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We investigated the generation and propagation of ultrasonic pressure waves produced by focused
X-ray free-electron laser pulses in 14 to 30 pum diameter liquid water microjets. The pressure waves
formed through reflections, at the surface of the microjets, of the initial shock launched in the liquid
by the X-ray pulse. These waves developed a characteristic geometric pattern which is related to,
but different from, the shock structures of supersonic gas jets. Fully developed waves had initial peak
pressures ranging from less than —24 MPa to approximately 100 MPa, which exceed the compressive
and tensile strengths of many materials, and correspond to extreme sound intensities on the order
of 1 GW/m? and sound pressure levels above 270 dB (re: 1 uPa). The amplitudes and intensities
were limited by the wave destroying its own propagation medium though cavitation, therefore these
ultrasonic waves in jets are one the most intense propagating sounds that can be generated in
liquid water. The pressure of the initial shock decayed exponentially, more rapidly in thinner jets,
and the decay length was proportional to the jet diameter within the accuracy of measurements.
Extrapolating our results to thinner jets, we find that the pressure waves may damage protein
crystals carried by liquid jets in X-ray laser crystallography experiments conducted at megahertz
repetition rates.
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I. INTRODUCTION

Sound, defined as a propagating pressure wave with multiple positive and negative swings around an equilibrium
pressure, has a maximum possible amplitude that is limited by the capacity of the transmitting medium to sustain
the pressure peaks and return to its equilibrium pressure undamaged, meaning that properties such as its phase do
not change. For example, sound amplitude in a gas is limited at the low peak by absolute zero pressure and at the
high peak by the condensation pressure. The low pressure peak in condensed materials can have absolute negative
values since solids and liquids can support mechanical tension or negative pressures. In liquids, the largest possible
sound amplitude is typically limited by cavitation at negative pressures, because many liquids can be compressed
dynamically to much larger pressures[1] than the absolute pressures[2] at which cavitation occurs.

Sound that approaches its maximum possible amplitude is important both practically and scientifically. For ex-
ample, high-amplitude sound also has high intensity and carries large amounts of energy, which can be useful for
communication at long distances. In nature, loud sounds produced in water by aquatic animals may be used to
echolocate small prey at large distances[3]. Air-propagating sound with very high intensities, such as rocket engine
noise[4], can be damaging to structures and the environment thus measures are taken to reduce its level[5]. High
amplitude sound becomes a nonlinear wave, and is important due to the nonlinear phenomena it induces[6].

To our knowledge, the largest peak-to-peak pressures reported for sound in liquid water initially at atmospheric
pressure (0.1 MPa) were generated using focused ultrasonic waves[7]. These studies focused on cavitation and achieved
pressure swings from approximately +30 to —30 MPa, corresponding to peak-to-peak pressures around 60 MPa, and
reaching the regime where the sound is limited by failure (cavitation) of the transmitting medium. In theory, the
maximum pressure swing for sound in water is given by the negative pressure at which the homogeneous nucleation
of cavitation occurs (—120 to —140 MPa)[8, 9], but water has a complex cavitation behavior[10] and in ultrasonic
experiments cavitation is observed at pressures near —30 MPa[7, 11].

A sufficiently strong pressure wave becomes a shock wave[12, 13], but while liquids can withstand shock pressures
of tens of GPa before solidifying[1], the techniques used to make shocks generally cannot produce multiple shocks that
would generate a periodic pressure wave. Shock trains can be however generated though the reflection of shocks at the
boundaries of the system, for example the Mach discs formed in the exhaust of jet engines into open atmosphere[14],
or the shock trains that form during supersonic gas flow in ducts and tubes[15].

Here, we show that shock trains can also be generated in free liquid microjets, by an initial shock generated by a
focused femtosecond X-ray laser pulse. Unlike the shock trains in gases, the ones in liquid jets reached large negative
pressures that led to cavitation. We estimate that the amplitudes of these pressure waves exceed the largest peak-
to-peak pressures obtained with focused ultrasonic waves, and may thus be the highest intensity sounds generated to
date in liquid water.

II. EXPERIMENTAL DESIGN

Figure 1 shows the experimental setup we used at the CXI instrument[16] at the Linac Coherent Light Source
(LCLS) X-ray free-electron laser (XFEL)[17]. Liquid water microjets with diameters of 14.4, 20.2, and 30 ym were
injected into a vacuum chamber (pressure < 1 Pa), where they were intercepted by focused X-ray pulses (9.5 keV
photon energy, pulse energy on the order of 1 mJ, 40 fs pulse duration, 1.3 pym nominal beam diameter at full width
half maximum). The absorption of X-rays under these conditions is weak and linear[18], and less than 0.02 of the
XFEL pulse energy was absorbed in the region of the jet illuminated by X-rays.

The interaction between the XFEL pulse and the jet leads, as illustrated in Fig. 1, to ultrafast ionization and
heating of the illuminated region[19], vaporization of the liquid, and the formation of a cylindrical shock wave in
the liquid[20], which later propagates along the jet[21]. To observe the shock waves, we used time-resolved optical
microscopy with illumination from a femtosecond pulsed optical laser[20, 21]. An in-vacuum microscope with a
50x long-working distance objective (Mitutoyo) and a high-speed camera (Phantom Miro M340, Vision Research),
produced images with a magnification of 0.2 um/pixel and an optical resolution better than 0.78 pum. Due to the
refraction of light inside the jet, the images are magnified[20, 22] in the direction perpendicular to the jet by a factor
of ~1.33. Therefore, if the images display the interior of the jet all the way to the jet edge, only regions up to ~0.75
of the jet diameter are actually imaged.

The propagation of shocks was determined using a pump-probe technique, by recording single images of the jet at
delays ranging from —20 to 37 ns relative to the arrival of the XFEL pulse. During the experiment, the delay of the
optical laser was scanned continuously over the delay range while recording one jet image for each XFEL pulse. As
the shock properties depend on the energy of X-ray laser pulse, which varies randomly shot-to-shot[23], only data
corresponding to a +5% band around the most probable pulse energy in a data set was selected for further analysis.
The pulse energies were determined as relative values for each pulse, by measuring the X-ray scattering from the jet
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FIG. 1. Experiment schematic. A water microjet is intercepted by a focused X-ray laser pulse that launches an initially
cylindrical shock wave in the liquid. To observe the propagation of shock and pressure waves, the jet is imaged orthogonal to
the jet and the X-ray pulse.

onto a single tile of a 2D X-ray detector[24, 25] placed along the beam after the jet. The absolute energy of each pulse
was also recorded just after the X-ray generation (i.e. at the XFEL source), however this data was less precise than
the X-ray detector measurement because of the beam position jitter[23], which induces shot-to-shot variations in the
attenuation of pulses between the source and the sample. We used the absolute measurements to report the average
pulse energy in a data set, and the relative measurements for single-shot data sorting. We note that the energy of the
pulses interacting with the jet is smaller than the absolute measurements reported here; we estimate that the XFEL
pulse was attenuated by a value between 2 and 4 before arriving at the jets.

III. RESULTS AND DISCUSSION

We investigated in detail the propagation of shocks and the generation of multiple-cycle pressure waves in jets
with diameters of 14.4 and 20.2 pm, using either full-energy XFEL pulses, or pulses attenuated to ~25% of their
initial energy. Four different data sets were recorded, each containing more than 1000 images. Approximately one
quarter of the images were assembled into four movies that display all the relevant phenomena associated with the
wave propagation (see the Supplementary Materials[26]). Complete, full-resolution image data sets and associated
metadata are available from a data repository[27]. We also recorded images of 30-um jets intercepted by full-energy
pulses[26], using a ten-fold larger field of view, to observe the features of the pressure wave propagation at distances
up to ~1 mm.

In the images, shock waves are visible due to the difference in refractive index between the pre-shocked liquid
and the shocked liquid. The refractive index difference can either bend the illumination light outside the numerical
aperture of the objective and make the shocks visible as dark lines, or reflect additional light into the objective, case
in which the shocks appear as bright lines. Due to the small diameter of the jets, the optical contrast of the shocks
was weak, and the images were processed to increase their contrast[26].

A. The formation and dynamics of the pressure waves in jets

All the data sets exhibited the same wave generation and propagation dynamics, but the dynamics were more visible
in larger jets and at larger pulse energies. Figure 2 shows images illustrating the main features of this dynamics for
a 20.2-um jet and full-energy pulses. The shock and the cavity became visible only 1—2 ns after the XFEL pulse,
because the initial ultrafast heating creates a pressure distribution that reflects the X-ray intensity distribution with
smaller values in the outer regions, and the pressure wave must propagate for a finite distance until the increase of
sound velocity with pressure leads to the formation of a shock discontinuity. The initial shock interface was straight,
as expected when projecting a cylindrical wave onto a perpendicular imaging direction.

At =5 ns time delays, the shock started to curve, followed by the appearance, at ~10 ns, of a triangular dark region.
The triangular dark region became smaller after ~20 ns, and previous experiments (see the supplementary materials



FIG. 2. Generation and propagation of the pressure wave. The images show how after the generation of an initial shock by
the XFEL pulse (1.7 mJ at source) in a 20.2-um water jet, additional shocks and pressure oscillations develop. Two types of
cavitation occurred: a cavitation cloud, and single cavitation bubbles.

of Ref. [21]) showed that the dark region fully disappears at ~100 ns. The small dots observed at the tips of the
dark region, as well as its rapid appearance and disappearance, indicate that it is a cavitation cloud made from many
bubbles with sizes close to or below the optical resolution — same as the cavitation clouds observed in laser-induced
microfluidic cavitation experiments[28]. These small bubbles collapse rapidly because the water vapor pressure (2-3
kPa near room temperature) is smaller than the capillary pressure (300 kPa for a 1-micron diameter bubble).

The cavitation cloud shrunk gradually without the oscillations and rebounds characteristic to single bubble
collapse[29]. Millimeter-sized dense cavitation clouds also shrink gradually[30], thus gradual collapse may be charac-



teristic of dense formations of cavitation bubbles. Nevertheless, we cannot rule out cloud oscillations that start with
random phases or frequencies, since they would not be detectable in a pump-probe experiment.

At ~20 ns, a sharp line indicative of an additional pressure jump (the second shock) appeared between the cavitation
cloud and the initial shock wave (the first shock). Further pressure discontinuities continued to appear at longer delays;
previously[21], up to 6 visible pressure discontinuities were observed in a 20-um jet at time delays of 250 ns and
propagation distances of =400 um. Here we observed up to 6 pressure modulations in a 30-um jet at a time delay
of 606 ns and a propagation distance of 885 ym (see Figure S3 in [26]). Consecutive pressure modulations (i) were
separated by distances proportional to the jet diameter, (ii) these distances increased with the modulation number,
and (iii) they remained approximately constant during the propagation of the wave. The distance between the first
and the second shock was equal to approximately 0.4 jet diameters in all data sets and increased to 0.6 jet diameters
between the 5" and the 6 modulations observed at 606 ns delay. A wave with six pressure cycles thus had a variable
frequency f given by
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where ug is the speed of the wave and D is the jet diameter. Approximating the speed of the wave with the speed
of sound in water, ~1500 m/s, the center frequency of us/(0.5 D) ranged between ~100 MHz (30-pm jets) and 200
MHz (14.4-pm jets).

The image sequence shown in Fig. 2 ends before the third shock was fully formed. The bottom images show faint
dark lines that trail the second shock and intersect in the middle of the jet; the third shock will form at the crossing
of the lines. The complete formation of the third shock is however visible in the data for 14.4 micron jets (see [26]).

B. The mechanisms of cavitation and shock train generation

The liquid jet is a wave-conducting medium with fully compliant walls. Supersonic gas jets ejected into another gas
at atmospheric pressure, such as the ones generated by jet and rocket engines, are also a wave conduit with compliant
walls. The wave structures and shock trains that form in gas jets, first reported in 1890 by Mach and Salcher[31], are
a well studied problem|[14, 32]. If the pressure in the gas jet is different from the atmospheric pressure, compression
or rarefaction waves are generated at its boundary and travel across the jet. Since the jet is also moving, these waves
form crisscrossing patterns that can exhibit rhombic regions (Mach diamonds), or repeated shocks (Mach discs). In
gas jet experiments the jets are moving supersonically and the shocks are stationary in the reference frame of the gas
nozzle, while in our experiments the shocks propagate in an approximately static jet; however, snapshot images of the
shock structures are independent of the frame of reference. Many features of the shocks in gas jets are similar to the
ones we observed in liquid jets, and provide useful analogies. The gas jet phenomena can be explained graphically
by constructing the wave fronts of the various reflections[32], and here we took the same approach to explain shock
propagation in liquid jets.

Figure 3 illustrates schematically the physical processes leading to cavitation and the generation of secondary
shocks, which are both caused by the reflection of pressure waves at the surface of the jet. Pressure waves arriving at
the jet surface must produce reflected waves in order to satisfy the boundary condition for the pressure, which in our
case is equal to the vacuum chamber pressure and thus negligible. Thus, a positive-pressure incoming wave generates
a negative-pressure reflected wave to cancel the pressure at the surface. For example, a plane positive pressure wave
reflected normally at a water-vacuum interface (incidence angle 0°) will generate a reflected wave with a negative
amplitude equal in absolute value with the pressure of the incoming wave[33].

Oblique reflections of shocks (incidence angle > 0°) are more complicated. Regular reflections, where the incident
and reflected waves propagate straight and meet on the surface, are not always possible and multiple cases of wave
distortion exist depending on the acoustic impedances of the two materials [34, 35]. In the case of shocks arriving
from water at an interface with air or vacuum, a shock incoming at an angle smaller than a critical angle can generate
a reflected expansion wave with multiple components propagating at different angles, forming a rarefaction fan[34];
this is still a regular reflection. At incidence angles larger than the critical angle regular reflections are not possible.
For this reason, a plane shock launched perpendicular to the axis of the liquid jet cannot remain flat and meet the
jet surface at a 90° (grazing) incidence angle. Instead, the shock curves where it meets the surface, such that the
incidence angle becomes less than 90° and an oblique shock reflection occurs (see for example Figs. 18, 19 in Ref.
[35]). An additional complication arises from the curvature of the jet’s surface, which may focus[20] reflected waves.

Despite the complexity of the shock reflections, the major features shown in Fig. 2 can be understood qualitatively.
Figure 3(a) illustrates the formation of the cavitation cloud assuming the shock reflections are regular. If the initial
shock pulse has a length smaller than the jet diameter, its reflections can separate spatially from the initial shock and
become negative pressure pulses, whose overlap leads to the generation of large negative pressures and to cavitation.
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FIG. 3. Qualitative description of the phenomena induced by the initial shock. (a) Reflection of the initial shock at the surface
of the jet generates negative pressure reflections that overlap and generate sufficiently large tensions to form a cavitation cloud.
(b) Huygens-Fresnel construction of reflections from a linear plane pressure pulse propagating in a jet, showing that the closest
place where all the reflections overlap trails the shock at one half of the jet diameter. (¢) A nonlinear high-pressure pulse
generates a rarefaction wave that catches up with the shock and weakens it, leading to a curved shock interface. The amplitude
dispersion of the reflected wave’s velocity generates a delayed pressure jump that becomes visible in the images.

The geometrical construction in Fig. 3(a) also illustrates the expected shape of the positive pressure pulse, which is
similar to the triangular shape visible in the images.

The new shocks form where the reflections intersect on jet axis, either at the tip of the cavitation cloud, or at the
region marked “X” in Fig. 2. Figure 3(b) explains the approximately one-half diameter spacing of shocks using the
Huygens-Fresnel principle applied to the perturbation that is generated by the surface reflections, because what we
observe in images is the perturbations that are superimposed on a plane shock advancing in the jet. As the first shock
reaches the surface of the jet, the perturbation generated by the reflected wave is constructed as a superposition of
spherical waves originating from all the points where the plane shock intersects the surface[36]. The envelope of all
reflections is given by the reflections that occurred at the first time considered (7 = 0): since in Fig. 3(b) we use a
linear approximation all waves propagate with at the speed of sound and waves generated by later reflections (7 > 0)
remain enclosed within the envelope of the first reflection. The closest location where all the reflections overlap is
on the symmetry axis of the jet, trailing the first shock by one-half of the jet diameter. The reflections of a stronger
shock will trail the first shock closer, because the speed of sound inside a shock-compressed material is larger than
the shock wave velocity[12, 13]; nevertheless, the reflection fronts generated by a stronger shock are still defined by
the 7 = 0 reflection because the reflection points move in the lab frame at the shock velocity, which is smaller than
the speed of sound in the shock-compressed material[13].

If only the wave reflections at surface are considered, the formation of new shocks at the crossing of reflections is
counterintuitive. Since pressure wave reflections at a liquid-vacuum interface lead to a change in the sign of pressure,
two wave reflections (positive-to-negative, then negative-to-positive) are required for a positive-pressure shock. Using
the wave construction shown in Fig. 3(a), the second reflection would then start when the envelope touches the
opposite side of the jet, at twice the time delay shown in the figure, and leading to a spacing between the first and
the second shock of at least one jet diameter. Shock structures with a wavelength of one jet diameter or more are
encontered in supersonic gas jets [14, 32], but in the liquid jets we observed a wavelength of approximately half the
jet diameter (see Eq. 1), corresponding to a roughly doubled frequency relative to supersonic gas jets. It thus appears
that a “frequency doubling” process occurs in liquid jets. A related feature is that the wave structure that is visible in
liquid jets can be described as triangles that have the base at the shock line and the tip pointing against the direction
of propagation, approximately in contact with the following shock. These triangles can be thought as one half of the
geometrical shape of Mach diamonds[14] in supersonic gas jets, and in analogy we can call them “Mach triangles”;
they are most easily visible in the supplementary movies[26].

The formation of the second shock offers insight into why shocks form at the crossing of reflected waves rather than
after two surface reflections. The second shock forms just ahead of the cavitation bubble cloud, where the expansion
of bubbles reduces the negative pressures towards zero pressure. Even if the peak pressure behind the second shock
is approximately zero, a shock wave can still form if the pressure just ahead of it is lower and thus negative, because
the compressibility and the speed of sound of water continue to decrease down to at least —137 MPa[37-39]. Thus,
the initial pressure distribution of the first two shocks is likely to be similar to the N-wave sonic boom profiles[40]
produced by supersonic aircraft, where the initial pressure jump at the head of the boom (from atmospheric pressure



to high pressure) is followed by another pressure jump at the tail of the boom (from low pressure to atmospheric
pressure). A single surface reflection is enough to generate a trailing shock because cavitation provides a relatively
high pressure region at the tail of the reflection, which develops into a new shock.

After the formation of the second shock, the wave separates from the cavitation cloud, and new fronts continue to
be generated. Although the cavitation cloud plays a role in the formation of the second shock, it cannot play a role in
the formation of new shocks because in order to catch up with the propagating wave the cloud should generate highly
supersonic pressure modulations; such supersonic modulations are also high pressure shocks that would be visible
experimentally. We did not observe cavitation bubbles or clouds of bubbles at the delays and locations where the
third and higher order fronts developed. It is unlikely that bubbles too small to be imaged form under such conditions
and drive the generation of new fronts: nucleation rates for cavitation depend very steeply on pressure, therefore it
is unlikely that bubbles are always generated in the right amount as the pressure of wave, as it will be shown below,
varies by more than one order of magnitude; also, this process should operate similarly in jets with different diameters
and thus different time scales for the wave dynamics.

Instead, the formation of new fronts in the absence of cavitation may be caused by the steepening of the pressure
wave after it achieves its most negative pressure, process which should generate a shock similar to the tail shock in
sonic booms. We have observed previously that XFEL-induced negative pressure waves in droplets develop a visible
front that lags the outer front of the wave, and this front could be a tail shock (see the supplementary text of Ref. [20]).
For the jet experiments, Fig. 3(c¢) shows the corresponding position of the visible front lagging behind the outer wave
front. If the visible front is a tail shock, the crossing of the fronts is an oblique shock reflection, and if the reflection
is irregular it will merge the shocks into a single one (a Mach disc)[32], because in this case the reflected wave is also
a shock, and it combines constructively with the incident shock. This process is consistent with our experimental
observations, therefore we hypothesize that the formation of tail shocks and their merging in an irregular reflection is
the last step in the formation of a new shock in the jet.

The curving of the shock front at delays longer than 5 ns is illustrated in Fig. 3(c). The reflections generated by the
first shock travel in the shock-compressed material faster than the shock[13] and catch up with it; the superposition of
the shock and its reflection decreases the amplitude of the initial shock and thus its velocity, generating a backward-
curved shock formed by the superposition of the incident and reflected waves [35]. Shock front curving was observed
experimentally after reflections at air-COs interfaces[41], and in numerical simulations of shocks arriving at water-air
interfaces[35].

C. The positive peak pressure of the wave and its decay

The jump in pressure due to the first shock can be calculated from its velocity of propagation, because for a
given pressure and temperature, the relation between shock wave pressure and velocity is a property of the material.
Experimental measurements of this relation are available for liquid water at ambient conditions[42, 43], and are
applicable to our experiments in vacuum because the atmospheric pressure is much smaller than the pressure jumps.
We cannot, however, use velocity-pressure relations to measure the pressure jumps in the subsequent trailing shocks,
because our experiment does not provide the pre-shock pressures, which may have large positive or negative values
comparable in absolute value to the pressure jump of the shock.

The pressure jump due to a shock wave, Ps, is given[13] by

Ps = pocsuy (2)

where pg is the initial density of the material, cg is the shock velocity, and u, is the particle velocity in the shock.
Eq. 2 is an exact relation derived from conservation laws[13]. We used a simple approximation for the shock velocity
cs,[43, 44]

cs = ¢o + Buy, (3)

where ¢ is the speed of sound and B is a numerical coefficient that has a value close to 2 for shocks in water.
Because the jets were injected in vacuum, the liquid cooled through evaporation. We calculated the temperature
distribution inside the jets at the interaction region using an evaporative cooling model for droplets[45], which we
modified for a jet with uniform flow velocity distribution[26]. We used an evaporation coefficient v = 1 as used and
confirmed by recent experiments[46, 47|, and we neglected that the jet exits the nozzle with an initially nonuniform
velocity distribution due to viscosity, which lowers the cooling rate in the center of the jet[48]. The jet regions near the
symmetry axis, where we made the shock velocity measurements, have approximately constant temperatures around
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FIG. 4. The kinematics and pressure of the first shock wave. (a) Raw shock position data for one data set and corresponding
smoothed data. (b) Smoothed shock position for all data sets. (c) Velocities of the first shock. (d) Pressures of the first shock.
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21 °C in the 20.2-pm jets and 19 °C in the 14.4-pm jets. Since shock pressure-velocity measurements made exactly
at these temperatures are not available, we used in Eq. 3 a temperature-dependent speed of sound, ¢o(7T'), using the
fit given by Petiet et al.[49], and we expressed the temperature dependence of the numerical coefficient B though a
linear interpolation of measurements[43, 44] done at 0 and 25 °C: B(T) = 2.1035 — 0.010368 x T', where T is the
temperature in degrees Celsius. Combining Eqs. 2 and 3, we calculated the shock pressure jump from measurements
of ¢cg using

Ps = po(T)cs ng(‘Tjo (4)

We estimate that Eq. 4 can be applied to our data with a +5% accuracy, because up to 15 GPa it reproduces within
5% Rice and Walsh’s data for liquid water at 20 °C[42].

Figure 4(a) shows the position of the first shock as a function of the delay time, for a 20.2-um jet and a 1.7 mJ
pulse. As this raw data is too noisy to extract the shock velocity by direct numerical derivation, we have smoothed
it using Savitzky-Golay filtering[50], which we implemented as least-square linear fits of data in a =2 ns time window
(see [26] for details). The filtered position data, shown in Fig. 4(b) for all four conditions investigated, was then used
to calculate the velocity and pressure of the first shock.

Figure 4(c) shows the shock velocity calculated by differentiating the filtered data, and Fig. 4(d) shows the shock
pressure derived from the shock velocity. The velocities are larger than the speed of sound, as expected for a shock,
but they decrease rapidly and after ~20 ns the velocity noise becomes comparable to the difference from the speed
of sound. The noise in the data is caused by biases in the shock position measurements, due to local variations in
background brightness caused by laser speckles[26].

The initial pressures of the first shock ranged from 0.3 to 1.5 GPa and are roughly proportional to the X-ray pulse
energy (see Fig. S5 in [26]). Later, the decay of the shock pressure is more rapid in the thinner jets, as seen by the
crossing of the position and pressure curves in Fig. 4. Since the decay of shocks is related to the shock reflections,
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and the frequency of these reflections is inversely proportional to the jet diameter (Eq. 1), the initial decay of the first
shock should also scale with the inverse of jet diameter and be more rapid in thinner jets.

Figure 5 shows the peak pressure of the first shock as a function of the propagation distance scaled by the jet
diameter. When the propagation distance is scaled, the relative decay of pressure is similar at short propagation
distances for all data sets.

D. Negative pressures in the propagating wave

Negative pressures in the jets are expected after the reflection of shocks at the jet surface, but an accurate calculation
of their amplitude is beyond the scope of the present work due to the complexity of the shock wave reflections. The
existence of negative pressures in the wave is demonstrated by the observation of the cavitation cloud and of a second
type of cavitation: the less frequent, and random, apparition of single bubbles that can be resolved optically (see
Fig. 2 and [26]). Although cavitation in water is in principle possible at positive pressures below the vapor pressure
of water (/2.3 kPa at 20 °C), water vapor bubbles in our experiment cannot be spontaneously generated at positive
pressures. Even a bubble as big as the largest jet we used (30 um diameter) has a Laplace pressure (=10 kPa) that
exceeds the vapor pressure and would collapse the bubble. Indeed, we did not observe cavitation bubbles in any of
13836 images recorded prior to the arrival of the XFEL pulse, such as the top image in Fig. 2.

The single cavitation bubbles that appear randomly in the pressure wave can be used to quantify the negative pres-
sures present during their growth. The growth of a cavitation bubble in a liquid at negative pressures is described[51]
by the Rayleigh-Plesset equation:

(Powt — Py) 9?R 3 ,0R* 4ndR 20

5 o "3'ar) TorRa TR (5)

where R is the bubble radius, p the liquid density, P, and P.,: the pressures in the bubble and in the surrounding
liquid, n the liquid viscosity and o its surface tension. For the conditions of our experiment, we can use the Rayleigh-
Plesset equation to express an inequality for the maximum absolute value of the negative pressure, —Ppeak, negative,
that existed during the growth of the bubble (see [26] for derivation):
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—I'peak, negative > §p (Uest)2 (6)

where vVest = R (timage) / (timage — ts1) is a low estimate of the velocity with which the bubble grew, assuming it
nucleated when the first shock was at the bubble location (¢s1), and its radius was measured at t;mqge. Using this
velocity estimate, the fastest growing bubble in our data had a radial expansion velocity of 126 m/s, corresponding
to a negative pressure of at least —24 MPa. This value is comparable to the ones that can be achieved in liquid water
using techniques[10] that are not based on quartz crystal microinclusions or shock reflections.

The negative pressures that lead to the formation of the cavitation cloud are most likely larger than the ones
at which single bubbles nucleate. Formation of a dense cavitation cloud was also encountered in shock reflection
experiments in water in microfluidic channels[28] and the negative pressures were estimated at —60 MPa for a system
with similar shock pressures, time and length scales; we thus expect that comparable negative pressures generated
the cavitation cloud in jets.

E. Intensity and the sound pressure level of the cyclic pressure wave

The pressure wave in jets originates as a single cylindrical shock wave and eventually becomes a strongly attenuated
multi-cycle pressure wave. Briefly between these limits, the wave is a cyclic propagating ultrasound that has very
high amplitudes and intensities in the inner regions of the jet (the jet surface remains at the vacuum pressure).
Since water in the cavitation cloud is no longer a single-phase liquid, we choose the initial moment for which the
multiple-cycle wave forms as the moment when the first shock advances past the location of the maximum extent of
the cavitation cloud. Figure 5 displays the maximum extent of the cavitation cloud along the jet, as symbols attached
to the measured pressures. In all cases, the pressure of the first shock when it passes through the place where the last
cavitation bubbles appear is within a factor of two of 100 MPa, and we will use a positive peak pressure of 100 MPa
for further calculations. Since the negative pressures in the wave exceed —24 MPa, the pressure waves have initial
peak-to-peak pressures of at least 124 MPa, approximately twice the ~60 MPa peak-to-peak pressures measured in
experiments with focused ultrasonic waves[7]. We note that the focused ultrasound experiments reported in Ref. [11]
might have exceeded 60 MPa peak-to-peak, because cavitation was observed at 24 MPa in water statically compressed
to 20 MPa; assuming the pressure swings above and below the static pressure were equal (£44 MPa relative to 20
MPa), the peak-to-peak pressure was 88 MPa.

For a peak-to-peak pressure of 124 MPa, the corresponding peak-to-peak (pp) and root mean square (rms) sound
pressure levels, Ly,, and L,,s, respectively, are given by

P,
Ly, =20log Pﬂ (7)
ref
P,
Lyms = 20log =2 (8)
Pref

where P, is the peak-to-peak pressure, Py.,s is the root mean square pressure, and P, is the reference pressure[52]
of 1 uPa for sound in water, and 20 pPa for sound in air. According to Eq. 7, L,, is at least 280 dBy,, (re: 1 uPa). L,y
cannot be calculated directly, but if we assume the pressure wave has a triangular profile (a common approximation
of shock waveforms), Lyms = Lpp — 20log 2v3 > 270 dByms (re: 1 pPa), a thousand times more intense than the
loudest sounds[3] produced by aquatic animals.

The cyclic pressure wave also has initially very large intensities. The instantaneous wave intensity I, given by

I = Psup (9)

is ~6 GW/m? for a 100 MPa shock in water. Since the average intensity of a triangular waveform is three times
smaller than the peak intensity, we estimate that the average wave intensity is on the order of 1 GW/m?2. This is a
very large sound intensity: a 1 GW/m? sound wave in air would have a sound intensity level of 210 dB (re: 1 pW/m?),
larger than the strongest propagating sounds[4] measured in open atmosphere.
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F. DPotential for damaging solid samples embedded in the jets

The very high amplitudes and intensities of the pressure wave launched in the jet are a potential impediment for
experiments conducted at X-ray free-electron lasers with samples embedded in liquid jets. A new generation of X-ray
laser facilities, such as the European XFEL (EuXFEL)[53, 54], will provide pulse repetition rates up to 4.5 MHz.
To replenish samples at these rates, techniques to generate and characterize jets with ~100 m/s velocities have been
developed[55, 56], but even with such jets, at the 222 ns minimum pulse interval at EuXFEL, the probed regions will
be only ~20 pum apart and may be subjected to pressures sufficiently large to damage carried samples, or modify the
properties of the liquid through cavitation or shock heating.

While many crystalline materials retain their structural integrity at hydrostatic pressures above 1 GPa[57], shock
waves apply initially an uniaxial compression and the shocked material can fail at lower stresses that are comparable
to their engineering strengths. Depending on the compressive and tensile strengths of the sample, the damage could
occur due to either the positive or the negative pressure swings. For example, a uniaxial tension of —24 MPa is
sufficient to fracture concrete[58] and rocks[59].

In our setup the first components exposed to the pressure waves were the nozzles generating the jet. We used nozzles
(MicroFab Technologies, Inc.) made of borosilicate glass, which we inspected for damage after the experiments using
an optical microscope (Zeiss Axio Imager.Z2m) at a resolution better than 1 ym. None of the nozzles were damaged,
which may seem suprising since glass is brittle. However, silicate glasses (e.g. fused silica, borosilicate and soda-lime
glasses) are very hard materials due to their strong chemical bonds, and display high damage thresholds when exposed
to shock waves. In silicate glasses, the stress thresholds for dynamic damage in compression (i.e., the Hugoniot elastic
limit), in tension (%.e., the spall strength), or due to surface-nucleated cracks (i.e., failure waves[60]), were all found to
be above 1 GPa [60-62]. Since the distance between the X-ray beam and the nozzle must exceed several jet diameters
to prevent the blocking of diffracted X-rays, our data shows that the peak wave pressures expected at the nozzle are
below 100 MPa; this is more than one order of magnitude less than the shock damage thresholds of glass.

In the case of serial femtosecond crystallography (SFX)[63, 64] experiments done at X-ray lasers, protein micro-
crystals are being carried by liquid microjets into the interaction region. Protein crystals are soft materials because
they are held together by weak intermolecular forces. To evaluate if they may be shock-damaged in SFX experiments,
we use here the criterion that damage becomes possible if the pressure amplitude in the liquid is comparable or larger
than the static compressive or tensile strength of the crystal, because the dynamic damage thresholds are not known
for protein crystals. We also neglect changes in pressure as the wave refracts into the crystals; the pressure will
increase in the crystals if their acoustic impedance is larger than the one of the liquid[34], which is for example the
case of lysozyme crystals in water[65].

Data on the mechanical failure properties of protein crystals are scarce. To our knowledge, they have been in-
vestigated thoroughly only for lysozyme crystals, using micro indentation tests that measure their hardness[66, 67].
The lysozyme crystals are softer when more hydrated, and fully hydrated crystals (such as crystals carried in a water
jet) had an indentation hardness in the range of 15—20 MPa. The relation between hardness and the compressive
or tensile yield varies depending on the type of material, but the ultimate tensile strength is approximately three
times smaller than hardness in many materials[68], and numerical simulations of lysozyme crystals found that the
compressive yield stress is also approximately three times smaller than the hardness[69]. Therefore, we use here the
criteria that lysozyme crystals may be damaged by the pressure wave if its amplitude is larger than 10 MPa. We note
that the pressure amplitude limit for other protein crystals will be different and may be lower; for example, glucose
isomerase crystals were found to be softer than lysozyme crystals[67].

The liquid jets used for high repetition rate SFX experiments will likely have 3—5 pum diameters, several times
thinner than the ones we investigated. Since experimental shock data does not exist for these thinner jets, we analyze
here the potential for damage assuming that (i) the initial shock pressure is also on the order of 1 GPa and (ii) the
pressure decay scales with the jet diameter the same way as in Fig. 5, because the initial pressure decay is associated
with shock reflections and cavitation, whose dynamics scale with the jet diameter.

Excluding noisy data points, the pressure measurements shown in Fig. 5 exceed 10 MPa, which suggests that for an
SFX experiment conducted with lysozyme crystals in aqueous microjets, using ~1 mJ hard X-ray pulses focused to
less than the jet diameter, crystals may be damaged if located up to at least 4 jet diameters away from the previous
XFEL interaction region. The first SFX measurements made at the EuXFEL at a repetition rate of 1.1 MHz did
not observe any degradation in the X-ray diffraction signal due to prior X-ray pulses[70, 71]. However, for these
experiments we expect smaller pressure amplitudes than in our present data, because (i) the distance between jet
regions probed by consecutive pulses was equal to at least 10 jet diameters, and (ii) the XFEL beam diameter was
larger than the jet diameter. Shocks with a structure similar to the one we described here were observed when using
an XFEL beam diameter of approximately half of the jet diameter, but for a beam ~3 times larger than the jet, the
shocks were barely visible and their structure could not be discerned[70].

Future SFX experiments at EuXFEL are projected to use X-ray beam sizes smaller than the jet diameter and up to
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4.5 MHz repetition rates[72]. In this case, it will become necessary to ensure sufficient separation between consecutive
regions along the jet, such that the pressure wave amplitude decays to values that do not affect the crystals. The data
shown in Fig. 5 indicates that during propagation up to at least 2 jet diameters, the pressure decays exponentially
and is reduced by an order of magnitude for every 1.5 jet diameters of travel. If this “short-range” decay law would
continue to apply at longer propagation distances, a 1-GPa shock wave at 0.5 D will decay to a 10-MPa pressure pulse
at 3.5 D and to a 1-MPa pulse at 5 D; these distances are approximately the same as the jet translation required to
avoid the gap generated by a prior XFEL explosion in the jet[21, 56], therefore by using jets that are fast enough to
avoid the gap, the shock damage would also be averted. However, at propagation distances longer than 2-3 D the
pressure decay law became less steep (see Fig. 5). Also, the short-range decay law is inconsistent with our observation
of pressure waves at 30 D in the 30-micron jets (see Fig. S3 in [26]), as it predicts incorrectly that the pressure
amplitude should decay by almost 20 orders of magnitude.

To estimate the long-range attenuation of the shock, we can consider that after it generates multiple pressure oscil-
lations, it becomes an ultrasonic wave. In water, ultrasound is attenuated with an exponential decay length inversely
proportional to the square of the frequency[73]. Ultrasound approaching GHz frequencies is strongly attenuated in
water, although not as rapidly as the shocks shown in Fig. 5. If the long-range attenuation of the wave is dominated
by ultrasound absorption, in a 30-um jet the wave frequency will be ~0.1 GHz according to Eq. 1, and a 10-fold
pressure decay will occur in /10 mm, which is consistent with our observation[26] of pressure waves after ~1 mm of
propagation. In a 3-pm diameter jet, such as the ones developed for SFX at the EuXFEL[56], the wave will have a
frequency of ~1 GHz, and its pressure will decrease 10-fold only after propagating for a distance of ~100 ym. This
attenuation distance is longer than the spacing that can be produced by the fastest sample delivery jets[71] at 4.5
MHz repetition rates, thus crystal damage may occur at 4.5 MHz rates.

Given the lack of experimental data on the on the mechanical properties of various protein crystals investigated at
XFELs, as well as on the propagation of the XFEL-induced pressure waves in liquid jets actually used for SFX, the
existence and extent of crystal damage in MHz repetition rate SFX remains an open problem that requires further
experimental investigations.

IV. CONCLUSIONS

A few-cycle, high intensity pressure wave with both positive and negative pressure peaks can be generated in
free liquid microjets by launching a nanosecond shock wave along the jet. This ultrasound wave is an example of
a multiple-cycle pressure wave with amplitudes as large as theoretically possible, because it is close to the limit of
damaging its own medium though cavitation. The wave has a combination of remarkable properties including initial
intensities on the order of 1 GW/m?, frequencies in the near-gigahertz range, and large positive and negative peak
pressures. It exhibits nonlinear features that are related to and yet distinct from similar phenomena observed in
supersonic gas jets: self-generation of multiple trailing shocks that maintain their separation during propagation, a
“Mach triangle” shock structure, and a varying frequency. Here we provided an initial description of these properties
and of the basic physical mechanisms causing them, but further experiments, as well as simulations of shock reflections
and cavitation[74-76], could provide new insights into the properties and dynamics of these waves.

Although our study required XFEL pulses focused to &1 um to initiate the pressure waves, we expect that similar
waves can be generated using different excitation methods, in different liquids, and over a wider range of jet diameters.
The main requirement is that the initial shock wave must have a spatial spread comparable to or smaller than the jet
diameter, such that negative pressure reflections with large amplitudes can develop; with more spread pulses, these
reflections could interfere destructively with the incoming positive pressure pulse. An initially cylindrical shock is not
necessary, because the wave eventually adopts an axisymmetric shape; it may even be sufficient to generate the initial
shock at the surface of the jet, similar to optical ablation experiments that produced shocks and cavitation in drops
of opaque liquids[77-79].

Our data suggests that the jets can be as large as desired if a sufficiently strong initial shock can be applied. To
generate waves in very thin jets, an ultrafast excitation in a very small region is needed. XFELs can be focused
down to ~50 nm beam diameters[80], but the size of the initially heated region depends on photoelectron diffusion[81]
and electrostatic trapping[82], and may be larger than the beam size. If the heated region remains the same as the
illuminated region, it may be possible to generate high-intensity cyclic pressure waves in jets down to 100 nm diameter,
at frequencies above 10 GHz. Detection and characterization of such waves will however require new experimental
techniques because the setup used here cannot resolve the contrast of shocks in jets with diameters below 10 pm.

Although the high intensity of the pressure wave presents a challenge for certain XFEL experiments, it may enable
other studies. For example, the wave could be used to induce and then study at atomic resolution the picosecond
and nanosecond dynamics of shock damage[83] and tensile failure[84] in soft materials embedded in liquids. These
waves also provide a new system for the study of cavitation in liquids. In the case of water, our observation of two
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qualitatively distinct types of cavitation in the same system shows that apparently contradictory measurements of
cavitation pressures[10, 20, 28] can be reconciled by the existence of two types of cavitation depending on how rapidly
water is stretched; the pressure waves in jets are a system in which these types of cavitation can be investigated
simultaneously to reveal their different mechanisms.
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