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Abstract.  Serial diffraction of proteins requires an injection method to deliver analyte molecules - preferably uncharged, fully hydrated, spatially oriented, and with high flux - into a focused probe beam of electrons or x‑rays that is only a few tens of microns in diameter.  This work examines conventional Rayleigh sources and electrospray-assisted Rayleigh sources as to their suitability for this task.  A comparison is made and conclusions drawn on the basis of time-resolved optical images of the droplet streams produced by these sources.  Straight-line periodic streams of monodisperse droplets were generated with both sources, achieving droplet diameters of 4 micrometer and 1 micrometer, respectively, for the conventional and electrospray-assisted versions.  Shrinkage of droplets by evaporation is discussed and quantified.  It is shown experimentally that proteins pass undamaged through a conventional Rayleigh droplet source. 
1.  Introduction – Serial Diffraction and Droplet streams

The ability to deliver microscopic liquid droplets into ultra-high vacuum (UHV) opens the door to use of UHV probes – notably electron scattering and x-ray scattering - to examine liquids and liquid solutions.  Of particular interest are fully solvated proteins and protein complexes, as discussed below.  There is intense current interest in this subject, fostered by the development of extremely intense X-ray free-electron lasers (see XFEL , LCLS references) and by the urgent need to develop new, high throughput techniques to characterize biological macromolecules.  Rayleigh break-up of a liquid jet from a microscopic nozzle offers a nearly ideal technique for generating microdroplet streams.  Unfortunately problems with nozzle clogging have always become substantial at nozzle diameters below about 10 microns, which is still too large for many desired applications.  For example, structure determination via x-ray or electron diffraction requires that the droplets be sufficiently small that both attenuation and multiple scattering of the probe beam within the droplet are  negligible.  Attenuation is the primary concern in soft x-ray scattering.  For 1 keV x-rays, for example, the characteristic length for photoelectric absorption in water is 2.5 microns (see XCOM reference).  With electron diffraction, multiple scattering is usually the limiting factor.  The elastic mean free path of an electron in water is calculated to be 238 and 373 nm at electron energies of 100 and 200 keV, respectively, (Rez P. private communication) and measured to be 300 nm in vitreous ice at 120 keV (Angert et. al. (1996) ).  From these numbers, it is seen that diffraction studies using 1 keV x-rays or 100 keV electrons require water droplets no greater than about 1 micron and 100 nm diameter, respectively.  

Accordingly, the experimental fluid dynamics challenge has been to develop microdroplet sources that deliver droplets of 1 micron diameter or less, preferably as an exactly periodic, single-file, monodisperse stream that is phase-locked to an external timing signal.  Equally important is the development of tools for imaging the droplet stream.  This becomes particularly difficult in the nanoscale regime, which is inaccessible to optical microscopy for droplet diameters smaller than the wavelength of visible light.  We are pursuing two separate approaches to this goal.  The first has been to improve conventional droplet stream nozzles through better cleaning, filtering, and use of electrostatic driving forces to augment hydrodynamic forces.  That work will be described in this paper, and will be seen to suffice for generating 1 micron diameter droplet streams of the desired form.  Moreover, and in marked contrast to previous droplet sources, that apparatus to do this is gratifyingly inexpensive and accessible.  The second approach has been to develop sources that avoid altogether the use of a solid converging nozzle.  That work, to appear shortly (Deponte et. al. (2007) ), shows promise for reaching the 100 nm diameter scale. 

This paper is organized as follows:  We first motivate our interest in microdroplet streams by discussing their role in protein structure determination via serial diffraction.  Our techniques and apparatus for imaging droplets via both stroboscopic and "single-shot" photography are then presented.  A brief discussion of Rayleigh droplet streams introduces our experimental documentation of droplet forms under various operating parameters.  Conclusions are then drawn concerning the use of these beams for serial diffraction x-ray studies.  

2. Motivation – Protein Structure Determination

Electron or X-ray diffraction from a beam of laser-aligned molecules has recently been proposed as an approach for structure determination of proteins, particularly those that are difficult to crystallize and/or are too large for NMR techniques (Spence and Doak (2004) ).  Of particular interest are membrane proteins.  These constitute 30% of all human proteins and represent 60% of all drug delivery targets but are very difficult to crystallize, with the result that fewer than 120 such structures have been determined to date.  X-ray crystallography is currently the primary principle method for structure determination of large proteins and protein complexes, but in its conventional form requires that the species of interest be crystallized.  Cryogenic Electron Microscopy (cryo-EM) has been applied to membrane proteins, both as two-dimensional crystals (Henderson (2004) ) and as single particles (Frank (2002) ).  Single-particle cryo-EM avoids the need for crystallization by recording real-space images of many identical particles, but must be done at sufficiently low dose to avoid radiation damage.  The individual images, necessarily of randomly-oriented particles, are then classified according to orientation in order to average over the data set and obtain a 3D structure.  Correct assignment of each orientation is non-trivial, given the dose-limited, very noisy images.  If successful, this technique can deliver a spatial resolution of 1 nm.  Structure determination via NMR also avoids crystallization but is limited in use due to the need for isotopic labeling, very high protein concentrations, and long data collection times at room temperature, as well as intrinsic limitations on molecule size.  Thus structural biology is in urgent need of additional high-throughput methods for protein structure determination.

In our proposed method, a beam of droplets containing identical proteins (or possibly microscopic protein crystals) is directed to the point of intersection of a diffraction probe beam (a CW electron or X-ray beam) and a polarized CW IR laser.  The intersection region is small, typically only 10 microns on a side, and will usually be in high vacuum to allow for evaporative cooling of the droplets and to minimize scattering of the diffraction beam by ambient gas molecules.  Given the very small spatial extent of this region, the droplet stream must be highly collimated - preferably a single file droplet train.  

Proteins within the droplets are aligned with the electric field of the laser by means of the torque exerted by the E-field on the induced dipole moment of the protein (see Appendix).  The diffraction beam scatters from these aligned proteins as they pass through the diffraction beam, one after another.  To the extent that this alignment is identical from one protein to the next, the result is an exact serial measurement on any desired number of identical proteins. The transit time of droplets across the probe region is so small (~200ns) that each molecule receives much less than the critical dose for damage at atomic resolution.  Thus, as in cryo-EM, radiation damage is avoided through serial sample redundancy.  In contrast to cryo-EM, data are recorded as a diffraction pattern (momentum space) rather than as a real space image.  This transmission diffraction pattern of the scattered x-rays or electrons is recorded continuously until a desired signal-to-noise level is attained, and the pattern is then read out.  The polarization of the alignment laser is then rotated to fix a new orientation for the target proteins and the process repeated.  From the resulting dataset of diffraction patterns at different orientations, the charge density of the target molecule can be reconstructed using the iterative Gerchberg-Saxton-Fienup algorithm (Fienup (1982); Fienup (1987); Gerchberg and Saxton (1971) ).  The measurement simplifies tremendously if the protein of interest can be grown into microcrystallites (even if these are too small for conventional x-ray crystallography, as is often the case).  It has been shown that powder diffraction data from unaligned microcrystallites can be inverted by iterative algorithms (Wu et. al. (2006) ), and so laser alignment is unnecessary in this case.  

It is the tertiary structure of the biologically active, folded, native protein that is of primary interest, and care must be taken not to alter this configuration (“denature” the protein) during the solvation, injection, and measurement processes.  Many membrane proteins can be solvated without denaturing by binding them into a detergent micelle that mimics the protein's native lipid bilayer.  Water soluble proteins are thought to remain undenatured only when hydrated, but the necessary degree of hydration is unclear.  A 20% hydration fraction  (mass of water per mass of protein), is generally accepted as the threshold value for biological activity, but recent measurements have demonstrated enzyme activity of lyophilized enzymes at hydrations as low as 3% (Dunn and Daniel (2004); Kurkal et. al. (2005) ).  It is known from cryo-EM of proteins that a jacket of vitreous ice can also maintain the native conformation of a protein (Henderson (2004) ) but crystalline ice is thought to be disruptive.  Electron diffraction measurements have shown that water droplets may crystallize upon injection into vacuum (Bartell and Huang (1994) ) but "cryoprotectants” can be added to the droplet solution to suppress crystallization.  In addition to maintaining an appropriate solvent coating, the injection process must not cause undue thermal or mechanical stress (Howard and Cachau (2002); Nishioka et. al. (2004) ), as these can also lead to denaturing.  

The electrical polarizabilities of water (or ice) and proteins are similar at optical frequencies.  Embedding the proteins in spherical water droplets therefore reduces the shape anisotropy of the whole and compromises the efficiency of laser alignment.  Accordingly, an ideal injection system would remove almost all water from the protein-doped water droplets, leaving a hydration jacket only a few monolayers thick.  This jacket will quickly freeze to ice upon entry into vacuum, whereafter sublimation proceeds only very slowly.  The resulting water vapor load on the vacuum system is easily manageable.  

To facilitate alignment, high rotational states must be de-populated and this may require cooling the droplets to cryogenic temperatures, e.g. to below 40 K to resolve ribosome to 0.7 nm (comparable to the resolution obtained by single particle cryo-EM) when aligned with a 100 W CW, 
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 spot (Starodub et. al. (2005) ).  Achievement of cryogenic temperatures will likely require free-jet expansion cooling in addition to evaporative vacuum cooling, and possible forced convective cooling in a co-flowing 4K helium gas prior to vacuum injection as well.  

3. Imaging of Droplet Streams

To image the droplets produced by our various sources, a simple and inexpensive nanosecond flash illumination system has been developed to record both multi-flash stroboscopic images as well as single-flash "snapshot" images.  Exposure times down to 10 ns are possible, even in single-flash mode.  The system is depicted schematically in Figure 1.  
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Figure 1: Experimental setup for stroboscopic and single shot droplet imaging using a microscope (Nikon measuring microscope, magnification x200) and pulsed illumination.  

To provide synchronization for multi-flash stroboscopic images, a piezoelectric actuator with a resonance frequency of about 300 kHz (Physik Instrumente PL022.31) is clipped to the side of the glass nozzle to generate a periodic acoustic disturbance that triggers Rayleigh breakup of the liquid jet.  The actuator is driven with a sinusoidal voltage from a function generator (Wavetek 2 MHz model 20), amplified by a custom, high-frequency, high-voltage amplifier  (built around an APEX PA85, power response up to 2MHz).  The function generator also triggers a pulse generator (Tektronix PG501A), which drives a fast LED (IF-E99 from Industrial Fiber Optics, 3 ns rise time) to illuminate the droplet stream, thus providing the synchronizing phase-lock need for stroboscopic images.  The LED is driven with 5 V pulses adjustable in duration from 10 to 100 ns.  A series resistor (not shown) limits the current through the LED to its maximum specified value and a second resistor, in parallel with the current limiting resistor and the LED, provides a 50 Ohm termination to suppress electrical pulse reflections.  When operating in stroboscopic mode, with LED flashes synchronized to droplet formation, a stable image of the droplet train can be recorded over hundreds of LED flashes (Hager and Dovichi (1994); Hager et. al. (1994) ).  

Fast, single-shot imaging of nonperiodic events (e.g. of spontaneous Rayleigh breakup) is possible by replacing the LED with a laser diode (Sharp GH06550B2B1, 50mW, 
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) and using single function generator pulses (Hemberg et. al. (2000) ) to deliver "single-shot" illumination flashes.  Due to the higher power demands of the laser diode, a high speed pulse amplifier was built (Chudobiak (1995) ) which also allows overdriving of the laser diode to increase flash intensity.  Overdriving does not damage the diode provided the pulse duration does not exceed 100 ns.  The higher illumination provided in this manner is crucial for single-shot imaging possible at exposure times down to 10 ns.  

The only expensive part of this entire imaging system is the microscope itself, a Nikon Measuring Microscope MM20 with bright field illumination, 200x magnification, and mounting a Princeton 1024x1024 liquid-nitrogen-cooled CCD camera.  For simple multiple-flash stroboscopic imaging, a much simpler microscope suffices.  However, the laser illumination needed for fast single-shot imaging produces a strong coherent scattering background (speckle) that must be subtracted, and this is facilitated by the low noise of the liquid-nitrogen-cooled CCD.  Background subtraction is easily done by recording and then subtracting a second image under identical conditions but in the absence of the droplet stream. 

4. Rayleigh Droplet streams

If a liquid is pressurized and forced through a small orifice into vacuum or stagnant air, the liquid emerges as a single, continuous, cylindrical liquid jet.  The overall surface free energy of this continuous jet is higher that that of an equivalent flow of spherical droplets. Consequently, the jet breaks up spontaneously at a certain critical distance downstream of the source aperture, forming a line of spherical droplets (Frohn and Roth (2000); Middleman (1998) ).  This instability was first analyzed in the late 1800’s, notably by Rayleigh (Rayleigh (1878) ), whose name it now bears. The instability can be triggered by perturbing the source conditions (temperature, pressure, etc.) at a frequency close to the intrinsic instability frequency.  Rayleigh breakup can be labeled "spontaneous" or "triggered," respectively, depending on whether it is induced by random acoustic fluctuations or by an intentionally applied excitation.  In either case, the nozzle diameter D sets the basic droplet size.  Spontaneous breakup yields a narrow but not monodisperse size distribution of droplets, centered on 1.90D droplet diameter and 4.55D spacing on centers.  Periodic triggering delivers a stream of identical droplets that is highly periodic, monodisperse, monoenergetic, and phase-locked to the excitation signal.  Within the ink-jet printer community, this form of droplet stream is referred to as a "continuous ink jet" (see, e.g. Hanson (1999) ). Rayleigh’s analysis has shown that any periodic disturbance to the jet having a non-dimensional wave number that satisfies the condition 0 < 
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 < 1 will lead to instability of the jet. Here, a = D/2 is the jet radius and 
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 the disturbance wavelength. By varying the trigger frequency, the droplet diameter of a triggered Rayleigh droplet stream can be fine-tuned from below 2.0D to over 2.5D, with corresponding spacing of 
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 = 3.5D to 10.4D on centers, respectively (assuming a maximum non-dimensional wave number of 0.9).  The requisite trigger frequency is ƒ = v/ξ, where v is the stream velocity and ξ the breakup segmentation length.  Stream velocities from well under 10 m/s to well over 100 m/s are readily achievable.

 In a gaseous environment, the jet looses the dominance of the Rayleigh breakup mechanism once the Reynolds number Re is too high to satisfy the criterion 
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, which follows from the work by Ohnesorge (1936) , who combined the  Reynolds and Weber numbers and proposed a dimensionless group, the Ohnesorge number 
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 is the water (dynamic) viscosity, 
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 is the air-water surface tension, 
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 is the water density, d is the water jet diameter at the nozzle and We is the Weber number. Note that for a given liquid with jet diameter d, Z is a constant. The Reynolds number is given as 
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 with the flow velocity v. 

Experimentation with filamentary liquid jets in vacuum dates at least to Siegbahn and Siegbahn (1973) .  Research on and with such jets has been conducted by many groups, including Keller et. al. (1986) , Faubel et. al. (1998) , Faubel et. al. (1997a); Faubel et. al. (1997b) , Faubel and Steiner (1992) , Faubel and Kisters (1989) , Faubel et. al. (1988) , Kondow and Mafune (2000) , Mafune et. al. (1992) , Holstein et. al. (1999) , and Wilson et. al. (2004) .  Rayleigh droplet streams have been employed as targets for nuclear physics by Trostell (1995)  and for x-ray generation by Rymell and Hertz (1995) , Rymell et. al. (1995) , Rymell and Hertz (1993) , Berglund et. al. (1998) , Berglund et. al. (1996)  and Malmqvist et. al. (1996) , and as possible fuel sources for fusion reactors by Foster et. al. (1977)  and Foster et. al. (1975) .  All of these applications require a moderately good vacuum, typically 10-4 – 10-5 Torr or less.  All of the above liquid jet experiments have employed nozzles of 5 µm diameter or larger, generally much larger. 

For our nozzles we employ commercially available electrospray tips (available in diameters down to 1µm) (newobjective ) or pull nozzles ourselves from fused capillary tubing using a Sutter P-2000 puller (Sutter ).  To date we have generated droplet streams of water, methanol, aqueous solutions with 100 nm gold balls, aqueous solutions with E. coli bacteria, and protein solutions.  The liquid of interest is loaded into a PEEK or stainless steel reservoir and pressurized to as high as 2800 kPa with an inert gas.  The nozzle is connected via PEEK tubing and fittings (commercial HPCL components, Upchurch) to a 0.5µm PEEK inline filter.  The nozzle is mounted into the outlet side of the filter, again by means of commercial PEEK fittings. Figure 2 shows the nozzle and the attached piezo transducer for triggered droplet breakup together with the setup used for fast imaging. All of the components are cleaned carefully prior to use, first in Micro 90, then filtered methanol, and finally filtered HPLC water. 
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Figure 2: The nozzle with attached piezo transducer shown together with the setup used for stroboscopic and single shot imaging. The LED is used for stroboscopic illumination and the laser diode for single shot imaging.


Figure 3
 shows a stroboscopic image of a Rayleigh jet from a 4 µm diameter glass nozzle with the droplet breakup triggered at 1.254 MHz. The flow velocity of this jet can be measured directly from the image, since this is a triggered breakup. From the measured distance between the droplets 
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f = 29.8m/sec. The flow rate can be calculated as 
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l/min. The Reynolds number of this jet is then Re = 119 and the Ohnesorg number Z = 0.059. Therefore the Reynolds number is smaller than the critical value of 
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= 458 given by the Ohnesorge number as mentioned before, which ensures that the breakup is due to the Rayleigh mechanism. The monodispersivity of such droplet streams was confirmed by laser diffraction as shown in Figure 4 (left). Here, a green laser is focused onto the droplet stream, producing an Airy’s disk diffraction pattern.  This pattern is identical to the one that would be obtained from a single stationary droplet, since motion of the droplet introduces only a phase shift in each diffracted photon, which has no effect on the summation of intensities.  For the right image of Fig. 4. the laser was slightly defocused, causing two droplets being illuminated at any instant and producing Young’s fringes from interference between the waves scattered from two droplets and thereby verifying the periodic nature of the droplet stream.  
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Figure 3: Triggered Rayleigh water jet in air. The droplet diameter is 8 µm (4µm nozzle diameter). A piezo transducer is vibrating the nozzle at 1.254 MHz, triggering the breakup into monodispersed droplets. Water pressure: 689 kPa (100psi). The image was obtained with 100ns stroboscopic flashes (LED) synchronized to the piezo frequency. Flow speed = 29.8 m/sec, flow rate = 22.5 µl/min, Re = 119, Z = 0.059, non-dimensional wave number ka = 0.51. (Mag: 200)
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Figure 4: Laser diffraction pattern obtained from a stream of triggered single-file monodispersed droplets of water (8µm diameter) showing an Airy’s disk pattern. On the right: Interference between two neighboring droplets produce additional Young’s fringes visible as vertical fringes through the center of the pattern (arrow). 

5.  Nozzle Clogging

Nozzle clogging is a function not only of the cleanliness of the overall system but also of the nozzle size and nature of the working fluid.  Reliable generation of Rayleigh jets of high purity water (HPLC grade) was achieved using an 8 µm diameter "online" fused silica Picotip( nozzle (New Objective, 50µm ID at the distal end) with a 0.5µm PEEK in-line filter mounted just upstream of the nozzle.  Reliable operation persisted when the pure water was replaced with methanol or with a solution containing 100nm gold balls (Ted Pella).  However, the nozzle tended to clog after only a few minutes when working with a detergent buffer such as that used with the membrane protein photosystem I (Fromme et. al. (2006) ).  This clogging likely resulted from agglomeration of buffer species or from washing of contaminants from the filter or nozzle walls by detergent action.  Agglomeration was definitely a problem with aqueous solutions of 100 nm latex spheres.  These spheres are hydrophobic by nature and always tend to agglomerate, especially at high concentration.  When working with a high concentration of such spheres, the jet rapidly grew weaker over the course of only a few minutes.  Observations with an optical microscope (200x) showed a slow buildup of particles at the tip end.  Smaller nozzle sizes, e.g. 4µm offline glass Picotips (New Objective), resulted generally in lower success rates and higher clogging rates.  Pure water again gave the highest success rate, followed by gold ball solutions, and methanol.  Larger nozzles could occasionally be cleaned (unclogged) by reverse pressurizing at 2758 kPa (400psi) from the tip end.  

A limited effort was made to identify the clogging materials via x-ray analysis.  Fig. 5 shows a Scanning Electron Microscope (SEM) image taken "head-on" of a 4µm diameter commercial borosilicate glass nozzle that ran for 4-5 hours with a water jet before clogging.  The clog formed somewhat upstream of the nozzle exit.  A 0.5µm pore inline PEEK filter just upstream of the nozzle should remove particles of this size, indicating that the clog material originated within the nozzle tube or possibly within the filter itself.  By breaking off the tip of the nozzle, the clog could be exposed for SEM imaging and Energy Dispersive X-ray (EDX) spectroscopy.  An EDX spectrum taken on the clog (small circle in Fig. 5, left image) shows only Si (light elements, oxygen and below, would not appear in this spectrum).  By moving the electron probe to the glass wall, a completely different EDX spectrum was obtained, dominated by an Al peak with only a much smaller Si peak. The clog material is therefore chemically different from the wall material and does not consist of a PEEK particle either, since PEEK contains only C, H, and O.  
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Figure 5: SEM image (left) and EDS spectrum (right) of silicate blockage in a borosilicate glass nozzle.
While periodic, monodisperse single-file droplet streams could be readily produced using triggered Rayleigh break-up, it became clear that clogging imposed a serious limitation on minimum droplet size.  Droplets of 16 µm diameter (8 µm nozzle diameter) were produced with close to a 100 % success rate and such nozzles would run for extended periods of time (days).  Droplets of 8 µm diameter (4 µm nozzle diameter) were reasonably straightforward (50% success rate).  Droplets of 4 and 2 µm diameter (2 and 1 µm nozzle diameter) droplets were very difficult, although with large variance in the success rate.  Droplets of one micrometer or less were almost impossible to achieve for any period of time.  Clogging would appear to be a simple technical limitation on cleanliness, and so considerable effort was devoted to systematically improving the cleaning and filtering of the nozzles, nozzle mounts, and filters insofar as was possible in a standard laboratory setting.  Special methods and apparatus were developed to back-flush nozzle and filters prior to mounting.  Fluids were double- and triple-filtered through commercial 0.5 micron pore-size filters.  A broad variety of solvents, detergents, and etchants was investigated as cleaning agents, both with and without ultrasonic excitation.  Distal ends of nozzle tubes were annealed to remove sharp edges (which can cut into PEEK fittings as the nozzle is mounted).  Silicate frits were fabricated within the nozzle just upstream of the tip.  Each such treatment brought some improvement, but never reliable operation at micron/sub-micron sizes.  The underlying difficulty may simply be the high ambient concentration of PM-10 particles (see EPA reference), corresponding to roughly 1 micron-sized particle per cm3 drifting downward at about 1 mm/s.  A single such particle suffices to block a 1 micron diameter nozzle.  Once mounted in an effective in-line filter, however, a nozzle is essentially immune to further ambient contamination.  Thus if ambient particulates are indeed the contamination source, nozzle cleaning and assembly in a clean room would solve the problem.  If, on the other hand, the contaminant particles are "shed" by the filter or interior nozzle wall, a clean room environment will not help.  Further investigation of these questions would be very useful.  

6.  Droplet-Ambient Interaction

Even if the droplet stream is to be injected into vacuum, there is a variety of reasons for  investigating the passage of a droplet stream through an ambient gas, both stagnant and co-flowing.  The challenge is to accomplish this without disrupting the single-file, periodic form of a triggered Rayleigh droplet stream.  Upon entering a stagnant gas, microscopic droplets decelerate rapidly.  As the speed diminishes, the motion of the droplets is increasingly influenced by diffusion and convection, along with any electrostatic forces that may be present.  The single-file, periodic, monodisperse form of the beam can easily be lost, as illustrated in Fig. 6.  Those three images are single-flash snapshots of droplets from a 8 (m diameter nozzle, traveling through air and imaged at several different positions downstream of the nozzle.  At the nozzle exit, image (a), the droplets are monodisperse and equidistant and form a linear train.  These attributes are largely preserved at 0.5 cm, but at 1 cm from the nozzle the desired form of the droplet stream is already largely disrupted.  This is a matter of considerable interest if we want to use evaporation in an ambient gas as a means to achieve smaller droplet sizes.  
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Figure 6: Loss of monodispersivity of a triggered Rayleigh jet, traveling right to left in ambient air. Nozzle diameter: 8 µm, droplet diameter 16µm. Trigger frequency: 500kHz, Flow speed at nozzle = 28.7 m/sec, flow rate = 86.5 µl/min, Re =  229, Z = 0.04, non-dimensional wave number ka =  0.44, single shot images with 100ns exposure time (a) droplet breakup at the nozzle. (b) 0.5 cm downstream of nozzle. (c) 1 cm downstream of the nozzle. Due to wake effects and air drag some droplets have coalesced, and a slight angular spread is already observable.

If the droplets are charged, either intentionally for electrically forced extraction from the nozzle (electrospray, see below) or by intrinsic electrokinetic (triboelectric) charging as the liquid passes through the nozzle, this dispersal is accelerated due to electrostatic repulsion.  

For a Rayleigh droplet stream of uncharged droplets injected into a steady, laminar, co-flowing gas, the straight-line form can likely be maintained while the droplets shrink in size via evaporation and then as the droplet stream is subsequently injected into vacuum through an aerodynamic molecular beam skimmer.  With the above in mind, we have initiated work to investigate the effects of a co-flowing coaxial gas that moves with the droplet stream.  The size distribution, directionality, and speed of the droplets will be measured as a function of the speed and species of the ambient gas.   

7. Droplet Evaporation in Vacuum

Mass loss from a liquid droplet evaporating into vacuum is self-limiting:  As the liquid cools, its vapor pressure drops, which reduces the evaporation rate.  Evaporative mass loss rapidly decreases to a negligible rate provided the initial surface area of the jet is sufficiently small (Faubel et. al. (1988); Faubel et. al. (1997b) ).  Insofar as vacuum pumping is concerned, this is very advantageous.  However it essentially precludes the use of vacuum evaporation to shrink droplets in size.  

Evaporative cooling in vacuum can be modeled assuming:  (1) free-molecular flow away from the droplet surface, (2) uniform temperature within the droplet (instantaneous heat conduction through the liquid), (3) effusive mass loss from the droplet surface at a rate set by equilibrium vapor pressure of the liquid at the momentary droplet temperature, (4) evaporative cooling of the droplet via latent heat of evaporative mass loss, and (5) negligible changes in surface area and hence in total surface energy (Faubel et. al. (1988) ).  For a spherical droplet of temperature T and radius r as a function of the distance z from a nozzle tip along the jet direction, it is easily shown that 
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where ρ is the density of the droplet liquid, Λ its latent heat of vaporization, cp its specific heat capacity of the liquid, m the mass of a liquid molecule, v the droplet velocity, P[T(z)] is the vapor pressure at the instantaneous T of the droplet and kB the Boltzmann constant.   Eqn. (1) describes the heat transfer balance for the spherical droplet (French et. al. (1994); Grisenti et. al. (2006) ), and Eqn. (2) relates the rate of the droplet size change to the vapor flux from the droplet surface. It is a mass conservation equation with effusive gas flow from the droplet, converted to r as the droplet size variable and using the ideal gas law to express the gas density at the droplet surface in terms of the vapor pressure at the instantaneous T of the droplet. 

The temperature dependence of saturation vapor pressure over liquid water at temperatures below 273 K can be described by the empirical Goff-Gratch equation (Goff and Gratch (1946) ).  Neglecting the minor effect of droplet curvature in this size range, the results of calculations for water droplets of several initial diameters, traveling at 37 m/s through perfect vacuum, are presented in Figure 7 and Figure 8. Even a large droplet of 20 µm diameter has super-cooled to almost 230 K only 10 cm downstream of its injection point and, as a result, has largely stopped evaporating and shrinking.  Experimental measurements verify these predictions (Faubel et. al. (1988); Wilson et. al. (2004) ), yielding cooling rates for water droplets of up to 106 K/s and droplet super-cooling to temperatures as low as 207 K.  Given this extremely fast cooling, any dependence of droplet temperature on the initial liquid temperature vanishes only a few centimeters downstream of the nozzle.  
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Figure 7: Evaporative cooling of water droplets with different diameters (20, 2, and 0.2 µm), traveling at 37 m/s in vacuum. 

The overall change in size of a water droplet due to this vacuum evaporation is relatively minor, as shown in Figure 8. 
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Figure 8: Relative change of droplet size by evaporation in vacuum for the same droplet sizes as in Fig. 7. Due to rapid super-cooling of the droplets (see Figure 7), the droplet size changes only by a few percent.

Indeed, from Eqn. (1) the radius of a spherical droplet is seen to vary with temperature as


[image: image29.wmf]        (3)

where r0 and T0 are the initial radius and temperature and where ( = 3(/cp is a characteristic temperature.  For water ( = 1620 K, a large value.  The vapor pressure of water is 10-7 Torr at 154 K, yet even if cooled to this temperature from 300 K, a water droplet would decrease by less than 25% in volume.  To shrink the water jacket of analyte-doped water droplets, it is clearly necessary that the excess water be removed prior to injection into vacuum.  

For a Rayleigh droplet jet injected directly into vacuum, the evaporative gas load from a droplet stream is easily predicted by integrating the evaporative flux along the train of droplets.  Within our simple modeling and ignoring re-capture of gas molecules by neighboring droplets, the dependence of the resulting pressure in the vacuum chamber on nozzle diameter is shown in Figure 9.  The droplet size and spacing are taken to be the most probable Rayleigh breakup values. The evaporative gas load and accordingly the chamber pressure are seen to scale with approximately the square of the nozzle diameter.  For a nozzle diameter of 1 micrometer a very modest 600 l/s vacuum pumping speed is predicted to deliver about 10-5 Torr water pressure. This corresponds to a mean-free-path length of 0.6 m for water molecules, or well into the rarefied gas regime for any normal-sized vacuum chamber. Because most of the evaporation occurs in the vicinity of the nozzle tip, the pressure in the vacuum chamber can be easily reduced further by using differential pumping stages and liquid nitrogen cold traps. These calculations are in accordance with actual experimental observations (Faubel et. al. (1988); Kondow and Mafune (2000); Wilson et. al. (2004) ) and our own observations with a nozzle system in a soft-X-ray diffraction camera (to be published).
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Figure 9: Calculated vacuum chamber pressure at 600 l/s pumping speed for water droplet streams as a function of nozzle diameter d, shown at two droplet velocities. 

8. Damage-Free Droplet Generation

It is important that any analyte of interest not be damaged by its passage through the droplet stream source.  Various groups have investigated this issue for ink-jet and bubble-jet sources, which are known to impose significant pressures, shear stresses, and/or temperatures as part of the impulsive "droplet-on-demand" generation process.  Shear stress during printing of a DNA microarray with a bubble-jet (thermal pulse) device was shown to not cause damage (Okamoto et. al. (2000) ) but a significant loss of enzyme activity was reported for peroxidase when printing with an ink-jet (pressure pulse) device, even at low compression rates (Nishioka et. al. (2004) ).  It was noted that this peroxidase damage could be reduced by the addition of trehalose/glucose.  

The pressure and shear stress exerted by a Rayleigh droplet stream source are far smaller than those of any "droplet-on-demand" source.  There is no temperature pulse at all.  Nonetheless, it was felt important to explicitly verify the absence of damage mechanisms in the Rayleigh droplet generation process.  Towards this end we adopted photosystem I (PSI), a light-absorbing transmembrane protein complex involved in photosynthesis, as a model system.  Optical absorption spectra of PSI were recorded both before and after its passage through a 4 μm Rayleigh droplet nozzle of borosilicate glass, and at two different nozzle pressures.  These measurements, shown in Figure 10, are virtually identical, providing strong evidence that the PSI emerged completely intact from its transit through the Rayleigh source.  These measurements deliver no explicit information on the conformation of the PSI while actually "in flight" in the droplets, of course.  However, the PSI complex cannot self-assemble after having once been disrupted and so it us very unlikely that its conformation "in flight" the differed significantly from the native one.  Explicit study of "in-flight" conformation will require "in flight", possibly spectroscopic techniques [see (Oomens et. al. (2005) )]. 
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Figure 10: Optical absorption spectra from photosystem I protein complex before (control) and after passing through a 4μm borosilicate glass nozzle in a Rayleigh droplet stream at two different pressures.

9. Electrospray-Assisted Jets

Proteins are routinely injected into vacuum via electrospray ionization (ESI) (Fenn et. al. (1989) ) (see Cech and Enke (2001)  for a recent review).  ESI largely avoids fragmentation of the protein during ionization (i.e., is a "soft" ionization technique) and is therefore ideally suited for mass spectrometry of large, complex molecules.  In ESI, an analyte solution is pumped through a capillary at low flow rate (0.1 – 10 µl/min).  A high voltage (which can be positive or negative) is applied to the capillary, causing a “Taylor cone” of charged liquid to form at the exit of the capillary (Taylor (1964) ).   The highest charge concentration is necessarily at the apex of the cone, from which (at sufficiently high applied voltage) charged liquid droplets or a jet of charged liquid are emitted.  A variety of electrospray (ES) emission modes have been identified (Cloupeau and Prunet-Foch (1994) ) and modeled (Benignos (2005) ). The transfer of charge via convection and conduction in/through the liquid clearly plays an important role, as do electrostatic forces, surface tension forces, fluid dynamic pressure, and possibly viscous shear forces (Benignos (2005) ).  The interplay among these parameters defines a set of characteristic times and dimensions that set the radius and flow rate of the emitted jet or droplets.  Of particular interest is the "single cone-jet" mode, in which a long, narrow, linear jet of liquid is emitted from the apex of the Taylor cone.  The radius of this jet and hence of the resulting droplets is invariably much smaller in diameter than the nozzle itself:  Droplets having an initial droplet diameter of 1-2 µm are typically produced from nozzles of 20-100 µm diameter operated at flow rates of 1-10 µl/min (Bruins et. al. (1987) ) and droplets with an initial diameter of under 200 nm from "nano-electrospray" nozzles of 1-10 µm diameter operated at flow rates of 20-40 nl/min (Wilm and Mann (1996) ).  ES sources generally employ little or no driving pressure on the liquid other than possibly atmospheric pressure.  

The primary use of ESI sources is to supply ions for mass spectroscopy (ESI-MS).  To do so, charged droplets from an ESI source are passed through a counter-flowing atmospheric pressure gas, typically nitrogen and often heated, where they desolvate and undergo Coulomb fission (Dole et. al. (1968) ) ion evaporation (Iribarne and Thomson (1976) ) or some combination of these, forming ions.  The required electrical current is supplied continuously from the high voltage power supply and transmitted into the liquid via electrochemical reaction at the metal-liquid interface (oxidation and reduction, respectively, for the positive and negative ion modes).  For mass analysis, the analyte ions are transferred from atmospheric pressure into vacuum via free-jet expansion (see chapter 3 of Cole (1997) ).  The counter-flow of the desolvation region helps keep neutral analyte molecules and solvent vapor out of the vacuum system, where cluster ions might otherwise form by condensation of polar neutrals on the analyte ions during the free-jet expansion.  Ions, in contrast, are preferentially pulled forward into the vacuum by means of an applied electric field.  With careful experimental technique, even complex multi-unit proteins and whole viruses can be injected intact into the mass spectrometer (Ruotolo et. al. (2005) ; Fuerstenau et. al. (2001); Loo (1997); Oomens et. al. (2005) ).  Under specific conditions of pressure and voltage, electrospray sources can produce monodisperse droplets (Chen et. al. (1995) ).  Within the single cone-jet regime, the droplet size depends on the spatial extent of the emitting zone at the tip of the Taylor cone (Benignos (2005) ).  Conventional electrospray sources invariably emit charged droplets into a very large solid angle.  Dispersal via Coulomb repulsion clearly plays a role.  However, it should be noted that a perfect single-file line of interacting spheres is actually an exactly metastable geometry with respect to transverse dispersal under Coulombic interactions.  

Given the possibility of imposing smaller temporal and spatial length scales by use of electrospray techniques, specifically via the interplay of conductive and convective transport of charge, we investigated the application of an electrospray voltage to our Rayleigh droplet sources.  Experiments were conducted in both air and vacuum using nano-electrospray nozzles of 1‑8 µm diameter.  Relatively high nozzle pressures were used (138 - 483 kPa (20 – 70 psi)) in order to produce the high flow rates needed to generate micron-sized droplets and allow easy observation with the optical microscope.  A small vacuum chamber was constructed to house the nozzle.  Two windows in this chamber allowed illumination and viewing of the nozzle in vacuum by means of our usual optical microscopy system.  A radiative heater of tungsten wire was mounted close to the nozzle to prevent ice formation, which occurs readily given the highly super-cooled state of liquid droplets in vacuum (Aksyonov and Williams (2001) ).  This droplet stream was illuminated with a pulsed laser diode for single-flash microscopic photography as described above.  Images are presented in Figs. 11-14.  

It is seen that this electrospray-assisted nozzle can generate much smaller droplets than is possible with conventional Rayleigh break-up.  Even though the droplets were charged and even though no external triggering was applied, the electro-spray assisted source produced a straight-line stream of essentially periodic and monodisperse droplets.  This periodicity is clearly imposed by some intrinsic aspect of droplet generation, possibly a characteristic re-charging time of the Taylor cone after each charged droplet is emitted.  A linear, periodic, monodisperse, charged droplet stream of this form has rarely if ever been reported before, at least not with droplets of this small size.  It is possible that Kozhenkov and co-workers (Kozhenkov et. al. (1974) ) observed similar behavior from a larger nozzle.  Our electrospray-assisted Rayleigh jet does not fit into any standard ES category, but rather seems to fit somewhere between the cone-jet and dripping mode.  The nozzle of Figure 11 was a 1µm diameter capillary pressurized to 103 kPa (15 psi), operating at a flow rate of about 500 nl/min with a 1.5 kV ES voltage applied, and emitting into ambient air.  This nozzle pressure is too low for the spontaneous start of a laminar (Rayleigh) jet, but it is higher than that usually used in ES.  The resulting water droplets were about 1 µm in diameter, which is the desired size for soft x-ray scattering measurements.  Similar performance was seen with the same nozzle when operated at 483 kPa (70psi) and 2.0 kV, but with markedly different droplet spacing, which strongly suggests that characteristic time scales related to liquid flow rate do indeed play a role.  When injected into ambient air (Fig. 11 and top panel, Fig. 12) the initial monodisperse and unidirectional form of the beam is rapidly lost as the droplet stream decelerates, loses its straight-line form, and then rapidly disperses transversely.  In vacuum (bottom panel, Fig. 12) the straight-line form of the stream is maintained over much longer distances. 

A comparison of droplets from the ES-assisted nozzle and from a conventional Rayleigh droplet emphasizes the much smaller size that can be attained in the former.  Both images of Fig. 13 were recorded with the same 8 µm diameter nozzle, but with an ES voltage (2.6 kV) applied in the top image and with no ES voltage in the bottom image.  Again, the ES beam (top) was not triggered whereas the Rayleigh source (bottom) was (600 kHz from the usual piezoelectric transducer).  The different nozzle pressures of the two images (276 kPa (40 psi) for the ES-assisted beam, 689 kPa (100 psi) for the Rayleigh beam) reflect the different "turn on" conditions for these two modes of operation.  Fig. 13 provides clear evidence that, in ES-assisted mode, sufficiently small droplets for our soft x-ray scattering measurements (1 (m) can be produced, yet from a sufficiently large nozzle (8 (m) that clogging is not a problem.  Figure 14 shows a comparison of electrospray droplets resulting from different nozzle pressures (and hence at different flow rates).  The general trend is to larger droplets at higher flow rates, in accordance with scaling predictions (Benignos (2005) ).
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Figure 11: Single shot exposure (100ns exposure time) of electrospray droplets from 1µm diameter nozzle into stagnant air. Dispersion starts about 200 μm downstream of nozzle due to deceleration in air and coulomb repulsion. Droplets appear initially monodispersed, unidirectional and equidistant. Pressure: 103 kPa (15 psi); High voltage: 1.3 kV.
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Figure 12: Top: electrospray of water into stagnant air. Dispersion of the jet is due to slowdown caused by air drag and coulomb forces between drops. Drops in the dispersion region are much slower than at the nozzle. This can be visualized by using a long time exposure time (~700 ns). Then the droplets close to the nozzle were washed out to an apparent jet, but the droplets in the breakup region could still be resolved. Nozzle diameter 1 µm, 2 kV, 483 kPa (70 psi). Single shot exposure 100 ns with laser diode. 

Bottom: ES in vacuum, p = 10-3 Torr, same nozzle, 2 kV, 483 kPa (70 psi).  To start the electrospray, the nozzle was heated in vacuum with a tungsten filament close to the nozzle (to thaw the ice generated by evaporative cooling).  The HV has to be turned off during pumpdown to prevent discharges in the low vacuum corona discharge region. The droplets stay unidirectional at least up to the extraction electrode (about 2 mm). The laser diode light (50 mW) was focused into the vacuum chamber just below the droplet stream by a lens. 
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Figure 13: Top: Electrospray of water from 8µm diameter nozzle at 2.6 kV and 276 kPa (40psi) water pressure (water pressure was too low to start a jet without voltage). Droplets are in focus at the nozzle and out of focus further downstream. Bottom: Triggered Rayleigh Droplet stream from same 8µm nozzle at 689 kPa (100 psi) and 600kHz trigger frequency (no voltage applied). Diameter of jet: 8 µm, Droplet diameter ~16 µm. Both images are single shot with 100ns exposure time.
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Figure 14: Electrospray from 1µm diameter nozzle at 1 kV in air, pressure from top to bottom: 10, 20, 40, 50, 483 kPa (70 psi). Droplet spacing increases and droplets become larger at higher flow rates (exposure time 100 ns, background is due to coherent speckle pattern of laser illumination).
10. Conclusion

Droplet streams from conventional and ES-assisted Rayleigh droplet sources have been generated and imaged in air and vacuum using high-speed microscopic flash photography, both stroboscopic and single-flash.  The suitability of these droplet sources for injecting hydrated proteins into vacuum for serial diffraction measurements of protein structure was investigated.  The requirements are:  (1) a high flux of droplets containing molecules into a very small solid angle (i.e. high droplet stream brightness, preferably a perfect single-file stream of monodisperse droplets), and (2) a droplet diameter of 1 micron or less and/or compatibility with evaporative drying techniques to reduce the droplet size to 1 (m or less without loss of beam collimation.  Conventional Rayleigh sources easily meet the first requirement, but are notorious for clogging at nozzle diameters below about 8 (m, which precludes droplets of diameter below about 16 (m.  Nozzle preparation outside of a high quality clean room is unlikely to solve this clogging problem.  Droplet streams from the conventional Rayleigh source can be passed through about 1 cm of stagnant ambient air without losing their straight-line, indicating that droplet shrinkage via evaporation into a hot, high pressure ambient gas is a genuine possibility.  Such shrinkage would likely be improved by use of co-flowing rather than stagnant gas.  This is currently under investigation.  ES-assisted Rayleigh sources can generate much smaller droplets, albeit charged, and with fewer clogging problem.  Although excess water can be removed from these charged droplets via evaporation in a stagnant ambient gas and accompanying Coulomb explosion, any beam directionality is rapidly lost in the process.  This dispersal might be reduced by use of a co-flowing rather than stagnant gas.  Periodic, straight-line streams of monodisperse charged droplets can be generated by direct injection from an ES-assisted Rayleigh source into vacuum.  Droplets as small as 1 (m in diameter were produced in this fashion.  It was confirmed that membrane proteins are not damaged during passage through a conventional Rayleigh droplet source. 
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Appendix: Coherence and Alignment

Ideally, the dilution of the analyte solution is set to deliver no more than a single protein per microdroplet.  This is not a major constraint, however.  Provided the coherence patch of the probe beam encompasses at most one molecule, the diffraction pattern is a simple sum of intensities from the individual molecules and the pattern from N molecules is identical to that of a single molecule, just scaled up by a factor of N.  If the coherence patch encompasses two or more molecules, then intra-particle interference does result and diffraction amplitudes add rather than intensities.  However, this interference either averages to zero over the exposure (multiple proteins at random spacing within one or more droplets) or can be separated out by virtue of a disparate length scale (exactly-spaced proteins in separate droplets of a perfectly periodic droplet stream).  Coherence can often be traded for flux in an x-ray source, and so the coherence patch for a given experiment should be set to just larger than the protein size in order to work at the highest possible flux.

At the near-IR laser frequency to be used for molecular alignment, biomolecules can be treated as approximately homogeneous bodies with dielectric constant of 2 – 2.3 (Arakawa et. al. (1997); Arakawa et. al. (2001) )  This being the case, the induced dipole moment of a protein is mostly due to the shape anisotropy of the molecule.  At low frequency, polarization is due to the re-orientation of individual polar groups within the protein.  Given its homogeneity and low dielectric constant, the interior contributes little.  In contrast, a large polarization arises on the highly inhomogeneous surface due to the side-chain re-orientation (Simonson (2003) ).  In a DC E-field, permanent electric dipole moments (which cancel out in an AC laser field) can also produce large alignment forces.  Thus strong electrostatic (Koch et. al. (1988) ) and magnetic fields (Bras et. al. (1998) ) might also  be used alone or in combination with CW laser fields to promote alignment. Flow alignment due to hydrodynamic shear is also possible, as used in studies of electric birefringence, and this may well be expected in the Poiseuille-like flow of droplet stream nozzles.  

References
Aksyonov S A and Williams P (2001) Impact desolvation of electrosprayed microdroplets - a new ionization method for mass spectrometry of large biomolecules. Rapid Communications in Mass Spectrometry 15: 2001-2006.

Angert I, Burmester C, Dinges C, Rose H and Schröder R R (1996) Elastic and inelastic scattering cross-sections of amorphous layers of carbon and vitrified ice. Ultramicroscopy 63: 181-192.

Arakawa E T, Tuminello P S, Khare B N and Milham M E (1997) Optical properties of horseradish peroxidase from 0.13 to 2.5 mu m. Biospectroscopy 3: 73-80.

Arakawa E T, Tuminello P S, Khare B N and Milham M E (2001) Optical properties of ovalbumin in 0.130-2.50 mu m spectral region. Biopolymers 62: 122-128.

Bartell L S and Huang J F (1994) Supercooling of Water Below the Anomalous Range near 226 K. Journal of Physical Chemistry 98: 7455-7457.

Benignos J A C (2005) Numerical Simulation of a single emitter colloid thruster in pure droplet cone-jet mode. PhD thesis, Department of Mechanical Engineering, MIT

Berglund M, Rymell L and Hertz H M (1996) Ultraviolet prepulse for enhanced x-ray emission and brightness from droplet-target laser plasmas. Applied Physics Letters 69: 1683-1685.

Berglund M, Rymell L, Hertz H M and Wilhein T (1998) Cryogenic liquid-jet target for debris-free laser-plasma soft x-ray generation. Review of Scientific Instruments 69: 2361-2364.

Bras W, Diakun G P, Diaz J F, Maret G, Kramer H, Bordas J and Medrano F J (1998) The susceptibility of pure tubulin to high magnetic fields: A magnetic birefringence and x-ray fiber diffraction study. Biophysical Journal 74: 1509-1521.

Bruins A P, Covey T R and Henion J D (1987) Ion Spray Interface for Combined Liquid Chromatography/Atmospheric Pressure Ionization Mass-Spectrometry. Analytical Chemistry 59: 2642-2646.

Cech N B and Enke C G (2001) Practical implications of some recent studies in electrospray ionization fundamentals. Mass Spectrometry Reviews 20: 362-387.

Chen D R, Pui D Y H and Kaufman S L (1995) Electrospraying of Conducting Liquids for Monodisperse Aerosol Generation in the 4 Nm to 1.8 Mu-M Diameter Range. Journal of Aerosol Science 26: 963-977.

Chudobiak M J (1995) High-Speed, Medium Voltage Pulse-Amplifier for Diode Reverse Transient Measurements. Review of Scientific Instruments 66: 5352-5354.

Cloupeau M and Prunet-Foch B (1994) Electrohydrodynamic Spraying Functioning Modes - a Critical-Review. Journal of Aerosol Science 25: 1021-1036.

Cole R B (1997) Electrospray ionization mass spectrometry : fundamentals, instrumentation, and applications. (Wiley New York).

Deponte D, Weierstall U, Starodub D, Warner J, Spence J C H and Doak R B (2007) Gas Dynamic Virtual Nozzle for Generation of Microscopic Droplet Streams. submitted to Journal of Applied Physics.

Dole M, Mack L L and Hines R L (1968) Molecular Beams of Macroions. Journal of Chemical Physics 49: 2240-2249.

Dunn R V and Daniel R M (2004) The use of gas-phase substrates to study enzyme catalysis at low hydration. Philosophical Transactions of the Royal Society of London Series B-Biological Sciences 359: 1309-1320.

EPA: Atmospheric concentrations of particulate matter of 10 micron or less (PM-10) and of 2.5 microns or less (PM 2.5)  are available from the EPA.    . http://www.epa.gov/air/airtrends/aqtrnd95/pm10.html
Faubel M and Kisters T (1989) Non-Equilibrium Molecular Evaporation of Carboxylic-Acid Dimers. Nature 339: 527-529.

Faubel M, Schlemmer S and Toennies J P (1988) A Molecular-Beam Study of the Evaporation of Water from a Liquid Jet. Zeitschrift Fur Physik D-Atoms Molecules and Clusters 10: 269-277.

Faubel M and Steiner B (1992) Strong Bipolar Electrokinetic Charging of Thin Liquid Jets Emerging from 10 Mu-M Ptir Nozzles. Berichte Der Bunsen-Gesellschaft-Physical Chemistry Chemical Physics 96: 1167-1172.

Faubel M, Steiner B and Toennies J P (1998) Measurement of He I photoelectron spectra of liquid water, formamide and ethylene glycol in fast-flowing microjets. Journal of Electron Spectroscopy and Related Phenomena 95: 159-169.

Faubel M, Steiner B and Toennies J P (1997a) Photoelectron spectroscopy of liquid water, some alcohols, and pure nonane in free micro jets. Journal of Chemical Physics 106: 9013-9031.

Faubel M, Steiner B and Toennies J P (1997b) The static and dynamic surface composition of formamide-benzyl alcohol and water-formamide liquid mixtures studied by means of HeI photoelectron spectroscopy. Molecular Physics 90: 327-344.

Fenn J B, Mann M, Meng C K, Wong S F and Whitehouse C M (1989) Electrospray Ionization for Mass-Spectrometry of Large Biomolecules. Science 246: 64-71.

Fienup J R (1982) Phase Retrieval Algorithms - a Comparison. Applied Optics 21: 2758-2769.

Fienup J R (1987) Reconstruction of a Complex-Valued Object from the Modulus of Its Fourier-Transform Using a Support Constraint. Journal of the Optical Society of America a-Optics Image Science and Vision 4: 118-123.

Foster C A, Hendricks C D and Turnbull R J (1975) Hollow Hydrogen Spheres for Laser-Fusion Targets. Applied Physics Letters 26: 580-581.

Foster C A, Kim K, Turnbull R J and Hendricks C D (1977) Apparatus for Producing Uniform Solid Spheres of Hydrogen. Review of Scientific Instruments 48: 625-631.

Frank J (2002) Single-particle imaging of macromolecules by cryo-electron microscopy. Annual Review of Biophysics and Biomolecular Structure 31: 303-319.

French J B, Etkin B and Jong R (1994) Monodisperse Dried Microparticulate Injector for Analytical Instrumentation. Analytical Chemistry 66: 685-691.

Frohn A and Roth N (2000) Dynamics of Droplets. (Springer Berlin).

Fromme P, Yu H Q, DeRuyter Y S, Jolley C, Chauhan D K, Melkozernov A and Grotjohann I (2006) Structure of photosystems I and II. Comptes Rendus Chimie 9: 188-200.

Fuerstenau S D, Benner W H, Thomas J J, Brugidou C, Bothner B and Siuzdak G (2001) Mass spectrometry of an intact virus. Angewandte Chemie-International Edition 40: 542-544.

Gerchberg R W and Saxton W O (1971) Phase Determination from Image and Diffraction Plane Pictures in Electron-Microscope. Optik 34: 275-277.

Goff J A and Gratch S (1946) in 52nd annual meeting of the American society of heating and ventilating engineers 95-122 (New York).

Grisenti R E, Fraga R A C, Petridis N, Dorner R and Deppe J (2006) Cryogenic microjet for exploration of superfluidity in highly supercooled molecular hydrogen. Europhysics Letters 73: 540-546.

Hager D B and Dovichi N J (1994) Behavior of Microscopic Liquid Droplets near a Strong Electrostatic-Field - Droplet Electrospray. Analytical Chemistry 66: 1593-1594.

Hager D B, Dovichi N J, Klassen J and Kebarle P (1994) Droplet Electrospray Mass-Spectrometry. Analytical Chemistry 66: 3944-3949.

Hanson E (ed.) (1999) Recent Progress in Ink Jet Technologies II. (Society for Imaging Science and Technology Springfield, VA ).

Hemberg O, Hansson B A M, Berglund M and Hertz H M (2000) Stability of droplet-target laser-plasma soft x-ray sources. Journal of Applied Physics 88: 5421-5425.

Henderson R (2004) Realizing the potential of electron cryo-microscopy. Quarterly Reviews of Biophysics 37: 3-13.

Holstein W L, Hayes L J, Robinson E M C, Laurence G S and Buntine M A (1999) Aspects of electrokinetic charging in liquid microjets. Journal of Physical Chemistry B 103: 3035-3042.

Howard E I and Cachau R E (2002) Ink-jet printer heads for ultra-small-drop protein crystallography. Biotechniques 33: 1302.

Iribarne J V and Thomson B A (1976) Evaporation of Small Ions from Charged Droplets. Journal of Chemical Physics 64: 2287-2294.

Keller W, Morgner H and Muller W A (1986) Probing the Outermost Layer of a Free Liquid Surface - Electron-Spectroscopy of Formamide under He(2(3)S) Impact. Molecular Physics 57: 623-636.

Koch M H J, Dorrington E, Klaring R, Michon A M, Sayers Z, Marquet R and Houssier C (1988) Electric-Field X-Ray-Scattering Measurements on Tobacco Mosaic-Virus. Science 240: 194-196.

Kondow T and Mafune F (2000) Structures and dynamics of molecules on liquid beam surfaces. Annual Review of Physical Chemistry 51: 731-761.

Kozhenkov V I, Kirsh A A and Fuks N A (1974) Investigation of Monodisperse Aerosol Formation by Electrostatic Atomization of Liquids. Colloid Journal of the USSR 36: 1061-1063.

Kurkal V, Daniel R M, Finney J L, Tehei M, Dunn R V and Smith J C (2005) Enzyme activity and flexibility at very low hydration. Biophysical Journal 89: 1282-1287.

LCLS www-ssrl.slac.stanford.edu/lcls/ 

Loo J A (1997) Studying noncovalent protein complexes by electrospray ionization mass spectrometry. Mass Spectrometry Reviews 16: 1-23.

Mafune F, Takeda Y, Nagata T and Kondow T (1992) Formation and Ejection of Cluster Ions from a Liquid Beam of Aniline Ethanol Solution by Laser Photoionization. Chemical Physics Letters 199: 615-620.

Malmqvist L, Rymell L and Hertz H M (1996) Droplet-target laser-plasma source for proximity x-ray lithography. Applied Physics Letters 68: 2627-2629.

Middleman S (1998) An Introduction to Fluid Dynamics. (Wiley New York).

newobjective http://www.newobjective.com/products/tips_index.html 

Nishioka G M, Markey A A and Holloway C K (2004) Protein damage in drop-on-demand printers. Journal of the American Chemical Society 126: 16320-16321.

Ohnesorge W v (1936) Die Bildung von Tropfen an Düsen und die Auflösung flüssiger Strahlen. Zeitschrift für Angewandte Mathematik und Mechanik 16: 355-358.

Okamoto T, Suzuki T and Yamamoto N (2000) Microarray fabrication with covalent attachment of DNA using Bubble Jet technology. Nature Biotechnology 18: 438-441.

Oomens J, Polfer N, Moore D T, van der Meer L, Marshall A G, Eyler J R, Meijer G and von Helden G (2005) Charge-state resolved mid-infrared spectroscopy of a gas-phase protein. Physical Chemistry Chemical Physics 7: 1345-1348.

Rayleigh L (1878) On the Instability of Jets. Proc. London Math. Soc. 10: 4-13.

Ruotolo B T, Giles K, Campuzano I, Sandercock A M, Bateman R H and Robinson C V (2005) Evidence for macromolecular protein rings in the absence of bulk water. Science 310: 1658-1661.

Rymell L, Berglund M and Hertz H M (1995) Debris-Free Single-Line Laser-Plasma X-Ray Source for Microscopy. Applied Physics Letters 66: 2625-2627.

Rymell L and Hertz H M (1995) Debris Elimination in a Droplet-Target Laser-Plasma Soft-X-Ray Source. Review of Scientific Instruments 66: 4916-4920.

Rymell L and Hertz H M (1993) Droplet Target for Low-Debris Laser-Plasma Soft-X-Ray Generation. Optics Communications 103: 105-110.

Siegbahn H and Siegbahn K (1973) ESCA Applied to Liquids. J. Electron Spectr. Rel. Phenom. 2: 319-325.

Simonson T (2003) Electrostatics and dynamics of proteins. Reports on Progress in Physics 66: 737-787.

Spence J C H and Doak R B (2004) Single molecule diffraction. Physical Review Letters 92: 198102.

Starodub D, Doak R B, Schmidt K, Weierstall U, Wu J S, Spence J C H, Howells M, Marcus M, Shapiro D, Barty A and Chapman H N (2005) Damped and thermal motion of laser-aligned hydrated macromolecule beams for diffraction. Journal of Chemical Physics 123.

Sutter http://www.sutter.com/products/product_sheets/p2000.html.

Taylor G (1964) Disintegration of Water Drops in Electric Field. Proceedings of the Royal Society of London Series A-Mathematical and Physical Sciences 280: 383-397.

Trostell B (1995) Vacuum Injection of Hydrogen Micro-Sphere Beams. Nuclear Instruments & Methods in Physics Research Section a-Accelerators Spectrometers Detectors and Associated Equipment 362: 41-52.

Wilm M and Mann M (1996) Analytical properties of the nanoelectrospray ion source. Analytical Chemistry 68: 1-8.

Wilson K R, Rude B S, Smith J, Cappa C, Co D T, Schaller R D, Larsson M, Catalano T and Saykally R J (2004) Investigation of volatile liquid surfaces by synchrotron x-ray spectroscopy of liquid microjets. Review of Scientific Instruments 75: 725-736.

Wu J S, Leinenweber K, Spence J C H and O'Keeffe M (2006) Ab initio phasing of X-ray powder diffraction patterns by charge flipping. Nature Materials 5: 647-652.

XCOM http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html.

XFEL www.xfel.net/en/index.html.



1

_1127911400.unknown

_1127915340.unknown

_1127915562.unknown

_1127935664.unknown

_1127982906.doc
[image: image1.png]






_1127915661.unknown

_1127915492.unknown

_1127912154.unknown

_1127915289.unknown

_1127911515.unknown

_1127897623.unknown

_1127899359.unknown

_1127899615.unknown

_1127899793.unknown

_1127899240.unknown

_1127898890.unknown

_1108728624.unknown

_1108728673.unknown

_1122897256.unknown

_1101904477.unknown

_1101817522.unknown

