the inert gas comprises argon.

When the first fluid is a gas, it is preferably supplied to the housing at pressures

ranging from about 2 to 200 times atmospheric , or about 2 to 100 times atmospheric

pressure; or about 2 to 50 times atmospheric pressure; or about 2 to 25 times atmospheric

pressure; or about 2 to 15 times atmospheric pressure; or about 2 to 10 times atmospheric

pressure; more preferably, at pressures ranging from about 2 to 5 times atmospheric pressure;

or pressures ranging from about 3 to 5 times atmospheric pressure; or pressures ranging from

about 5 to 200 times atmospheric pressure, or 5 to 100 times atmospheric pressure; or about 5

to 50 times atmospheric pressure; or about 5 to 25 times atmospheric pressure; or about 5 to

15 times atmospheric pressure; or about 5 to 10 times atmospheric pressure; or pressures



ranging from about 9 to 200 times atmospheric pressure , or about 9 to 100 times atmospheric

pressure; or about 9 to 50 times atmospheric pressure; or about 9 to 25 times atmospheric

pressure; or about 9 to 15 times atmospheric pressure.

As used here, the second fluid is preferably a liquid. In some embodiments the

second fluid further comprises an analyte; such second fluids preferably comprise a

heterogeneous or homogeneous solution, or particulate suspension of the analyte in the

second fluid. The second fluid includes, but is not limited to, water and various solutions of

water containing detergents, buffering agents, anticoagulants, cryoprotectants, and/or other

additives as needed to form analyte-containing jets or droplets while maintaining the analyte

in a desired molecular conformation. Preferred analytes include, but are not limited to,

proteins, protein complexes, peptides, nucleic acids (e.g., DNAs, RNAs, mRNAs), lipids,

functionalized nanoparticles, viruses, bacteria, and whole cells.

When the second fluid comprises a liquid, it is preferably supplied to the capillary

tube at pressures ranging from about 2 to 35 times atmospheric pressure; more preferably, at

pressures ranging from about 10 to 20 times atmospheric pressure; or pressures ranging from

about 15 to 20 times atmospheric pressure.

In certain embodiments, the first fluid comprises a gas and the second comprises a

liquid.

In operation, as shown in Fig. 2 and Fig. 7, the first fluid exerts gas dynamic forces

on the liquid stream emerging from the capillary tube 25, significantly reducing the diameter

of the liquid stream. The liquid stream preferably emerges from the constriction as a

contiguous, linear, filamentary liquid jet 55 of microscopic diameter. Liquid jet 55 can be

much smaller than the capillary bore 35 from which it emerges. The liquid jet 55 may take

the form of a single-file stream of droplets.

For example, the liquid jet 55 can have a diameter between about 1 µιη and 100 nm.

In certain embodiments, the liquid jet can have a diameter between about 900 nm and 100

nm; or about 800 nm and 100 nm; or about 700 nm and 100 nm; or about 600 nm and 100

nm; or about 500 nm and 100 nm.

In a another aspect, the invention provides injectors comprising (i) a chamber

comprising a vacuum orifice and an injector orifice, wherein the chamber is adapted for use

with a vacuum analysis system; and (ii) a nozzle as described above, wherein the outlet

channel of the nozzle outputs to the chamber and is essentially aligned with the injector

orifice.



The term "essentially aligned" as used herein with respect to two orifices means that

the vector at the center of a first orifice and normal to the plane defined by the first orifice

intersects and is essentially normal (e.g., 90° +/- 10°, preferably +/- 5°) to the plane defined

by the second orifice, and intersects the plane defined by the second orifice within the

boundary of the second orifice. More preferably, the vector at the center of a first orifice and

normal to the plane defined by the first orifice is essentially normal to the plane defined by

the second orifice and intersects the plane defined by the second orifice essentially at the

center (e.g., within 10% the total diameter of the orifice; preferably, within 5%) of the second

orifice.

In operating the injector of the invention, a vacuum is maintained in the chamber via

the vacuum orifice and a liquid jet is provided by the nozzle as discussed previously.

Preferably, the vacuum in the injector is maintained at a level less than or equal to the

vacuum maintained within the vacuum analysis system.

The injector allows for the liquid jet to be injected into a vacuum analysis system.

Such systems may involve samples analyzed under pressures ranging from ultra-high vacuum

(UHV) or high vacuum (HV) up to one atmosphere (e.g., environmental scanning electron

microscopy (e-SEM) or environmental tunneling electron microscopy (e-TEM)). For

example, the samples may be analyzed under pressures ranging from about 100 torr to about

10 9 mbar. In certain embodiments, the samples are analyzed under pressures suitable for

environmental imaging methods, such as, but not limited to, pressures ranging from about 0.1

torr to 100 torr; or 0.1 torr to 10 torr, or 0.1 mbar to 1 torr.

In an embodiment of the invention, the injector of the invention further comprises a

vacuum pump for providing a vacuum in the first chamber via the vacuum orifice.

In a preferred embodiment, the injector orifice comprises a simple aperture. In

another preferred embodiment of the third aspect, the injector orifice comprises a tube. In a

more preferred embodiment of the third aspect, the injector orifice further comprises a

molecular beam skimmer.

The injector of the invention may further comprise an aligner for aligning the outlet

channel of the nozzle with the injector orifice. Such aligners include mechanical alignment,

such as via thumbscrews, or mechano-piezoelectric devices, such as precision mechanical

drives or precision piezoelectric drives that move the capillary laterally and axially with

respect to the injector orifice. The aligner may be sealed within the assembly which

comprises the injector of the invention and/or pass through vacuum seals, so that the only

physical communication between the nozzle and the surrounding plenum is via the nozzle



exit orifice and the only physical communication between the plenum and the surrounding

ambient is via the injector orifice.

EXAMPLES

Example 1 Preparation of a nozzle

One example for fabricating an asperity-guided GDV injector nozzle is as follows:

The outer housing of the injector assembly is fabricated from a short section, e.g., 1 inch

long, of glass tube having square cross section with inner wall-to-wall spacing of 400

micrometer. One end of this square tube is flame polished and ground back perpendicularly

to the tube axis to obtain a pyramidal exit channel on that tapers continuously from the square

tube cross section to a quadra-oval aperture of approximately 100 micrometer diameter in a

flat distal end as shown in Figure 8A. An inner capillary having a central asperity is formed

by briefly heating then bending the end of a long silica capillary, e.g. 50 inches, of 360

micrometer OD and 50 micrometer ID as in Figure 3A. The capillary is then placed in a

custom grinding apparatus that rotates the capillary about its axis as its bent end is brought

into contact under microscope control with the moving abrasive surface of a commercial

polishing machine. The angle of contact and the position of contact relative to the bend are

adjusted such that a conical taper of 15 degrees cone half-angle is cut onto the end of the

capillary, with the bore of the capillary exiting through this conical taper at a chosen distance

back from the conical tip as in Figure 3B and 8B. This tapered end of the capillary is

inserted through proximal end of the square glass tube such that the capillary cone surface

comes into contact with the flat internal pyramidal sides of the outer housing as in Figure 8C

and 8D, thereby centering the conical end of the capillary relative to the pyramidal channel.

The quadra-oval shape of the pyramidal channel provides four highly symmetrical gaps

between the outer housing and the inner conical cone, with the tip of the cone providing a

centered asperity on the axis of the assembly. A second capillary to supply the coaxial fluid

flow is then inserted a short distance into the proximal end of the square tube, parallel to the

tapered capillary, and the two capillaries glued into place.

Example 2 Application to Environmental Transmission Electron Microscopy

Being that the resolution of any form of microscopy is limited by the wavelength of

the radiation employed for imaging, conventional microscopy using visible light cannot

resolve features smaller than approximately one micrometer. To observe liquid jets over the

range down to sub-micrometer diameter accessible using GDVN technology, it becomes



necessary to employ electron microscopy. Accordingly, seminal development of electron

microscopy as a tool to observe microscopic liquid jets was developed as an ancillary

component of this injector development. An example is provided in Figure 9 of an electron

microscope image of a 10 micrometer diameter liquid jet.

Although specific embodiments have been illustrated and described herein, it will be

appreciated by those of ordinary skill in the art that any arrangement that is calculated to

achieve the same purpose may be substituted for the specific embodiments shown. This

application is intended to cover any adaptations or variations of embodiments of the present

invention. It is to be understood that the above description is intended to be illustrative, and

not restrictive, and that the phraseology or terminology employed herein is for the purpose of

description and not of limitation. Combinations of the above embodiments and other

embodiments will be apparent to those of skill in the art upon studying the above description.

The scope of the present invention includes any other applications in which embodiment of

the above structures and fabrication methods are used. The scope of the embodiments of the

present invention should be determined with reference to claims associated with these

embodiments, along with the full scope of equivalents to which such claims are entitled.



We Claim:

1. A nozzle assembly comprising:

a housing, wherein a distal end of the housing defines an outlet channel;

a capillary tube disposed within the housing, wherein a distal end of the capillary tube

is tapered;

at least one bore defined by the capillary tube, wherein the at least one bore defines a

capillary outlet on a side surface of the tapered distal end; and

an asperity defined substantially on an apex of the tapered distal end.

2. The nozzle assembly of claim 1, wherein the capillary tube is substantially aligned

along the axis of the outer channel.

3. The nozzle assembly of claim 1 or 2, wherein the at least one bore comprises a single

bore aligned with the central axis of the capillary tube.

4. The nozzle assembly of claim 3, wherein the single bore diverges from the capillary

tube's central axis.

5. The nozzle assembly of any one of claims 1-3, wherein the at least one bore is parallel

to but spaced apart from the central axis of the capillary tube.

6. The nozzle assembly of any one of claims 1-3, wherein the capillary tube's tapered

end is substantially conical.

7. The nozzle assembly of any one of claims 1-3, wherein the capillary tube's tapered

end is substantially conical and beveled.

8. The nozzle assembly of any one of claims 1-3, wherein the capillary tube's tapered

end defines a plurality of planar flats.

9. The nozzle assembly of any one of claims 1-3, wherein the capillary tube's tapered

end is received in the outlet channel.

10. The nozzle assembly of any one of claims 1-3, wherein the capillary tube's tapered

end is positioned upstream of the outlet channel.

11. The nozzle assembly of claim 1, wherein the inner diameter of the housing is greater

than the outer diameter of the capillary tube such that there is a coaxial space between

the housing's inner wall and the capillary tube's external wall.

12. The nozzle assembly of claim 1, wherein the housing defines a square internal cross-

section.

13. A method for manufacturing the capillary tube of claim 1:

heating the distal end of the capillary tube;



bending the distal end to a predetermined radius of curvature;

cutting the distal end at a desired distance along the radius of curvature; and

grinding a symmetrical cone onto the remaining portion of the distal end.

14. A method for manufacturing the capillary tube of claim 1:

heating the distal end of the capillary tube until closure;

grinding the distal end into a cone; and

cutting at least one bevel into the cone.

15. A method for producing a liquid jet comprising,

providing a nozzle assembly according to any one of claims 1 - 12;

injecting a first fluid into the proximal end of the housing;

injecting a second fluid into the proximal end of the capillary tube.

16. An injector comprising

(i) a chamber comprising a vacuum orifice and an injector orifice, wherein the

chamber is adapted for use with a vacuum analysis system; and

(ii) a nozzle according to any one of claims 1-12, wherein

the outlet channel of the nozzle outputs to the chamber and is essentially

aligned with the injector orifice.

17. The injector of claim 16, wherein the chamber is adapted for use with a transmission

electron microscope.
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