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Abstract 

Explosions are spectacular and intriguing phenomena that expose the dynamics of matter under 1 

extreme conditions. We investigated, using time-resolved imaging, explosions induced by 2 

ultraintense X-ray laser pulses in water drops and jets. Our observations revealed an explosive 3 

vaporization followed by high-velocity interacting flows of liquid and vapour, and by the 4 

generation of shock trains in the liquid jets. These flows are different from those previously 5 

observed in laser ablation, due to a simpler spatial pattern of X-ray absorption. We show that the 6 

explosion dynamics in our experiments is consistent with a redistribution of absorbed energy, 7 

mediated by a pressure or shock wave in the liquid, and we model the effects of explosions 8 

including their adverse impact on X-ray laser experiments. X-ray laser explosions have 9 

predictable dynamics that may prove useful for controlling the state of pure liquids over broad 10 

energy and time scales, and for triggering pressure-sensitive molecular dynamics in solutions.11 
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(Introduction) 

Explosions are encountered in a wide range of natural and man-made systems. From supernovae 12 

at astrophysical scales,1 to the laser-induced microexplosions that are used in laser surgery,2 13 

explosions generate high energy densities that transform rapidly into heat and kinetic energy. 14 

These processes can provide unique insights into the properties and dynamics of matter under 15 

extreme conditions.3,4 16 

To study the release of high energy densities, explosions can be produced safely and 17 

conveniently by illuminating microscopic volumes of matter with high-energy laser pulses.4,5 An 18 

example of such a process is the laser ablation of liquid water,6-15 which is an important and 19 

interesting system in its own right, but is also relevant to applications of ablation since bulk 20 

water is used as a model of soft biological tissue in laser surgery.2,16 Laser ablation in bulk water 21 

includes separable and quantifiable processes of nonlinear optical absorption, formation of 22 

plasma bubbles, and generation of shock waves.6-8 Also, laser ablation in micron-sized drops and 23 

jets of water can be used to study chemistry at high temperatures and pressures,9 or to generate 24 

extreme ultraviolet light.12,17 However, ablation in drops and jets generates complex 25 

hydrodynamic phenomena10,11 that can rarely be modelled in detail.12 26 

At much shorter wavelengths, femtosecond X-ray pulses with very high fluences are now 27 

available at X-ray free-electron lasers (XFELs),18,19 and can heat matter isochorically to energy 28 

densities hundreds of times larger than those required for vaporization of liquid or solid matter.20 29 

Here, we present an experimental investigation of XFEL-induced explosions in water drops and 30 

jets. Drop and jets are basic liquid systems; also, they are used to deliver samples in many XFEL 31 

scattering and imaging experiments.21-23 XFEL explosions led to simpler hydrodynamic 32 

phenomena than those observed during laser ablation at optical wavelengths. We modelled these 33 

phenomena to predict the adverse effects of explosions in XFEL experiments. The relative 34 

simplicity of XFEL explosions makes them a promising method for generating far-from-35 

equilibrium conditions, and for triggering phenomena such as phase transitions in XFEL studies. 36 
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XFEL energy deposition mechanism and explosion thresholds 

Fig. 1a shows the geometry of the experiment, performed at the Coherent X-ray Imaging (CXI) 37 

instrument24,25 at LCLS18: 30 fs pulses of 8.2 keV X-ray photons, focused to ~1 µm FWHM, 38 

intersected water jets (3-20 µm diameter) and drops (32-45 µm diameter) flowing in a vacuum 39 

chamber. For each XFEL pulse we imaged optically the explosion once, at a variable time delay 40 

after the pulse. 41 

X-ray photons at 8.2 keV are predominantly absorbed on a sub-femtosecond timescale through 42 

the photoelectric effect.26,27 This generates photoelectrons, which transfer their energy first to 43 

other electrons,28 and then to water molecules, in a thermalization process expected to take a few 44 

picoseconds.29,30 In our experiments, the X-ray heating was approximately constant along the 45 

illuminated region, because the attenuation length at 8.2 keV photons in water (~1 mm)26 is 46 

much longer than the diameter of the jets or drops, and because the absorption of X-rays remains 47 

linear up to the highest peak light intensities we used (~3·1018 W/cm3). The femtosecond XFEL 48 

pulses thus heated isochorically a filament of water inside the jets and drops (Fig. 1b). The 49 

volume of this filament can be larger than the illuminated volume because photoelectrons with 50 

energies on the order of 10 keV may diffuse over micron distances in materials.31  However, at 51 

typical XFEL fluences the electric charge of the positive ions generated during absorption traps 52 

the photoelectrons within the illuminated volume.28 Here, we calculated the isochoric energy 53 

density deposited by X-rays assuming that the filament volume was equal to the illuminated 54 

volume, and that the X-ray beam had a nominal cross-sectional area of 1 µm2. 55 

We found that as the pulse energy was increased, the onset of explosions in water coincided with 56 

the onset of electrostatic trapping of photoelectrons. We estimated that in our experiments 57 

photoelectron trapping requires deposited energy densities larger than ~30 MJ/kg (see 58 

Supplementary Information (SI) for details). The first visible disruptions in liquid were gas 59 

bubbles, at a deposited energy density of ~10 MJ/kg; this value is significantly higher than that 60 

needed to fully vaporize room-temperature water (~2.6 MJ/kg), and indicates that the 61 

photoelectrons heated a larger volume of water to a lower energy density. Explosions, which we 62 

define as the ejection of material from jets or drops, occurred for deposited energy densities 63 

above 20–50 MJ/kg.  64 



5 
 

The XFEL pulses thus generated a micron-wide “hot” filament of water spanning the entire 65 

liquid sample, with an approximately constant energy density ranging from ~50 to ~750 MJ/kg. 66 

To our knowledge, such conditions have never been achieved in laser ablation studies. For 67 

example, visible and infrared light pulses are focused by water drops, creating hot spots where 68 

the deposition of energy is greatly enhanced by focusing and by nonlinear absorption.11 69 

The dynamics of XFEL explosions in drops 

We imaged the XFEL explosions in drops and jets at delays from 5 ns to hundreds of 70 

microseconds after the arrival of X-rays. The explosion patterns were reproducible, allowing the 71 

analysis of the explosion dynamics as a function of the pulse energy and time delay, and the 72 

recording of explosion movies (available as Supplementary Videos). 73 

Drops intercepted by XFEL pulses fragmented into small liquid particles and vapour, except for 74 

a thin film of liquid from the periphery of the drop, and the explosions pushed neighbouring 75 

drops towards the next-neighbour drops (Fig 1a). The material from exploded drops expanded 76 

approximately perpendicular to the X-ray beam forming a disk-shaped cloud (Fig. 1b-c). In the 77 

inertial frame of reference moving with the undisturbed liquid, the explosions were symmetric 78 

relative to the illuminated area if the X-ray beam intersected the centre of the drops, and the 79 

cloud expanded with a uniform peripheral velocity vgas (Fig. 1c). 80 

The expansion velocity vgas quantifies the conversion of energy deposited by light into 81 

mechanical energy. A common mechanical effect of the absorption of light pulses generated by 82 

optical lasers is the generation of pressure and shock waves.7,32 The generation of pressure waves 83 

occurs through mechanisms that depend on the properties of the light pulse. At visible 84 

wavelengths water is transparent, but strong absorption can occur for femtosecond to nanosecond 85 

pulses through nonlinear effects that lead to ionization, and the pressure waves are generated by 86 

a high-pressure plasma bubble.6,8 In the mid-infrared (approximately 2.5 to 11 µm wavelength), 87 

water absorbs light strongly and can be heated through linear absorption to temperatures higher 88 

than its critical point,9,13,33 in which case pressure waves can be generated by thermoelastic 89 

effects or by vaporization. Our drop explosion measurements did not probe explosions at the 90 

time delays needed to observe possible pressure and shock waves or the mechanism that would 91 
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lead to their generation; however, estimates of the energy fluxes propagating in the drops, 92 

detailed in the SI, indicate that shock waves were generated in the drops.  93 

Shock waves transport and redistribute energy, and they also provide a mechanism for generating 94 

the motion of liquid. Due to the conservation of mass, momentum, and energy, a pressure or 95 

shock wave accelerates the material subjected to the pressure PS to a particle velocity uP. If a 96 

shock wave reaches an interface with vacuum, the pressure is released as the material is 97 

accelerated to approximately twice the particle velocity, 2uP.34 The relation between uP and PS is 98 

a thermodynamic property, and is known for water.35,36 99 

We modelled the explosion of drops assuming that the hot filament produced by X-rays 100 

generates a cylindrical shock wave that propagates through the rest of the drop. Since the particle 101 

velocity has the same direction as the propagation of the pressure, a cylindrical shock leads to 102 

particle velocities oriented in a plane perpendicular to the X-ray beam, and to an explosion 103 

pattern that is also perpendicular to the beam. In principle, the shock wave can be modelled in 104 

detail, but we found that the scaling of the explosion velocity with the pulse energy can be found 105 

using arguments based on average values and on taking into account the cylindrical directionality 106 

of the shock. 107 

The pressure generated in drops during explosions can be estimated from the deposited energy 108 

density. The thermal pressure in a material is equal to the thermal energy density multiplied by 109 

the Grüneisen coefficient or parameter Γ (Γ = 0.5 for liquid water at densities close to 1 110 

g/cm3).34,37 We defined an average reference pressure inside the whole drop, PSr, assuming that 111 

all the energy deposited by X-rays was redistributed uniformly within the drop. The energy 112 

absorbed from X-rays is approximately 2EXrayαXrayR, where EXray is the pulse energy, αXray the X-113 

ray absorption coefficient, and R the drop radius. The energy density after redistribution is 114 

2EXrayαXrayR/(4πR3/3), which corresponds to a reference pressure PSr given by: 115 

22

3

R

E
P XrayXray

Sr 


  (1) 116 

To predict the drop explosion velocity, we used the reference pressure PSr in the formula for 117 

shock release velocity, 2uP(PS). Fig. 2 shows the comparison between the measured cloud 118 

expansion velocity, vgas, and the shock release velocity in water, 2uP(PSr).36 The relation vgas = 119 
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2uP(PSr) approximates the explosion velocities well, and we also used it to model the change in 120 

the velocity of the neighbouring water drops due to explosions. Assuming an expansion 121 

perpendicular to the X-ray beam and a uniform density of the expanding cloud, the change in 122 

velocity can be predicted within a factor of two of the measurements (see SI).  123 

The dynamics of XFEL explosions in jets 

In jets, XFEL-induced explosions initially vaporized a section with a size comparable to the jet 124 

diameter. This initial gap grew as the jet ends emitted a thin liquid film, which later evolved into 125 

an approximately conical shape and folded back until it coalesced with the jet (Fig. 4a). Fig. 4b 126 

shows the gap growth in a 20-µm diameter free water jet for several pulse energies. The growth 127 

of the gap had three stages: a first stage (I) characterized by decreasing velocities, followed by 128 

two stages of growth (II and III) at approximately constant but different velocities. For a given 129 

jet diameter, the gap growth rate depended on the pulse energy only during stage I, which is the 130 

only stage driven directly by explosions. 131 

Stages II and III are influenced by the surface tension of the liquid jet. Stage III occurs after the 132 

coalescence of the film with the jet, and represents the same phenomenon that would occur at the 133 

end of a suddenly cut jet. The (half) velocity of gap growth during stage III is equal within 134 

experimental accuracy to the jet retraction velocity jLL Rv  /2 , where γL is the surface 135 

tension of water, ρL the density of water, and Rj the jet radius. This formula reflects the 136 

conversion of interfacial energy into kinetic energy of the flow.38 Stage II is a more complicated 137 

case of interfacially-driven flow than stage III, because the jet ends are connected to the liquid 138 

films. 139 

Stage I is characterized by the generation of the water films. Thin liquid films can be generated 140 

by impinging a liquid jet on a solid stop,39 but our liquid films are generated through a liquid-gas 141 

interaction and have a dynamic shape. Fig. 5a shows the relevant features of this process as a 142 

section of the jet approximately as long as its diameter vaporizes and starts to expand.  The 143 

vapour applies pressure on both ends of the jet, and pushes liquid from the jets at an 144 

approximately right angle to the jet axis. The rate at which liquid flows away from the jet, and 145 

thus the velocity at which the jet ends retract, is determined by the balance between the applied 146 

pressure and the rate at which the liquid acquires linear momentum when it becomes part of the 147 
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film. The velocity of the gap growth decays in stage I because the vapour cloud expands and its 148 

pressure drops rapidly. 149 

The stage I gap growth mechanism described above can be modelled with a logarithmic growth 150 

of the gap, starting from a gap length equal to the jet diameter (see the SI for derivation): 151 

)1ln( tRCRX jjretraction   (2) 152 

where Xretraction is half of the gap size, C is a numerical constant close to unity, and t is the delay 153 

time. The gap growth has a characteristic length scale given by Rj, and a characteristic timescale 154 

τ = Rj/vgas.  155 

Predicting the limitations imposed by jet gaps in XFEL experiments 

XFEL explosions in jets remove the jetting liquid, including any samples carried by it, from the 156 

interaction region with X-rays. This condition is temporary, because the gap moves with the jet, 157 

and the upstream end of the jet will eventually reach the interaction region. The jets we 158 

investigated recovered after delays in the microsecond range (see SI), and would not allow full 159 

use of X-ray pulses at future MHz repetition rate facilities such as the European XFEL and 160 

LCLS-II.40,41 161 

To evaluate the impact of gap formation in XFEL experiments, we derived detailed analytical 162 

formulae for the gap dynamics during stage I and its size at the end of stage I, as a function of the 163 

properties of the jet and of the XFEL pulse (see SI for derivation). These formulae are based on 164 

two approximations of the empirical relation36 PSr = ρL(c0+2uP)uP, where c0 is the speed of sound 165 

in water. One is a low pressure regime in which SrP Pu   (PSr < 1 GPa), and the other a high 166 

pressure regime in which SrP Pu   (PSr > 10 GPa). 167 

The dynamics of the gap in the low (l ) and high (h) pressure regimes is estimated using linear 168 

momentum arguments with an assumption of cylindrical symmetry and is given by: 169 
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where δL is the cohesive energy density of water (2.3 GPa). We determined, by fitting the 174 

measurements, the numerical constants KE,l = 0.08, Kv,l = 0.21, KE,h = 0.06, and Kv,h = 0.12. 175 

These constants account empirically for the fact that some of the deposited energy was used to 176 

drive shock waves that travelled along the jets; they would be equal to 1 if all the energy 177 

deposited by X-rays were available to drive the gap growth. 178 

Eqs. (3) to (6) predict quantitatively the gap expansion dynamics during stage I (see Fig. 5b and 179 

the SI), and also the different scaling of the gap size with the jet size and pulse energy in the two 180 

pressure regimes. The different scaling arises due to the different dependence of uP on PSr, and 181 

due to a partial conversion of the exploded liquid to vapour in the low pressure regime.  182 

The size of the gap at the end of stage I is a useful measure of the damage induced by X-rays in 183 

the jet, because the gap growth rate is much slower afterwards. Stage I ends when the retraction 184 

rate caused by the jet’s surface energy becomes larger than the retraction rate caused by the 185 

decaying gas pressure of the cloud. Thus, we find that the (half) gap sizes at the end of stage I, 186 

XI, are given by: 187 
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The gap size at the end of the stage I depends logarithmically on the pulse energy, increasing in 190 

size by a length close to the jet diameter when the pulse energy is doubled (see Fig. 4b and the 191 

SI). Fig. 5c shows the comparison between measurements and Eqs. (7) and (8). 192 

The formulae listed in this section should be applicable to aqueous jets carrying samples that do 193 

not lead to a large change in the density, viscosity, or X-ray absorption of the liquid. For 194 
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example, we found that jets of aqueous suspensions (up to 10% v/v) of protein crystals had the 195 

same gap dynamics as jets of pure water (see the SI).  196 

XFEL-induced trains of shock waves in jets 

We observed well-defined shock waves traveling along 20-µm diameter jets after explosions 197 

induced by 0.75 mJ X-ray pulses (Fig. 6). Close to the explosion site, the shock velocity was 198 

supersonic at ~2500 m/s. Later during propagation, the shock waves slowed down to a value 199 

indistinguishable experimentally from the speed of sound in water (~1500 m/s). During the 200 

supersonic propagation of the shock, the shock velocity corresponds35 to a shock pressure of 1.2 201 

GPa, close to the value of PSr in this experiment (1.6 GPa).  202 

After propagating for tens of nanoseconds, the initial shock split to form up to 6 distinct fronts 203 

separated by distances on the order of 10 µm (Fig. 6b). This splitting indicates the presence of 204 

nanosecond pressure and density oscillations in the liquid after the passage of the first shock. 205 

Since the pressure in the jets (equal to the Laplace pressure) is negligible relative to the peak 206 

positive pressures generated by the shocks, pressure oscillations can reach negative values (or 207 

tension) at which liquid water is stretched and provides a driving force for the next oscillation. 208 

The images of shocks provide evidence for such oscillations. The thickness of the dark edge of 209 

the jet increases with the refractive index of the liquid, and thus with its density. Fig. 6c shows 210 

both positive and negative variations in this thickness, corresponding to densities both above and 211 

below the density of water inside the undisturbed jet.  212 

Three-dimensional shocks produced by focused acoustic waves in liquid water can also be 213 

followed by an oscillation to negative pressures, but the negative swing is damped by cavitation 214 

on a microsecond time scale, and further oscillations are suppressed.42 In our case the pressure 215 

oscillations occurred on a nanosecond time scale, which should minimize the role of cavitation 216 

and allow several positive-to-negative pressure oscillations. 217 

Outlook 

The dynamics of XFEL explosions in drops and jets is related to that encountered in laser 218 

ablation, but without the complications of light refraction and nonlinear absorption. Here we 219 
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have shown that the slowest class of explosion effects—the hydrodynamic flows—can be 220 

rationalized and predicted quantitatively using analysis based on conservation laws. 221 

Further experimental and modelling work is needed to fully understand the dynamics of XFEL 222 

explosions, especially on time scales shorter than a few nanoseconds. Given the reproducibility 223 

and symmetry of the hydrodynamic phenomena, it is reasonable to expect that phenomena 224 

occurring earlier, such as the vaporization of the liquid, are also reproducible and controllable. 225 

More generally, XFEL explosions might provide methods to control the states of matter not only 226 

at the high energy density conditions produced shortly after the absorption of X-rays,20 but also 227 

at lower energy scales that are currently inaccessible experimentally. 228 

For example, the train of shocks observed in jets show that XFEL explosions can apply large 229 

transient pressures in liquids on nanosecond time scales. These transient pressures are both a 230 

problem and an opportunity, because they can change rapidly the environment (such as pH43) or 231 

the structure44 of samples probed at XFEL facilities. We believe that the most promising 232 

application of XFEL explosions is to trigger processes that depend on pressure, and then probe 233 

these processes with a second XFEL pulse, using recently developed pump-and-probe methods 234 

based on dual XFEL pulses45,46 or on split-and-delay lines.47 Such experiments may reveal, with 235 

unprecedented spatial and temporal resolution, the structure and dynamics of pure liquids and of 236 

chemical or biological samples in solution. 237 

Methods 

This section contains a brief account of the experimental and data analysis methods. A detailed 238 

description of the methods and of the explosion models is provided in the Supplementary 239 

Information. 240 

Experimental setup. The experimental system is shown in Fig. 1a. The experiments were 241 

performed at the Coherent X-ray Imaging24,25 (CXI) endstation at LCLS, in a vacuum chamber at 242 

pressures of 1-10 mTorr. We injected liquid drops and jets into the path of X-ray laser pulses, 243 

and we imaged optically the explosions approximately perpendicular to the direction of 244 

propagation of X-rays, using a high-resolution imaging system built for this experiment. 245 

Speckle-free time-resolved brightfield illumination was provided by 800 nm femtosecond laser 246 

pulses (Coherent Inc., Legend Elite) decohered through propagation in optical fibers and through 247 
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scattering on diffusers. The high-resolution images were recorded with a high-speed camera 248 

(Vison Research, Miro M320S). To record the inline image shown in Fig. 2c, we used the 249 

existing low-resolution inline monitoring system at CXI with brightfield femtosecond 250 

illumination. 251 

Materials. We investigated drops and jets of pure water (EMD Millipore, Milli-Q Integral 3), and 252 

jets of aqueous suspensions of ferritin crystals (5–7 µm, 10±2% v/v) and apoferritin crystals (3–4 253 

µm, 8±2% v/v). 254 

X-ray laser parameters. The experiments were carried out with XFEL pulses produced at a rate 255 

of 120 Hz. The X-ray photon energy was 8.2 keV, except for the two-axis imaging experiment 256 

shown in Fig. 2c, which used 9.5 keV X-rays. The pulses had ~2 mJ total energy at the source, 257 

and were attenuated to a desired amount before reaching the sample; the energy of each pulse 258 

was measured after generation. The X-rays were focused to ~1 µm FWHM spot, corresponding 259 

to a Rayleigh length (~2 cm) much longer than the diameter of the drops and jets. We used 260 

previously calibrated values of the beam width, and of beamline transmission losses between the 261 

source and CXI, to calculate the energy deposited in drops and jets. 262 

Production of drops and jets. We produced drops synchronized to the X-ray pulses using 263 

piezoelectric nozzles (MicroFab Technologies, Inc.) to induce the Rayleigh-Plateau breakup of 264 

free water microjets. Jets were produced using either the piezoelectric nozzles without a driving 265 

signal, or gas-focused GDVN injectors.48 266 

Data acquisition and processing. We carried out the experiments as separate runs, for each set 267 

of drop or jet size and a fixed attenuation of the XFEL pulses. All raw data was filtered to 268 

remove pulses that had large variations from the average pulse energy in the run. The data for 269 

gas-focused jets was also filtered to remove shots on jets poorly aligned with the X-rays. We 270 

determined the kinematics of explosions from the recorded images, and we wrote Matlab codes 271 

to extract automatically the size of the gap in jets. 272 

Supplementary videos. We assembled movies of explosions at equivalent frame rates between 273 

2.5 and 200 million frames per second, from single-shot images of explosions. The individual 274 

images were filtered according to the same criteria used for the data acquisition. The images in 275 
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the movies were shifted to compensate for camera vibrations. We did not alter the contrast or 276 

brightness of the original images. 277 

Modeling. The explosion models are analytical, and were developed to provide the scaling of 278 

explosions with the liquid parameters and with XFEL pulse properties, as well as quantitative 279 

predictions in the form of algebraic formulas. 280 

Data Availability Statement (DAS). Raw data were generated at the Linac Coherent Light 281 

Source (LCLS) at the SLAC National Accelerator Laboratory. Complete image data sets and 282 

corresponding metadata supporting the findings of this study are available49 from 283 

http://purl.stanford.edu/wv179nv3100 284 
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 304 

Figure 1 | Inducing liquid microexplosions with ultraintense X-ray pulses. a, Experimental 305 

design. Pulses from an X-ray free-electron laser, focused to a ~1 µm beam diameter, intercept 306 

water droplets (32 to 45 µm diameter) or water jets (2.75 to 30 µm diameter) flowing in a vacuum 307 

chamber. The subsequent phenomena are imaged optically, after a variable delay time, using a 308 

femtosecond laser for illumination. b, Schematic of the energy deposition process. A focused 309 

femtosecond X-ray pulse passes undeflected though the drops, and a small fraction of the pulse 310 

energy is absorbed in the drop, heating isochorically a micron-wide filament of water to average 311 

energy densities tens to hundreds of times larger than those needed to vaporize water. 312 

Isochorically heated

water filament

Water drop

a

b
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 313 

Figure 2 | Drop explosions induced by XFEL pulses. a, Explosions induced by 0.75±0.08 mJ, 314 

8.2 keV X-ray pulses in a train of 40-µm diameter drops. A drop explodes, and accelerates the 315 

neighbour drops (blue arrows) towards the next-neighbour drops (orange arrows) until they collide 316 

and coalesce (green arrows). b, High-resolution images of drop explosions for the same parameters 317 

as in panel a. Water drops fragment into a cloud that expands perpendicular to the X-ray path. c, 318 

Three-dimensional symmetry of drop explosions (32 µm diameter drop, 1±0.1 mJ pulse, 9.5 keV 319 

X-rays). Two images, taken along the X-ray beam and perpendicular to it, show that the expanding 320 

cloud is disk-shaped and bounded by a liquid film. If the X-rays are aligned with the centre of the 321 

drops, the expansion is symmetric and has a peripheral velocity vgas.   322 
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 323 

Figure 3 | Quantitative dynamics of drop explosions. The expansion velocity vgas can be 324 

estimated using the simplified mechanism depicted in the inset. The water illuminated by X-rays 325 

acquires high pressures and launches a pressure wave that redistributes the absorbed energy in the 326 

whole drop, leading to an average pressure PSr (Eqn. (1)) and a corresponding particle velocity uP; 327 

the drop then fragments and expands at a velocity vgas = 2uP. The graph compares vgas from water 328 

drop explosions (32, 40, and 45 µm drop diameters; 8.2 and 9.5 keV X-ray pulses, at several 329 

energies) with the shock release velocity 2uP in water. The error bars represent the uncertainty of 330 

the measurements. 331 
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 332 

Figure 4 | Jet explosions induced by XFEL pulses. a, Images of explosions induced by 0.75±0.08 333 

mJ, 8.2 keV XFEL pulses in a 20-µm diameter water jet. A gap forms after a jet section near the 334 

X-ray spot vaporizes explosively. Liquid from the jet ends is then pushed into thin conical films 335 

of water, which later collapse onto the jet. b, The gap dynamics. The graph shows the evolution of 336 

the gap size in 20-µm water jets, including the ones shown in panel a. The gap has a logarithmic 337 

growth stage (I), followed by two stages of linear growth (II and III). The growth rate depends on 338 

the pulse energy only during stage I. The error bars represent the uncertainty of measurements. 339 
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 340 

Figure 5 | A model for the vapour-driven growth of the gap. a, Mechanism of gap growth 341 

during stage I. The pressure inside the expanding cloud of vaporized material pushes liquid from 342 

the intact regions of the jet into thin films; the intact jet sections are consumed at a velocity that 343 

depends on the pressure inside the cloud. b, Model of gap growth during stage I (Eqs. (5) and (6), 344 

blue line) and experimental data on a 3.5-µm diameter jet (orange circles). c, The size of the gap 345 

at the end of stage I can be modeled in two regimes of PSr pressures. The graph compares the 346 

model (Eqs. (7) and (8)) with the experimental data, for all jets. The error bars represent the 347 

uncertainty of experimental data.  348 
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 349 

Figure 6 | The propagation of XFEL-induced shock waves in jets. a, The shock waves launched 350 

in a 20-µm diameter jet initially propagate at supersonic velocities and then slow down to the speed 351 

of sound. b, Multiple shock waves split from the first one during propagation. The data shown in 352 

panel a is for the propagation of the first shock. c, Regions where the density of liquid water is 353 

higher or lower than in the undisturbed jet are visible as changes in the thickness of the dark edge 354 

of the jet. Thicker edges indicate higher densities and positive pressures; thinner edges indicate 355 

lower densities and negative pressures.  356 
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