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SUMMARY:  35 

This protocol presents the operation and principles of micron-scale cylindrical and planar 36 

cryogenic liquid jets. Until now, this system has been used as a high repetition rate target in 37 

laser-plasma experiments. Anticipated cross-disciplinary applications range from laboratory 38 

astrophysics to material science, and eventually next-generation particle accelerators. 39 

 40 

ABSTRACT:  41 

This protocol presents a detailed procedure for the operation of continuous, micron-sized 42 

cryogenic cylindrical and planar liquid jets. When operated as described here, the jet exhibits 43 

high laminarity and stability for centimeters. Successful operation of a cryogenic liquid jet in the 44 
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Rayleigh regime requires a basic understanding of fluid dynamics and thermodynamics at 45 

cryogenic temperatures. Theoretical calculations and typical empirical values are provided as a 46 

guide to design a comparable system. This report identifies the importance of both cleanliness 47 

during cryogenic source assembly and stability of the cryogenic source temperature once 48 

liquefied. The system can be used for high repetition rate laser-driven proton acceleration, with 49 

an envisioned application in proton therapy. Other applications include laboratory astrophysics, 50 

materials science, and next-generation particle accelerators. 51 

 52 

INTRODUCTION: 53 

 54 

The goal of this method is to produce a high-speed, cryogenic liquid flow consisting of pure 55 

elements or chemical compounds. Since cryogenic liquids evaporate at ambient temperature 56 

and pressure, residual samples from operation at high repetition rates (e.g., 1 kHz) can be 57 

entirely evacuated from the vacuum chamber1. Based on the initial work by Grisenti et al.2, this 58 

system was first developed using cryogenic hydrogen for high intensity laser-driven proton 59 

acceleration3. It has subsequently been extended to other gases and used in a number of 60 

experiments, including: ion acceleration4,5, answering of questions in plasma physics such as 61 

plasma instabilities6, rapid crystallization and phase transitions in hydrogen7 and deuterium, 62 

and meV inelastic X-ray scattering8 to resolve acoustic waves in argon in the Matter in Extreme 63 

Conditions (MEC) instrument at the Linac Coherent Light Source (LCLS)9. 64 

 65 

Until now, other alternative methods have been developed to generate high repetition rate 66 

solid cryogenic hydrogen and deuterium samples. Garcia et al. developed a method in which 67 

hydrogen is liquefied and solidified in a reservoir and extruded through an aperture10. Due to 68 

the high pressure required for extrusion, the minimum sample thickness demonstrated (to 69 

date) is 62 µm11. This system also exhibits large spatial jitter12. More recently, Polz et al. 70 

produced a cryogenic hydrogen jet through a glass capillary nozzle using a sample gas backing 71 

pressure of 435 psig (pounds per square inch, gauge). The resulting 10 µm cylindrical jet is 72 

continuous but appears highly rippled13.  73 

   74 

Presented here is a method that produces cylindrical (diameter = 5–10 µm) and planar jets with 75 

various aspect ratios (1–7 µm x 10–40 µm). The pointing jitter increases linearly as a function of 76 

distance from the aperture5. Fluid properties and the equation of state dictate the elements 77 

and chemical compounds that can be operated in this system. For example, methane cannot 78 

form a continuous jet due to Rayleigh breakup, but it can be used as droplets14. Moreover, the 79 

optimal pressure and temperature conditions vary significantly among aperture dimensions. 80 

The following paragraphs provide the theory needed to produce laminar, turbulent-free 81 

cryogenic hydrogen jets. This can be extended to other gases. 82 

 83 

The cryogenic jet system consists of three main subsystems: (1) sample gas delivery, 84 

(2) vacuum, and (3) cryostat and cryogenic source. The system depicted in Figure 1 has been 85 

designed to be highly adaptable for installation in different vacuum chambers.  86 

 87 



   

The gas delivery system is comprised of an ultra-high purity compressed gas cylinder, gas 88 

regulator, and mass flow controller. The backing pressure of the sample gas is set by the gas 89 

regulator, while the mass flow controller is used to measure and restrict the gas flow delivered 90 

to the system. The sample gas is first filtered in a liquid nitrogen cold trap to freeze out 91 

contaminant gases and water vapor. A second in-line particulate filter prevents debris from 92 

entering the final segment of the gas line.  93 

 94 

Turbomolecular pumps backed with high pumping speed scroll pumps maintain high vacuum 95 

conditions in the sample chamber. The chamber and foreline vacuum pressures are monitored 96 

using vacuum gauges V1 and V2, respectively. It should be noted that operating the cryogenic 97 

jet introduces a substantial gas load (proportional to the total sample flow) to the vacuum 98 

system when the liquid vaporizes.  99 

 100 

A proven method to reduce the gas load is to capture the residual liquid before bulk 101 

vaporization can occur. The jet catcher system consists of an independent vacuum line 102 

terminated by an ø800 µm differential pumping aperture located up to 20 mm from the 103 

cryogenic source cap. The line is evacuated with a pump that exhibits optimal efficiency in the 1 104 

x 10-2 mBar range (i.e., a roots blower vacuum pump or hybrid turbomolecular pump) and is 105 

monitored by a vacuum gauge V3. More recently, this has allowed cryogenic hydrogen jets of 106 

up to 7 µm x 13 µm to be operated with two orders of magnitude improvement to the vacuum 107 

chamber pressure. 108 

 109 

The sample gas enters the vacuum chamber through a custom feedthrough on the cryostat 110 

flange. A fixed length, continuous flow liquid helium cryostat is used to cool the source to 111 

cryogenic temperatures. Liquid helium is drawn from a supply dewar using a transfer line. The 112 

return flow is connected to an adjustable flowmeter panel to regulate the cooling power. The 113 

temperature of the cold finger and cryogenic source is measured with four lead silicon diode 114 

temperature sensors. A proportional-integral-derivative (P-I-D) temperature controller delivers 115 

variable voltage to a heater installed near the cold finger to adjust and stabilize the 116 

temperature. The sample gas enters the vacuum chamber through a custom feedthrough on 117 

the cryostat flange. Inside the chamber, the gas line wraps around the cryostat to precool the 118 

gas before connecting to a fixed gas line on the cryogenic source assembly. Stainless steel 119 

screws and a 51 µm thick layer of indium thermally seal the cryogenic source to the cold finger.  120 

 121 

The cryogenic source (Figure 2) consists of six main components: a (1) sample gas line, (2) 122 

source body, (3) source flange with in-line particulate filter, (4) aperture, (5) ferrule, and (6) 123 

cap. The source body contains a void, which acts as the sample reservoir. A threaded Swagelok 124 

sintered 0.5 µm stainless steel filter prevents any debris or solidified contaminants from 125 

entering the liquid channel and obstructing the aperture. A thicker, 76 µm thick indium ring is 126 

placed between the aperture and liquid channel to increase the deformation length and reliably 127 

seal the aperture. When the cap is threaded onto the source flange, the indium is compressed 128 

to form a liquid and thermal seal. The ferrule and source cap center the aperture during 129 

installation. 130 

 131 



   

There are a number of overall considerations in the initial design of a system for cryogenic 132 

liquid jets operated in the continuous, laminar regime. Users must estimate the total cooling 133 

power of the cryostat, thermal properties of the cryogenic source design, vacuum system 134 

performance, and liquid temperature and pressure. Provided below is the theoretical 135 

framework required. 136 

 137 

Cooling power considerations 138 

1) Liquefying hydrogen15: the minimum cooling power required to liquify hydrogen from 300 K 139 

can be roughly estimated using the following equation:  140 

 141 

𝑃𝑙𝑖𝑞 =  𝐿ℎ(𝑇𝑙(𝑝)) + ∫ 𝐶𝑝(𝑇, 𝑝)𝑑𝑇
300𝐾

𝑇𝑐

 142 

 143 

Where: 𝑇𝑐 is the temperature of the cryogenic source, 𝐶𝑝 is the specific heat at constant 144 

pressure 𝑝, and 𝐿ℎ the latent heat of vaporization of H2 at the pressure-dependent liquefaction 145 

temperature (𝑇𝑙). For instance, a cryogenic hydrogen jet operated at 60 psig gas pressure and 146 

cooled down to 17 K requires a minimum of 4013 kJ/kg. With a hydrogen gas flow of 150 sccm 147 

(standard cubic centimeters per second), this corresponds to a heat of ~0.9 W. 148 

 149 

It should be noted that the liquefaction process contributes only one-tenth of the total cooling 150 

power required. To reduce the heat load on the cryostat, the gas can be precooled to an 151 

intermediate temperature before entering the source body. 152 

 153 

2) Radiative heat: to maintain the cryogenic source at a temperature 𝑇𝑐, the cryostat needs to 154 

compensate for radiative heating. This can be estimated by balancing the difference of emitted 155 

and absorbed blackbody radiation using the following equation: 156 

 157 

𝑃𝑟𝑎𝑑 = 𝐴𝜎(𝑇𝑣𝑐
4 − 𝑇𝑐

4) 158 

 159 

Where: A is area of the source body, 𝜎 is the Stefan-Boltzmann constant, and 𝑇𝑣𝑐 is the 160 

temperature of the vacuum chamber. For example, a typical jet source of A = 50 cm2 cooled 161 

down to 17 K requires a minimum cooling power of 2.3 W. 𝑇𝑣𝑐 can be locally decreased by 162 

adding an actively cooled radiation shield covering a substantial part of the cryogenic source. 163 

 164 

3) Residual gas conduction: although thermal radiation is dominant in ultra-high vacuum 165 

conditions, the contribution due to conduction in the residual gas becomes non-negligible 166 

during jet operation. The liquid jet introduces substantial gas load in the chamber, resulting in 167 

an increase in vacuum pressure. The net heat loss from thermal conduction of the gas at a 168 

pressure 𝑝 is calculated using the following equation: 169 

  170 

𝑃𝑔𝑎𝑠 = 𝐴𝛼Ω 𝑝(Tvc − Tc) 171 

 172 



   

Where: Ω is a coefficient depending on the gas species (~3.85 x 10-2 W/cm2/K/mBar for H2), and 173 

𝛼 is the accommodation coefficient that depends on the gas species, geometry of the source, 174 

and temperature of the source and the gas16,17. When operating a cryogenic hydrogen jet at 17 175 

K, assuming a cylindrical geometry of the source and that hydrogen is the main gas present in 176 

the vacuum chamber, gas conduction generates heat that can be estimated using the following 177 

equation: 178 

  179 

𝑃𝑔𝑎𝑠/𝐴 ≈ 10.9 ∗ 𝑝𝑚𝐵𝑎𝑟 𝑊/𝑐𝑚2 180 

 181 

For example, gas conduction at a vacuum pressure of 4.2 x 10-3 mBar generates as much heat as 182 

thermal radiation. Therefore, the vacuum pressure is generally kept below 1 x 10-3 mBar during 183 

jet operation, adding a ~0.55 W heat load to the system (A = 50 cm2). 184 

 185 

The gas load introduced in the chamber during operation is obtained by the flow of the 186 

cryogenic jet. The resulting vacuum pressure is then determined by the effective pumping 187 

speed of the vacuum system and volume of the vacuum chamber.  188 

 189 

To operate the cryogenic jet, the cryostat has to generate sufficient cooling power to 190 

compensate for the different heat sources above (e.g., 3.75 W), not including the heat losses of 191 

the cryostat system itself. Note that the cryostat efficiency also strongly depends on the desired 192 

cold finger temperature. 193 

 194 

Estimating jet parameters 195 

To establish continuous laminar flow, several conditions must be satisfied. For brevity, the case 196 

of a cylindrical liquid flow is shown here. The formation of planar jets involves additional forces, 197 

resulting in a more complex derivation that is beyond the scope of this paper18.  198 

 199 

1) Pressure-speed relationship: for incompressible liquid flows, conservation of energy yields 200 

the Bernoulli equation, as follows: 201 

 202 

 
1

2
𝜌𝑣2 + 𝜌𝑔𝑧 + 𝑝 =  𝑐𝑜𝑛𝑠𝑡. 204 

 203 

Where: 𝜌 is the fluid atomic density, 𝑣 is the fluid velocity, 𝑔𝑧 is gravitational potential energy, 205 

and 𝑝 is the pressure. Applying the Bernoulli equation across the aperture, the functional 206 

relationship between the jet velocity and sample backing pressure can be estimated using the 207 

following equation: 208 

 209 

𝑣 ≃ √2𝑝/𝜌 210 

 211 

2) Jet operation regime: the regime of a cylindrical liquid jet can be inferred using the Reynolds 212 

and the Ohnesorge numbers. The Reynolds number, defined as the ratio between the inertial 213 

and viscous forces within the fluid, is calculated using the following equation: 214 



   

𝑅𝑒 =
𝜌𝑣𝑑0

𝜂
 216 

 215 

Where: 𝜌, 𝑣, 𝑑0, and 𝜂 are the density, speed, diameter, and dynamic viscosity of the fluid, 217 

respectively. Laminar flow occurs when the Reynolds number is less than ~2,000. Similarly, the 218 

Weber number compares the relative magnitude of the inertia to the surface tension and is 219 

calculated using the following equation: 220 

𝑊𝑒 =
𝜌𝑣2𝑑0

𝜎
 222 

 221 

Where: 𝜎 is the surface tension of the liquid. The Ohnesorge number is then calculated as 223 

follows: 224 

 225 

Oh =
√𝑊𝑒

𝑅𝑒
 226 

 227 

This velocity-independent quantity is used in combination with the Reynolds number to identify 228 

the four liquid jet regimes: (1) Rayleigh, (2) first wind-induced, (3) second wind-induced, and 229 

(4) atomization. For laminar turbulent-free cryogenic liquid flow, parameters should be selected 230 

to operate within the Rayleigh regime19 (i.e., Oh ≪ 1). In this regime, the fluid column will 231 

remain continuous with a smooth surface until the so-called intact length is estimated as 232 

follows20:  233 

𝑙 ≈ 12𝑣 (√
𝜌𝑑0

3

𝜎
+

3𝜂𝑑0

𝜎
) 234 

 235 

The different fluid parameters for a 5 µm diameter cylindrical cryogenic hydrogen jet operated 236 

at 60 psig and 17 K are summarized in Figure 3. To maintain a continuous jet for longer 237 

distances, the liquid must be cooled sufficiently close to the liquid-solid phase transition (Figure 238 

4) so that evaporative cooling, occurring once the jet propagates in vacuum, solidifies the jet 239 

before the onset of Rayleigh breakup3,21.  240 

 241 

PROTOCOL: 242 

 243 

The following protocol details the assembly and operation of a 5 µm diameter cylindrical 244 

cryogenic hydrogen jet operated at 17 K, 60 psig as an example case. An extension of this 245 

platform to other aperture types and gases requires operation at different pressures and 246 

temperatures. As a reference, working parameters for other jets are listed in Table 1. Sections 247 

1–3 and section 7 are performed at ambient temperature and pressure, while sections 4–6 are 248 

performed at high vacuum. 249 

 250 

1. Installation of the cryostat in the vacuum chamber 251 

 252 



   

CAUTION: A vacuum vessel can be hazardous to personnel and equipment from collapse, 253 

rupture due to back-fill pressurization, or implosion due to vacuum window failure. Pressure 254 

relief valves and burst disks must be installed on vacuum vessels within a cryogenic system to 255 

prevent over-pressurization.  256 

 257 

1.1. Carefully insert the cryostat into the vacuum chamber. Vibrationally isolate the cryostat 258 

from the vacuum chamber using a stabilization platform. 259 

 260 

1.2. Perform a vacuum test to determine the baseline vacuum pressure which, we have found, 261 

must be better than ~5 x 10-5 mBar. A residual gas analyzer (RGA) is often helpful to identify 262 

moisture and contaminant gases present in the system.  263 

 264 

1.3. Connect the temperature controller and heater to the cryostat and confirm an accurate 265 

reading at ambient temperature. 266 

 267 

1.3.1. If an unexpected value is measured, verify continuity from the temperature sensor to the 268 

correct terminals on the temperature controller. Otherwise, replace the temperature sensor. 269 

 270 

1.4. Connect the helium return line(s) to an adjustable flow meter panel. 271 

 272 

1.5. Evacuate the insulating vacuum shroud on the transfer line to better than 1 x 10-2 mBar 273 

using a turbomolecular pump backed by a dry scroll pump. 274 

 275 

1.6. Apply a thin layer of cryogenic vacuum grease to the O-ring inside the head of the cryostat.  276 

 277 

1.7. Slowly insert the transfer line refrigerator bayonet into the cryostat until the adjustment 278 

screw contacts the cryostat head. There should be minimal resistance. Tighten the adjustment 279 

screw to set the needle valve on the refrigerator bayonet to the desired position. 280 

 281 

1.8. Conduct a cryostat performance test to verify the temperature sensor reliability by cooling 282 

down to the lowest attainable temperature. If unexpected temperatures are measured during 283 

the cool-down, visually inspect the temperature sensors for good contact with the cryostat. If 284 

necessary, reposition and apply cryogenic vacuum grease to improve contact. 285 

 286 

CAUTION: Hydrogen, deuterium, and methane are extremely flammable gases. Use piping and 287 

equipment designed to withstand the pressures and physical hazards. Local exhaust or 288 

ventilation are required to keep the concentration below the explosion limit. Before applying 289 

this procedure with any other gases, consult the associated safety data sheet (SDS).  290 

 291 

1.9. Assemble the sample gas line according to the P&ID diagram in Figure 1. Use a high 292 

sensitivity leak detector to identify any leaks.  293 

 294 



   

1.10. Purge the gas line according to the continuous flow purging technique to dilute 295 

contaminant gases and water vapor to the purity of the sample gas. The total time depends on 296 

the volume of the gas line and gas flow at a given backing pressure.  297 

 298 

1.11. After the initial purge is complete, maintain constant positive pressure (e.g., 30 sccm at 50 299 

psig) on the line to mitigate the risk of contaminant gases entering the line when the vacuum 300 

chamber is at ambient pressure.  301 

 302 

CAUTION: While purging the line, ensure the vacuum chamber is adequately ventilated or 303 

maintained under vacuum to prevent accumulation of flammable gases. 304 

 305 

2. Installation of the cryogenic source components  306 

 307 

NOTE: All preparation and assembly of the cryogenic source components should be performed 308 

in a clean environment with the appropriate cleanroom clothing (i.e., gloves, hairnets, lab 309 

coats, etc.). 310 

 311 

2.1. Use indirect ultrasonic cleaning to remove contaminants (e.g., residual indium) from the 312 

cryogenic source components. 313 

 314 

2.1.1. Fill a sonicator with distilled water and add a surfactant to reduce the surface tension of 315 

the water. 316 

 317 

2.1.2. Place cryogenic source parts in individual glass beakers, fully submerge them in 318 

electronics-grade isopropanol, and loosely cover the beakers with aluminum foil to reduce 319 

evaporation and to prevent particle contamination. 320 

 321 

2.1.3. Place the beakers in the cleaning basket or a beaker stand in the sonicator to maximize 322 

cavitation. Beakers should not touch the bottom of the sonicator.  323 

 324 

2.1.4. Activate the sonicator for 60 min. 325 

 326 

2.1.5. Inspect the isopropanol using a bright white light for suspended particles or residue. 327 

 328 

2.1.6. If particles are visible, rinse the parts with clean isopropanol, and replace the isopropanol 329 

bath. Sonicate in cycles of 60 min until no particles or residue are visible. 330 

 331 

2.1.7. Place the parts on a covered, clean surface to desiccate for a minimum of 30 min before 332 

assembly. 333 

 334 

2.2. Repeat section 2.1 for the stainless-steel filter, source cap, ferrule, and assembly screws. 335 

 336 

2.3. Cut a piece of indium to maximally cover the junction between the cryogenic source body 337 

and cold finger of the cryostat.  338 



   

 339 

2.4. Place the indium on the cryogenic source and hold it flush with the cold finger of the 340 

cryostat. Tighten the retaining screws, ensuring the indium remains flat, to establish a thermal 341 

seal between the components. Do not to overtighten, as the copper threads are easily 342 

damaged. 343 

 344 

2.5. Screw the threaded stainless-steel filter onto the cryogenic source flange. 345 

 346 

2.6. Place an indium gasket on the source flange. Attach the source flange to the cryogenic 347 

source body using the flange screws. Tighten the screws diagonally instead of sequentially 348 

around the circumference. 349 

 350 

2.7. Connect the sample gas line on the cryostat to the cryogenic source. Check for leaks using a 351 

high sensitivity leak detector.   352 

 353 

3. Installation of aperture  354 

 355 

3.1. Select an aperture according to experimental needs. 356 

 357 

3.1.1. Inspect the aperture using brightfield and darkfield microscopy techniques to identify 358 

imperfections in the aperture, physical obstructions, or residual photoresist.  359 

 360 

3.1.2. Some physical obstructions can be removed easily when rinsed with isopropanol. 361 

Otherwise, discard the aperture. 362 

 363 

3.1.3. If there is residual photoresist from the nanofabrication of the aperture, use an acetone 364 

bath or piranha solution to remove it. 365 

 366 

CAUTION: Piranha solution, consisting of 3:1 sulfuric acid (H2SO4) and hydrogen peroxide 367 

(H2O2), is extremely corrosive to organic material, including the skin and respiratory tract. The 368 

reaction of Piranha with organic material releases gas, which may become explosive. Never seal 369 

containers containing Piranha. A full-face shield, chemical resistant apron, lab coat, and 370 

neoprene gloves are required. 371 

 372 

3.2. Rinse the aperture with electronics-grade isopropanol to remove any debris or surface 373 

contamination. Allow the aperture to dry on a clean and covered surface for 10 min before 374 

installation. 375 

 376 

3.3. Place the ferrule inside the cap. 377 

 378 

3.4. Use clean, soft-tipped tweezers to place the aperture inside the ferrule. Tap the cap to 379 

center the aperture in the ferrule. 380 

 381 



   

3.5. Drop an indium ring on top of the aperture. Again, tap the edge of the cap to center the 382 

indium ring on the aperture. 383 

 384 

3.6. Hand-tighten the cap onto the source flange until minimal resistance is detected. 385 

 386 

3.7. Derestrict the flow rate on the mass flow controller by increasing the setpoint to 500 sccm 387 

and set the gas pressure to ~50 psig on the pressure regulator. 388 

 389 

3.8. Tighten the aperture delicately by a few degrees at a time using a wrench until the flow 390 

rate begins to decrease. 391 

 392 

3.9. Finish tightening the cap by checking the leak rate at the top of the cap with the high-393 

sensitivity leak detector instead of the mass flow controller. Stop when tightening no longer 394 

decreases the measured leak rate. 395 

 396 

3.10. If the flow rate does not drop below approximately 50 sccm, proceed with the following 397 

steps. 398 

 399 

3.10.1. Use the leak detector to check for leaks around the source flange and cap. Retighten the 400 

screws on the source flange and remeasure the leak rate.  401 

 402 

3.10.2. Remove the cap and inspect the aperture and tip of the source flange. 403 

 404 

3.10.2.1. If the aperture is damaged, clean the cap according to step 2.2 and repeat section 3. 405 

 406 

3.10.2.2. If the indium ring is fixed to the aperture, discard the aperture and repeat section 3. 407 

 408 

3.10.2.3. If the complete indium ring is fixed to the flange, use a clean plastic razor blade to 409 

scrape off residual indium, then repeat steps 3.2–3.10. 410 

 411 

3.10.3. Over time, indium may accumulate on the tip of the source flange preventing 412 

subsequent apertures from sealing. In this case, remove the source flange and repeat sections 413 

2.1–2.2 followed by steps 2.5–2.7. 414 

 415 

3.11. As a safety precaution, change the setpoint on the mass flow controller to 10 sccm higher 416 

than the final flow determined by the dimensions of the aperture. 417 

 418 

4. Cool-down procedure  419 

 420 

4.1. Verify vacuum chamber pressure has reached the expected baseline for a given sample gas 421 

flow. To ensure the absence of contaminant gases, which will deposit on the cryogenic source 422 

during cool-down, the vacuum chamber is typically pumped for at least 1 h after reaching 423 

baseline pressure. This duration varies with local humidity levels and the vacuum system. 424 

 425 



   

4.2. Turn on the cryostat exhaust heater to prevent frosting of the cryostat head from the 426 

return flow of helium gas. 427 

 428 

4.3. Derestrict the gas flow on the mass flow controller by increasing the setpoint to 500 sccm.  429 

 430 

CAUTION: Contact with cryogenic liquids, such as liquid nitrogen or liquid helium, will burn the 431 

skin, face, and eyes. When handling large volumes of cryogenic liquids (multi-liter), wear a face 432 

shield, safety glasses, thermally insulated cryogenic gloves, cryogenic apron, long pants without 433 

cuffs, and close-toed shoes. Such liquids may displace oxygen and cause rapid suffocation. 434 

 435 

4.4. Fill the open-cycle cold trap with liquid nitrogen. Ensure that the level of liquid nitrogen is 436 

above the in-line filter at all times. Monitor and refill as required during cool-down and jet 437 

operation. 438 

 439 

4.5. Set the adjustable flow meter(s) on the helium return line(s) to fully open. 440 

 441 

4.6. Depressurize the liquid helium dewar using the vent valve. 442 

 443 

4.7. Close the ball valve to the low pressure relief valve on the liquid helium dewar. The 444 

recommended dewar pressure during cool-down is 10 psig. An angle valve on the dewar 445 

adapter allows the operator to reduce the dewar pressure if there is surplus cooling power 446 

after sample liquefaction. 447 

 448 

4.8. Insert the supply dewar bayonet into the liquid helium dewar in one smooth motion. The 449 

dewar should pressurize to 10 psig when the bayonet contacts the liquid.  450 

 451 

CAUTION: Keep all exposed skin away from the neck of the dewar at all times.  452 

 453 

4.9. Check for helium gas leaks between the dewar and dewar adapter once the connection has 454 

been tightened using a leak detector. 455 

 456 

4.10. Activate the heater on the temperature controller and set the temperature setpoint to 457 

295 K. 458 

 459 

4.11. Once the transfer line fills and cools, the cryostat temperature will drop from ambient 460 

temperature to 295 K, at which point the heater will activate to prevent a further drop in 461 

temperature. Note that the time required for the initial drop in temperature depends on the 462 

dewar pressure and total transfer line and cryostat length. 463 

 464 

4.12. Set the ramp rate on the temperature controller to 0.1 K/s and the setpoint to 200 K.  465 

Regulate the helium flow to follow the ramp so the heater does not turn on. Hold at 200 K for a 466 

brief dwell segment (e.g., 5 min) to allow the cryostat to thermalize.  Repeat for two additional 467 

ramp-dwell segments to 120 K then 40 K. A conservative cool-down procedure is used to avoid 468 

strong temperature gradients along the system and allows the system parameters to be closely 469 



   

monitored. The dwell temperatures are selected away from sublimation temperatures for 470 

contaminant gases. 471 

 472 

4.12.1. If the gas flow increases unexpectedly, the indium seal on the source flange or aperture 473 

may have failed. Abort the cool-down procedure by proceeding to step 6.4. Once the vacuum 474 

chamber has been vented, inspect the seals and refer to section 3.10 to retighten and check for 475 

leaks. 476 

 477 

4.13. At 40 K, manually tune the temperature controller P-I-D parameters following the Ziegler-478 

Nichols method22 until the temperature stability is better than ±0.02 K. 479 

 480 

5. Liquefication and jet operation 481 

 482 

5.1. Confirm that the liquid nitrogen level is above the in-line filter. 483 

 484 

5.2. Disable the temperature ramp and change the setpoint temperature to well below the 485 

theoretical vapor-liquid phase transition temperature (e.g., 20 K for hydrogen). 486 

 487 

5.3. At the onset of liquefaction, the gas flow will increase up to the maximum and a mixture of 488 

gas and liquid will spray from the aperture. Increase the helium flow(s) to provide additional 489 

cooling power to quickly pass through the phase transition. 490 

 491 

5.4. Use high magnification shadowgraphy with pulsed, sub-nanosecond illumination to 492 

visualize the jet stability and laminarity23. 493 

 494 

5.5. Optional: If an application or experiment has a pre-determined location for the sample 495 

(e.g., detectors aligned to the same position in space), translate the cryogenic source using a 496 

multi-axis manipulator on the cryostat flange or motorized push-pin actuators in the vacuum 497 

chamber. 498 

 499 

5.6. Translate the catcher to maximize the pressure in the catcher foreline. 500 

 501 

5.7. Optimize the P-I-D parameters and helium flow to improve the temperature stability to 502 

better than ±0.02 K. Note that the overall stability of the jet strongly depends on the vacuum 503 

chamber pressure, gas backing pressure, and temperature. For example, a change in as little as 504 

1 x 10-5 mBar may require reoptimization. 505 

 506 

5.8. Scan in temperature and pressure to optimize the jet stability and laminarity. Sample jet 507 

parameters are listed in Table 1. 508 

 509 

5.8.1. If the jet breaks up into a spray, the pressure and temperature in phase space may be too 510 

close to the boiling curve. Optimal jet performance is away from the vaporization curve. 511 

 512 



   

5.8.2. Large amplitude temperature or helium flow oscillations will result in periodic spatial 513 

perturbations, which (in the extreme case) result in driven breakup of the jet. Reduce the 514 

helium flow and reoptimize P-I-D parameters to damp the oscillations. 515 

 516 

5.8.3. If the jet exhibits transverse (i.e., first-wind regime) or longitudinal waves (i.e., Plateau-517 

Rayleigh instability), decrease the temperature to increase the viscosity, thereby reducing the 518 

Reynolds number. 519 

 520 

5.8.4. If laminarity cannot be achieved and the jet characteristics are independent of changes in 521 

temperature and pressure, there may be a physical obstruction (e.g., physical debris or ice) in 522 

the aperture. Before aborting the test, follow steps 6.1–6.5 and closely monitor the vacuum 523 

pressure and cryostat temperature. If a contaminant gas or water has sublimated on the 524 

aperture causing a partial or full blockage, it can be identified by the boil-off temperature. 525 

Repeat steps 4.11–4.12 and 5.1–5.6 to determine if the jet stability improves.  526 

 527 

6. Warm-up procedure 528 

 529 

NOTE: If the aperture is damaged during operation, immediately limit the sample gas flow to 530 

10 sccm and reduce the sample gas pressure to 30 psig. Then, proceed directly to step 6.5.  531 

 532 

6.1. Change the setpoint to 20 K and decrease the gas pressure from operating pressure to 533 

approximately 30 psig. 534 

 535 

6.2. Increase the temperature setpoint in steps of 1 K while monitoring the pressure on the gas 536 

regulator. As the liquid in the cryogenic source vaporizes, the pressure in the gas line will 537 

rapidly increase and the flow across the mass flow controller will read 0 sccm. 538 

 539 

NOTE: Do not allow the gas pressure to exceed the maximum operating pressure of the 540 

components on the sample gas line. If this occurs, wait until the line depressurizes to a safe 541 

value through the aperture or pressure relief valve before increasing the setpoint further.  542 

 543 

6.3. Repeat step 6.2 until increasing the temperature setpoint by 1 K does not result in an 544 

increase in gas line pressure.  545 

 546 

6.4. Enable the temperature ramp, change the temperature setpoint to 300 K, and regulate the 547 

helium flow as required to maintain a temperature increase of 0.1 K/s. 548 

 549 

6.5. Once the source temperature is above 100 K, close the adjustable flowmeter(s) on the 550 

helium return line(s). Depressurize the dewar and open the ball valve to the lowest pressure 551 

relief valve.  552 

 553 

6.6. Wait until the cryostat thermalizes at 300 K before venting the vacuum chamber. This will 554 

prevent water vapor from condensing on the cryostat and cryogenic source components. 555 

 556 



   

6.7. Depressurize the dewar, then remove the supply dewar bayonet. 557 

 558 

6.8. Remove the liquid nitrogen cold trap. 559 

 560 

6.9. Limit the gas flow on the mass flow controller to 30 sccm.  561 

 562 

6.10. Turn off the exhaust gas heater. 563 

 564 

6.11. Deactivate the heater on the temperature controller. 565 

 566 

6.12. If the aperture is damaged or an obstruction is suspected from a change in flow, proceed 567 

to section 7. Otherwise, the aperture does not need to be replaced. 568 

 569 

7. Replacement of aperture 570 

 571 

7.1. Remove the cap and inspect the aperture and tip of the source flange. 572 

 573 

7.1.1. If the indium ring sticks to the flange, use a clean plastic razor blade to scrape it off using 574 

moderate pressure. 575 

 576 

7.1.2. If the aperture remains sealed to the source flange when the cap is removed, limit the 577 

gas flow to 10 sccm and confirm the gas backing pressure has dropped to 30 psig. Remove the 578 

aperture carefully with a plastic razor blade. If removed prematurely, over-pressurization in the 579 

line may damage or eject the aperture. 580 

 581 

7.2. Repeat section 3 to install a new aperture. 582 

 583 

REPRESENTATIVE RESULTS:  584 

 585 

Following step 5.4, high magnification shadowgraphs are used to assess laminarity, positioning 586 

jitter, and long-term stability during jet operation. It is critical to use pulsed, sub-nanosecond 587 

illumination to record an instantaneous image of the jet so that the jet motion (~0.1 µm/ns for 588 

H2) does not blur surface irregularities or turbulence. Sample images of 2 x 20 µm2 H2, 4 x 12 589 

µm2 H2, and 4 x 20 µm2 D2 jets are shown in Figure 5.  590 

 591 

An additional high magnification imaging system is used to precisely position the cryogenic 592 

liquid jet in space. For simplicity, the imaging systems are designed to provide front and side 593 

views of the jet. It is particularly important to assess the jet stability and determine the 594 

orientation of the planar jets. A study of the spatial jitter of a 2 x 20 µm2 H2 as a function of 595 

distance from the aperture, performed during a single test over several hours, is shown in 596 

Figure 6. The 1𝜎 positioning jitter for each datapoint in Figure 6A was calculated from 49 597 

images recorded at 10 Hz. Here, the jet position was determined relative to a fixed reference 598 

position. Figure 6B shows the normalized histograms of the jet position at 23 mm as an 599 



   

example. A more detailed study can be found in Obst et al.5. On average, the spatial jitter 600 

increases linearly away from the nozzle. 601 

 602 

Typical system observables during liquefying and jet operation (according to section 5) of a 4 x 603 

20 µm2 cryogenic deuterium jet are shown in Figure 7. Careful monitoring of the temperature, 604 

flow, sample backing pressure, and vacuum pressures allow the operator to quickly identify any 605 

irregularities and react accordingly. For example, if the jet leaves the catcher, indicated by a 606 

dashed box, the vacuum chamber and foreline pressure increase significantly. Additional 607 

cooling power is then needed to maintain the setpoint temperature.  608 

 609 

Once stabilized, all observables should be constant with minimal oscillations. Any long-term 610 

drift is indicative of a problem (e.g., leaks, gas contamination, decrease in vacuum system 611 

performance, positioning drift in catcher). The choice of aperture strongly dictates the 612 

operational parameters of the jet in the Rayleigh regime.  Once the optimal parameters are 613 

identified for a given gas and aperture type, the resulting jet is highly reproducible; however, 614 

any minor deviations in the aperture require reoptimization starting from the previously 615 

identified values. Typical operation parameters are summarized in Table 1. 616 

 617 

FIGURE AND TABLE LEGENDS: 618 

 619 

Figure 1: P&ID diagram of a typical cryogenic liquid jet delivery platform. The sample gas, 620 

vacuum, and cryogenic subsystems are depicted. The vacuum chamber, turbomolecular pump 621 

foreline, and jet catcher foreline pressures are monitored with vacuum gauges V1, V2, and V3, 622 

respectively. The cryostat temperature is actively regulated using a P-I-D temperature 623 

controller. 624 

 625 

Figure 2: Three-dimensional exploded-view drawing of the cryogenic source assembly. Indium 626 

seals are installed between the cold finger and source body, source body and flange, and source 627 

flange and aperture. 628 

 629 

Figure 3: Summary of fluid dynamics parameters. Parameters are provided, assuming a ø5 µm 630 

cylindrical cryogenic hydrogen jet operated at 60 psig and 17 K. Values for density, viscosity, 631 

and surface tension are from NIST.15. 632 

 633 

Figure 4: Hydrogen equation of state at cryogenic temperatures15. The critical and triple points 634 

are indicated by blue and orange filled circles, respectively. Jet operation follows an isobar 635 

through the gas-liquid phase transition. The jet solidifies via evaporative cooling in the vacuum 636 

chamber. The grey box indicates the range of backing pressures (40–90 psia) and temperatures 637 

(17–20 K) which are scanned over to optimize the stability of a ø5 µm cylindrical cryogenic 638 

hydrogen jet. 639 

 640 

Figure 5: Representative 20x magnification shadowgraphs of turbulent-free, laminar 641 

cryogenic liquid jets using a 10 ps/1057 nm wavelength laser. (A) Aperture = 2 x 20 µm2, gas = 642 



   

H2, T = 15.8 K, P = 188 psig. (B) Aperture = 4 x 12 µm2, gas = H2, T = 17.2 K, P = 80 psig. 643 

(C) Aperture = 4 x 20 µm2, gas: D2, T = 20 K, P = 141 psig. 644 

 645 

Figure 6: Jet position stability for 2 x 20 µm2 cryogenic hydrogen jet. Parameters are 18 K, 60 646 

psig, and Re ≈ 1887. (A) Positioning jitter as a function of distance from the aperture. The 647 

longitudinal (lateral) jitter corresponds to motion parallel to the short (long) axis of the 648 

rectangular sheet. (B) Normalized histogram of jet position to determine the lateral jitter 649 

(σ = 5.5 μm) and longitudinal jitter (σ = 8.5 μm) 23 mm from the nozzle. 650 

 651 

Figure 7: Representative flow and pressures during cryogenic jet operation. (A) Left: sample 652 

gas flow, right: sample gas backing pressure as a function of time. Semi-log plot of the vacuum 653 

chamber pressure (V1; B), turbomolecular pump foreline pressure (V2; C), and jet catcher 654 

pressure (V3; D) as functions of time. Circled numbers identify changes in the system observed 655 

during section 5 of the protocol. 656 

 657 

Table 1: Sample jet operation conditions. 658 

 659 

DISCUSSION: 660 

 661 

Successful operation of the cryogenic liquid jet requires meticulous cleanliness and careful 662 

monitoring of temperature stability. One of the most frequent and avoidable failures is a partial 663 

or full blockage of the micron-sized aperture. Copper, stainless steel, or indium from the source 664 

or airborne particles can be introduced at any step of the source assembly. All components 665 

must undergo a robust cleaning process using indirect sonication. Assembly and storage in a 666 

Class-10,000 cleanroom or further improves the success rate.  667 

 668 

Another critical step of the procedure is to stabilize the cryogenic source temperature. Users 669 

must ensure that the temperature of the liquid exiting the source is measured independently 670 

from the variable heat released by continuous liquefaction in the reservoir. This is accomplished 671 

by placing the temperature sensor near the aperture (e.g., on the source flange) or far from the 672 

heat source. Furthermore, P-I-D parameters must be manually optimized using the Ziegler-673 

Nichols method for each combination of temperature and backing pressure. If the temperature 674 

fluctuations become too large, periodic oscillations can be observed on the jet sometimes 675 

leading to periodic breakup. It should be noted that built-in autotuning functions or low-pass 676 

filters have not been successful in stabilizing the temperature during jet operation. 677 

 678 

The cryogenic liquid jet system, while highly adaptable, is challenging to implement at large-679 

scale facilities with established vacuum protocols. For instance, differential pumping stages are 680 

required when upstream equipment is sensitive to the residual gas (e.g., FLASH free-electron 681 

laser at DESY or MeV-UED instrument at SLAC). In addition, large diameter vacuum chambers, 682 

such as those for multi-PW lasers, likely require in-vacuum flexible cryostats. Compared to 683 

conventional fixed length cryostats, they can be readily decoupled from chamber vibrations and 684 

have a shorter lever arm. A flexible in-vacuum cryostat has already been implemented with the 685 

Draco Petawatt laser at Helmholtz-Zentrum Dresden-Rossendorf (HZDR). Another observation 686 



   

is that the aperture can be damaged when the jet is irradiated by an ultra-high intensity laser 687 

too close to the source. Recently, a mechanical chopper blade (operating at 150 Hz and 688 

synchronized with the laser pulse) has been implemented to protect and isolate the aperture 689 

from the laser-plasma interaction. 690 

 691 

This system produces micron-scale, highly tunable, turbulent-free, laminar cylindrical and 692 

planar cryogenic liquid jets. Ongoing development of the cryogenic liquid jet system is focused 693 

on advanced aperture materials and design, vacuum system and catcher improvements, and 694 

advanced hydrogen isotope mixing. This system will enable a transition to high repetition rate 695 

high energy density science and pave the way to the development of next-generation particle 696 

accelerators. 697 

 698 
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Sample gas Aperture Temperature (K) Pressure Flow 

Hydrogen ø5 µm cylindrical 17 60 150

50% Hydrogen, 50% Deuterium ø5 µm cylindrical 20 30, 30 130

Deuterium ø5 µm cylindrical 22 75 80

Hydrogen 1 µm x 20 µm 18 182 150

Hydrogen 2 µm x 20 µm 18 218 236

Hydrogen 4 µm x 20 µm 17.5 140 414

Deuterium 4 µm x 20 µm 20.5 117 267

Argon ø5 µm cylindrical 90 50 18.5

Methane ø5 µm cylindrical 100 75 46
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Item Vendor Model Number Comment

Cryogenic apron Tempshield Cryo-apron Core body protection from cryogenic liquids

Cryogenic face shield 3M 82783-00000 ANSI Z87.1 rated for full face protection from cryogenic liquids

Cryogenic gloves Tempshield Cryo-gloves MA Hand protection from cryogenic liquids

Cryogenic source components SLAC National Accelerator Custom Components are made of Oxygen-free Copper (OFC) to maximize thermal conductivity at cryogenic 

Cryostat and transfer line Advanced Research Systems LT-3B Available in custom lengths up to 1250 mm for compatibility with existing vacuum vessels. Transfer line 

Cylindrical apertures SPI Supplies P2005-AB Commercial cylindrical apertures can be purchased individually

Electronic-grade isopropanol Sigma Aldrich 733458-4L 99.999%, minimal particulates/trace metals, dries residue free

Flammable gas regulator Matheson M3816A-350 Pressure control of sample gas (e.g. hydrogen, deuterium)

Indium Indium Corporation Custom 99.99%, 50-75µm thick, for thermal and liquid seals in cryogenic source

Jet catcher system SLAC National Accelerator Custom Consists of skimmer, vacuum hardware and feedthroughs, vacuum gauge, roots vacuum pump

Laboratory-grade acetone Sigma Aldrich 179973-4L Used to remove grease and photoresist from components. Purity and grade not critical since final cleaning 

Leak detector Matheson SEQ8067 To ensure jet apertures have sealed before pumping down

Liquid helium Airgas HE 100LT Top-loading dewar, Consumption depends on cryostat, source dimensions, and total gas flow. Typically 3-5 L/h.

Liquid nitrogen Airgas NI 160LT22 Total cold trap volume 4 L, consumption approximately 2L/h during jet operation

LN dewar flask (4 L) ThermoFisher Scientific 4150-4000 For the liquid nitrogen cold trap

LN transfer hose Cryofab CFUL series Uninsulated cryogenic hose with a phase separator to transfer LN from storage dewar to LN dewar flask for 

Manual XY manipulator Pfeiffer Vacuum 420MXY100-25 Course adjustment (+/- 12.5 mm) of cryogenic source. 

Manual Z manipulator McAllister Technical Services ZA12 Course adjustment of cryostat length for interchangeability on different vacuum vessels. Additionally, 

Mass flow controller MKS Instruments P9B, GM50A To control and monitor gas flow

Planar apertures Norcada Custom Custom nanofabrication of planar apertures

Positioning actuators Newport LTAHLPPV6, 8303-V High-precision (<2µm), motorized jet positioning

Rotation stage McAllister Technical Services DPRF600 Precision alignment of jet orientation

Safety glasses 3M S1101SGAF ANSI Z87.1 rated for work with compressed gasesTemperature controller Stanford Research Systems CTC100 Require at minimum two Si diode temperature sensor inputs and 1 heater outputUltra-high purity sample gas Airgas HY R200 e.g. hydrogen, deuterium, hydrogen deuteride, argon, methane
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Dear Dr. Nguyen, 
 
We would like to thank you and the referees for the thoughtful consideration of our work and for providing 
useful feedback that has improved our manuscript. Below we present a point-by-point response to all the 
comments and questions raised. Following the suggestions by the reviewers, we have revised our 
manuscript in order to further clarify our work and the successful operation of liquid cryogenic hydrogen 
jets. We are confident that we have addressed the comments of the reviewers and that our work meets 
the standards of JoVE. Thank you for your consideration of our revised manuscript.  
 
Sincerely, 
Christopher Schönwälder and Chandra Curry, on behalf of all the authors. 
 
 
---------------------------------------------------------------- 
Editorial comments 
---------------------------------------------------------------- 
 
Changes to be made by the Author(s): 
2. Please revise the table of the essential supplies, reagents, and equipment. The table should include 
the name, company, and catalog number of all relevant materials in separate columns in an xls/xlsx file. 
Please sort the Materials Table alphabetically by the name of the material. 
 
We have updated the table to follow the format and it is now in alphabetical order. 
 
3. Please incorporate the Principles section into the Introduction as that is not a 
standard JoVE publication section. 
 
We’ve incorporated the Principles section into the introduction but left the labeled sub-sections in the 
text for clarity and quick referencing.  
 
4. Please specify all experimental parameters used. We need a specific experiment with specific values 
(temperatures/pressures) used in order to film. 
 
All experimental parameters for an example case of 5 µm cylindrical hydrogen jet at 17 K, 60 psig have 
been listed throughout the introduction and protocol. For filming, we will show the protocol using this 
example case. Other typical values for extensions of this platform to rectangular apertures and other 
gases are listed in Table 1. We decided to present it in this way since the protocol is nearly unchanged 
for these other cases aside from the shift in the phase-diagram of the sample. To clarify this point in the 
manuscript, we have added the following sentences at the beginning of the protocol: 
 
“The following protocol details the assembly and operation of a 5 µm diameter cylindrical cryogenic hydrogen jet 
operated at 17 K, 60 psig as an example case. Extension of this platform to other aperture types and gases requires 
operation at different pressures and temperatures. As a reference, working parameters for other jets are listed in 
Table 1.” 
 
7. Please discuss some limitations of the protocol in the Discussion. 
Please do not abbreviate journal titles. 
 
As is, the first two paragraphs of our discussion detail the most common failures as well as the 
limitations of implementing this protocol. Please let us know how this can be further clarified. Reviewer 
#1 has identified the specific case of high-intensity laser interactions with the jet and the possible 
damage to the aperture. As explained in our response to the reviewer below, we think that a more 
detailed discussion is beyond the scope of this manuscript which intends to describe the system 
operation. We think that a full study of the robustness of this platform in the harsh environment of high-
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intensity laser plasma interactions with 100 J-class lasers merits a dedicated publication. The authors 
have already demonstrated the use of this system as a high repetition rate multi-MeV proton source over 
a range of laser energies which is the basis of the claim made in the abstract.  
 
---------------------------------------------------------------- 
Report of Reviewer #1 –  
---------------------------------------------------------------- 
 
We would like to thank Reviewer #1 for the kind and thoughtful comments. Below we present a point-to-
point reply to each of the comments. 
 
I have seen a number of talks on this approach (and competing ones) as well as on some of the results 
achieved at various laser facilities. Two problems that have come up are stability of the jet and operation 
of the system when high energy laser pulses are used. Jet stability is addressed both in the text and in a 
nice data Fig., Fig. 6 and significant progress has been made. Successful operation of the jet when high 
energy pulses are used is not addressed as well. It is mentioned in the Discussion section, but only 
briefly, line 635: "Another observation is that the aperture can be damaged when the jet is irradiated by 
an ultra-high-intensity laser too close to the source. Recently, a mechanical chopper blade operating at 
150 Hz and synchronized with the laser pulse, has been implemented to protect and isolate the aperture 
from the laser-plasma interaction." I think a modest amount of additional detail is needed here or it is not 
possible to evaluate this instrument's operation under a range of conditions of considerable interest. Let 
me stress that since, for many situations, this system is one of the best or only games in town, the 
existence of limitations is not a barrier to publication, but it is important to have some idea of what they 
are; for example, by providing approximate Fig.s of merit such as how far from the tip can pulses with 
100 mJ, 1 J, 10 J, 100 J energies be safely used. It would also be interesting to know if use of the 
chopper degrades operation in some way (jet thickness, position stability, etc.). 
 
While we agree with the reviewer that this platform has been most successfully used with free-electron 
lasers (LCLS, EuXFEL, FLASH), synchrotrons, and up to 100TW-class lasers, there are limitations to the 
survivability of the aperture when petawatt lasers are focused to ultra-high intensities. Already, the co-
authors have conducted experiments at laser facilities using each of the stated energies. Increasing the 
shooting distance to more than 15 mm from the aperture at the expense of spatial jitter, allowed high 
repetition rate experiments to be conducted with the Draco PW (800 nm, 20 J, 30 fs) at Helmholtz-
Zentrum Dresden-Rossendorf (HZDR). We expect the recently developed mechanical chopper will 
prevent catastrophic failure of the aperture that we have observed after a single shot when conducting 
experiments with high-energy (>100 J) PW-class lasers such as the Texas PW (1054 nm, 130 J, 145 fs). 
We will apply for experimental time through LaserNetUS to test this in CY2021. Further, recent 
experiments with the Draco PW at HZDR using the mechanical chopper allowed the shooting distance, 
thus the spatial jitter at the interaction point, to be decreased. The full technical details of the mechanical 
chopper system, measurements of the jet quality after being chopped, spatial jitter as a function of 
distance, and tests with the Draco PW will be covered by a future publication.  
 
As the paper attempts to describe the operation of the jet, we choose to limit the discussion about high-
intensity laser-plasma interactions which is only one of the many applications of this system. 
 
Shooting distances used in our experiments are always listed in the publications from our collaboration. 
For example, Gauthier et al. Applied Physics Letters 111, 114102 (2017) by the co-authors demonstrated 
high-repetition rate multi-MeV proton acceleration using this platform, a shooting distance of 15 mm was 
used without damage to the aperture. Each curve in the figure shown below (extracted from the 
aforementioned paper) correspond to 60 shots at 1 Hz at laser energies from highest to lowest of 3 J, 
1.2 J, 600 mJ, and 180 mJ.  



 

 
 
Line 190 has a sign error given line 186. The Bernoulli left hand side (pressure + kinetic energy density + 
potential energy density) needn't be zero. Explain why it is set to zero here. 
 
We understand that, if quickly read, our representation of the Bernoulli equation might seem confusing. 
What follows is a more detailed derivation of the final equation and the estimations we made along the 
way. 
 
Furthermore, we changed our formulation of Bernoulli’s principle as follows, hoping that it will cause less 
confusion: 
 

1
2𝜌$𝑣

& + 𝜌𝑔𝑧 + 𝑝 = 𝑐𝑜𝑛𝑠𝑡. 
 
Our estimate is that there are no pressure losses along the hydrogen line. So, we are looking at the 
conservation of flow across the aperture. Because of the size difference between the liquid channel 
leading up to the aperture and the micron-sized aperture, the flow before the aperture can be estimated 
as stationary relative to the jet that is injected into the vacuum chamber. Therefore, the term 𝑧 expresses 
the difference in elevation between the aperture and the entrance to the vacuum chamber, meaning that 
𝑧 describes the thickness of the nozzle. Therefore, the term 𝜌𝑔𝑧 is very small compared to the other 
terms. 
 
Let “VC” stand for vacuum chamber and “N” stand for “nozzle”. 
 

1
2𝜌$𝑣23

& + 𝑝23 =
1
2𝜌$𝑣4

& + 𝑝4 
 

1
2𝜌$

(𝑣23& − 𝑣4&) + (𝑝23 − 𝑝4) = 0 
 
Due to the fact that the aperture is very small compared to the channel of the cryo-flange and the 
pressure inside the chamber is very low compared to the pressure inside the liquid channel leading up to 
the aperture, the following estimates can be made: 
 



𝑣23& ≫ 𝑣4& 		,					𝑝4 ≫ 𝑝23	 
 
What follows is: 
 

𝑣23 ≈ =
2𝑝
𝜌 	 

 
Fig. 6B isn't explained in the Fig. caption. Count percentage? Are the units of the horizontal axis correct? 
 
Following this comment, we have added a more insightful caption describing the meaning of “count%”. 
We also corrected the misprint on the x-axis unit and changed from “mm” to “µm”.  
 
Use scientific notation throughout. Don't represent numbers such as is done on line 165 and elsewhere: 
4.2E-3. 
 
We updated to scientific notation throughout our work. 
 
I recommend providing a reference to the Ziegler-Nichols method for setting the PID. 
 
Following the reviewer’s suggestion, we have added a reference for the Ziegler-Nichols method. 
 
On line 167, a max pressure of 1E-3 mBar is referred to. Is this effectively the ambient pressure during 
operation or is this in some region near the jet? How large? Can a measure be provided of how much gas 
and over what region will a laser have to propagate through? 
 
This value refers to the average pressure inside the vacuum chamber during operation that is measured 
at the pressure gauges located near the vacuum pumps. The average pressure of the vacuum chamber, 
while operating a 4x20 µm2 hydrogen jet with the catcher, is typically ~10-4 mBar as shown in Fig. 7. 
When the liquid hydrogen solidifies by evaporative cooling, it remains continuous for more than 10 cm 
with no detectable localized gas density around the jet until it comes in contact with an ambient 
temperature object, such as the floor of the chamber or the inner surfaces of the catcher.  
 
The cooling power of the cryostat will drop to zero before the vacuum pressure becomes problematic for 
laser propagation and self-focusing effects. The total gas in the chamber results from full vaporization of 
the injected flow minus the evacuated gas by the catcher system which depends on the size of the 
differential pumping aperture on the catcher as well as the effective pumping speed on the catcher 
vacuum line. 
 
---------------------------------------------------------------- 
Report of Reviewer #2 –  
---------------------------------------------------------------- 
 
Line 89 - "substantial gas load" - is there a particular value the author can give to the Pressure increase? 
 
This depends on the total flow which is determined by the backing pressure and size of the aperture. 
Typical values extracted from Fig. 7, are shown below. 
 
Before cooling down for a hydrogen flow of 23 sccm: 

• Pressure in the vacuum chamber without catcher: 6.9x10-5 mBar 
• Pressure in foreline: 5x10-2 mBar 

 
During liquid jet operation for a hydrogen flow of 173 (290) sccm: 

• Pressure in the vacuum chamber with catcher: 8.9x10-5 (1.2x10-4) mBar 



• Pressure in foreline with catcher: 6.3x10-2 (8.4 x10-2) mBar  
• Pressure in the vacuum chamber without catcher: 8 x10-4 (unknown) mBar 
• Pressure in foreline without catcher: 1.6x10-1 (unknown) mBar  
• Pressure in the catcher line: 7.1x10-2 (1.x10-1) mBar 

 
Line 91 - More specific on the type of pump and its relative pressure, this will have to be pumping at a 
higher vacuum than the local pressure. 
 
The cryogenic jet system is highly adaptable and has been operated in a number of vacuum systems. 
The total pumping speed required will depend on the total flow of sample gas introduced, the vacuum 
system volume, and the efficiency of the jet catcher system. For this reason, we have decided to remain 
general by stating that the high vacuum in the vacuum chamber should be achieved by conventional 
means of a scroll-backed turbo pump while the catcher should be pumped with a roots pump as shown 
as shown in the P&ID diagram in Fig. 1. The reviewer is correct that the pressure does increase in the 
foreline when operating the jet. This flow-dependent foreline pressures are listed in the response to your 
previous comment and can be seen in Fig. 7. 
 
Line 108 - Fig. 2 does not show indium on the diagram, this may be worth illustrating? Also the 
numbered features in the text don't quite match up to the order from left-to-right on the Fig.. 
 
Following the reviewer’s comments, the indium was added to the diagram.  
 
Line 110 - "Liquid reservoir" - specify this is the target (jet) liquid reservoir and not a Liquid-helium 
cooling reservoir for example. 
 
We have updated terminology from “liquid reservoir” to “sample reservoir” on line 110 for clarity. 
 
Line 111 - Reasoning behind the specific 76um of Indium. Why is this thicker than that of the source-
cold finger interface (51um) 
 
The difference in the thickness of the indium rings is primarily for the ease of assembly. A thinner layer of 
indium between two pieces of copper will be better for thermal conduction. However, a thicker layer of 
indium will provide more room for deformation and will make the aperture installation easier. We’ve 
edited the following sentence starting on line 112 to provide explanation for this: 
 
“A thicker, 76 µm-thick indium ring is placed between the aperture and the liquid channel to increase the 
deformation length and reliably seal the aperture.” 
 
Line 153 to 167 - Consideration: Higher local pressure will increase the sublimation point temperature of 
the cryogen, and potentially allow operation of the jet at higher temperatures. Does gas conduction from 
higher gas pressures in the chamber outweigh this increase in operating window? 
 
Unfortunately, we are not entirely certain we understood the question correctly. More specifically, 
whether or not “cryogen” refers to the cooling medium (liquid helium) or the sample gas (hydrogen).  
 
In case “cryogen” refers to the helium used to cool down the cryostat, this will not be an issue. The 
liquid helium within the cryostat is isolated by a shroud flow and additional vacuum isolating shielding. 
An increase in gas pressure inside the chamber as we are experiencing it should not affect the flow of 
the cooling medium thus the jet. 
 
In case “cryogen” is referring to hydrogen as the sample gas, the pressure used in the phase diagram (at 
which the hydrogen liquefaction occurs) is the sample gas backing pressure. Consequently, we do not 
expect the residual hydrogen gas inside the vacuum chamber to have any effect on the phase transition. 
Furthermore, as explained in detail in the answer to Reviewer #1, the pressure differential between the 



hydrogen line and the vacuum chamber forces the liquid hydrogen into the chamber. This operating 
pressure is significantly above atmosphere pressure (see Table 1), therefore we do not expect any 
increase of the vacuum chamber pressure to affect the flow (𝑝4 ≫ 𝑝23). As stated in the introduction of 
the paper, the only effect from a local hydrogen gas cloud is an increase in conductive heating which 
requires more cooling power from the cryostat to maintain a given temperature. 
 
Line 160 - 17K in a vacuum of 10-3mbar is considerably above the boiling point for H2 - do you have a 
number on the boiloff/sublimation rate at this P/T? 
 
The gray box in Fig. 4 describes the backing pressure and not the pressure inside the vacuum chamber. 
This value is usually in the range of tens of psig. We altered the caption of Fig. 4 and stated the range of 
parameters covered by the grey box to further illustrate this and avoid confusion. 
 
For a 5 µm cylindrical jet operated at 17 K, 60 psig injected into vacuum, evaporative cooling on the 
surface of the liquid leads to rapid solidification after 100’s of micron. The co-authors have performed an 
experiment at the Coherent X-ray Imaging (CXI) instrument at the Linac Coherent Light Source (LCLS) to 
visualize the ultra-fast crystallization of a 5 µm hydrogen jet which will be detailed in a future publication. 
We do not have a direct measurement of the sublimation rate under these conditions however over 1-50 
mm (8-400 µs for jet velocity of 121 m/s) from the aperture we do not observe any change in the jet 
dimensions. 
 
Line 232 - Why must the vacuum be better than 5x10-5 specifically? Explain the reason - to remove 
contaminants, for thermodynamic reasons, jet-dynamics reasons? 
 
The jet is strongly affected by the vacuum conditions, which impact the cooling power. This is clearly 
described in the discussion of residual gas conduction beginning on line 155. While contaminants are 
not the primary concern linked to the vacuum pressure, the possibility of residual gases inside the 
vacuum chamber freezing out at the aperture has been observed especially when the local humidity is 
high which we pointed out in line 419. An average baseline pressure of 5x10-5 mBar has been empirically 
shown to lead to stable, reproducible jet operation in a number of experimental facilities. We have edited 
line 256 to read:  
 
“Perform a vacuum test to determine the baseline vacuum pressure which, we have found, must be better than 
~5x10-5 mBar” 
 
Line 239 - Is it worth mentioning the appropriate t-sensor cabling (4-lead, high AWG, heatsinking etc)? 
 
Following the reviewer’s comments, we specified the type of sensor used for the temperature sensor (4-
lead silicon diode sensor) on line 101. 
 
Line 247 - Maybe specify that the vacuum grease must be cryo compatible (Apiezon-N?) 
 
We agree with the reviewer’s comment and included a note, that the vacuum grease must be 
cryogenically compatible now on line 273. 
 
Line 355 - Is this step to be done at ambient, or does each iteration require a warmup/cooldown cycle? 
 
At the beginning of the protocol we’ve added a sentence which states which protocols are performed at 
ambient P/T and at what step the chamber is pumped down to high vacuum for jet operation (protocol 
4.1) on line 244-245. 
 
Line 387 - Suggest changing "sublimate" here to deposit. The gas will sublime and then deposit onto the 
cryogenic source. 
 



We made the suggested change on line 420. 
 
Line 451 - May be worth mentioning the pressure at this transition temperature (<20K). 
 
The value of 20 K for hydrogen is now specified. In Fig. 4, the grey box illustrates the ranges of 
temperatures and backing pressures while operating a 5 µm diameter cylindrical hydrogen jet. 
Additionally, the right y-axis of Fig. 7 A. shows the changes we make to the sample backing pressure 
when liquefying and optimizing a cryogenic liquid jet. 
 
Line 454 - Whereabouts in this process does the jet begin extruding from the aperture? 
 
A mixture of gas and liquid will leave the aperture as soon as the phase transition for a given 
temperature and backing pressure is crossed. It will stabilize as soon as the liquefication process is 
completed. We have edited the sentence on line 489-490 to include this detail:  
 
“At the onset of liquefaction, the gas flow will increase up to the maximum and a mixture of gas and 
liquid will spray from the aperture” 
 
Line 551 - Confusion using the term "positioning". Is this actually positioning and correcting the cryostats 
position, or just determining the jets position in space? 
 
This is highly dependent on the setup and application of the jet. If the user chooses to motorize the jet 
assembly, the jet would be moved. An alternative would be to motorize the imaging system and catcher. 
 
We’ve updated Protocol 5.5 to avoid confusion on this point: 
 
“5.5. Optional: If an application or experiment has a pre-determined location for the sample (e.g. 
detectors aligned to the same position in space), translate the cryogenic source using a multi-axis 
manipulator on the cryostat flange or motorized push-pin actuators in the vacuum chamber.” 
 
Fig. 6 - What is the time frame for this measurement plot? Is it an average of many jets over a long period 
of time, or a small sample from a particular experiment? Also mention the Reynold's number for the 
cryogen which produced this jet. Description of 6B is a little unclear. "...corresponds to motion 
perpendicular to the long axis" might be simpler to say "parallel to short axis"? 
 
We have modified the discussion of Fig. 6 to provide more details regarding the stability in line 594-596. 
While these measurements were acquired during a single test and each point in 6 (a) is computed from 
49 images saved at 10 Hz over 5 seconds, they are typical during stable 2x20 µm2 jet operation. The co-
authors have shown a more detailed study of the jet stability in the following plot extracted from Obst et 
al. Scientific Reports 7, 10248 (2017).  
  



The Reynolds number for the rectangular flow has been estimated using the hydraulic diameter1, 𝐷$, for 
non-circular flows and added to the Fig. 6 caption using the following calculation for a 2x20 µm2 planar 
hydrogen jet at 18 K, 60 psig: 
 

𝜌(18𝐾) = 73.765	𝑘𝑔/𝑚H 
 

𝜂(18𝐾) = 16.743	𝜇𝑃𝑎 ∙ 𝑠 
 

𝐷$ =
4 × 𝐴
𝑃 =

4 × 40
44 = 3.63	𝜇𝑚	 

 

𝑅R =
𝜌𝑣𝑑T
𝜂 =

73.765 × 3.63
16.743 	× =

2 × 513659.4
73.765 = 	1887 

 

 
 
 

 
1 H.E. Merritt, Hydraulic Control Systems. John Wiley & Sons. pg. 39 (1991). 


