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Generation of shock trains in free liquid jets with a nanosecond green laser
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Shock wave trains in liquid jets were previously generated only by ablation with
femtosecond x-ray lasers. Here we show that shock trains in water microjets can be also
generated using nanosecond green laser pulses with 1- to 10-mJ energy. The ablation of
15-, 20-, 30-, and 70-μm water microjets opened a gap in the jets and launched an initial
shock wave. Fully developed shock trains were observed in the 30- and 70-μm jets up
to 250-ns delays, and these trains were also transmitted inside the nozzles. A few tens of
nanoseconds after the pulse, the shock dynamics and its pressure became similar to the
ones generated by x-ray lasers, with a more rapid pressure decay in thinner jets. At time
delays exceeding 100 ns in the 30-μm jets, the leading shock pressure stabilized to an
approximately constant pressure of 40 MPa. The energy density deposited in the jets was
estimated at 30 MJ/cm3 by comparing the jet gaps in the green and x-ray laser experiments,
and matched previous estimates for optical ablation in water. The pressure decay in the
30-μm jets was modeled based on the pressure decay observed in x-ray laser experiments.

DOI: 10.1103/PhysRevFluids.5.123402

I. INTRODUCTION

Laser ablation in microscale liquid systems has practical applications in which understanding
the hydrodynamics driven by ablation is critical, such as producing extreme ultraviolet light for
the semiconductor industry [1–3] and developing biological imaging experiments at x-ray free-
electron laser (XFEL) facilities [4]. The fluid dynamics driven by ablation also has basic research
applications, such as inducing cavitation at large negative pressures [5–7] and generating microscale
focused shock waves [8].

As new types of light sources become available, the hydrodynamics of ablation is likely to find
new applications and expose new phenomena. For example, there is a growing interest [9,10] in
using liquid targets at state-of-the-art optical laser facilities designed to generate unprecedented light
intensities [11]. Given that such light pulses will destroy the samples, liquid targets are advantageous
because they can be replenished rapidly, thus taking full advantage of the high pulse repetition rates
(>1 Hz) available at the newest facilities [12]. While the initial designs of targets for petawatt lasers
will benefit from the extensive development of liquid targets at x-ray laser facilities [13–15], the
physical mechanisms of liquid ablation with petawatt optical lasers are yet to be investigated. These
mechanisms could influence the design of the liquid targets and lead to new applications.

Recent studies of ablation in liquids using x-ray lasers expanded the understanding of ablation
hydrodynamics and suggested new research directions. Ablation with pulsed x-ray lasers of mi-
crojets [4,16] and microdrops [6,17] differs from ablation with optical lasers because the energy
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FIG. 1. Experimental setup. Water microjets were ablated with a nanosecond laser and imaged using a
femtosecond laser. M1, M2, and M3: silver mirrors; L1 ( f = 25 mm), L2 ( f = 100 mm), L3 ( f = 125 mm),
L4 ( f = 75.6 mm), L5 ( f = 38.1 mm), and L6 ( f = 125 mm): lenses; HWP: half waveplate; Pol: polarizing
beamsplitter cube.

absorption of x rays is linear and predictable and can be concentrated in a smaller region. These
characteristics lead to a relatively simpler hydrodynamics that is more amenable to analytical
and numerical modeling [4,18,19] and allow studies at smaller length and timescales, which are
advantageous for generating metastable states such as negative pressures [6]. Ablation with x-ray
lasers also led to the observation of new hydrodynamic phenomenon: the generation of shock wave
trains in liquid water jets [4]. These shock trains represent the most intense sound waves measured
to date in liquid water [16], with an estimated sound pressure level above 270 dB (re: 1 μPa).

Liquid ablation with x-ray lasers is a useful tool to study shock waves, cavitation, and extremely
high intensity sound, but the capacity of x-ray laser facilities to conduct such experiments is very
limited. Fortunately, laboratory-scale optical lasers can replicate some of the x-ray laser ablation
phenomena, in particular those involving microjets. For example, the formation of ablation gaps in
jets was first observed using optical lasers [20]. It was also predicted that shock trains in liquid jets
can be generated using optical lasers [16].

Here we report that shock wave trains can be generated in water microjets using a nanosecond
green laser (532 nm) with pulse energies ranging from approximately 1 to 10 mJ. We also found
that in sufficiently large diameter jets the shock trains can travel distances much larger than the jet
diameter while maintaining peak pressures of tens of megapascals and can be transmitted inside the
nozzles that produced the jets.

II. EXPERIMENTAL DESIGN

The experiments were conducted in the Optics Laboratory [21] at the Extreme Light
Infrastructure-Nuclear Physics (ELI-NP) facility in Măgurele, Romania [12]. A schematic of the
setup is shown in Fig. 1. Downward-flowing liquid water microjets with diameters of 15, 20, 30,
and 70 μm were produced at ambient conditions (atmospheric pressure, 22◦C) by tapered glass
nozzles (MJ-AT series, MicroFab Inc., Plano, TX).

The jets were subjected to focused nanosecond green laser pulses (Thales SAGA, 5 ns, 532 nm,
1.8 J, 10 Hz) propagating horizontally, perpendicular to the jet axis. The laser pulses were attenuated
to pulse energies ranging from 1 to 10 mJ. The laser beam had a diameter of 11 mm and was
focused onto the jet using a best-form aspheric lens with a 25-mm focal length (Edmund Optics).
The characteristics of the laser pulses were chosen to (i) exceed the intensity threshold at which
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optical breakdown in liquid water was previously observed [22] and (ii) achieve a focused beam size
smaller than the jet diameter, because previous data from x-ray lasers suggests that the generation
of shock trains requires a beam size smaller than the jet diameter [16,23]. Based on the focusing
optics and on the laser beam quality factor (M2 ≈ 2.5) the beam focus size will be 4 μm, less than
the 15-μm diameter of the thinnest jet used. However, the laser had a multimode beam with at least
two distinct high intensity peaks (hot spots) in the focal plane.

The ablation was imaged using a horizontal microscope setup with 10× and 20× objectives, in
a pump-probe mode, with single images recorded after each ablation pulse at variable time delays
ranging from 0 to ≈800 ns. The imaging axis was perpendicular to both the jet and the ablation
beam, and femtosecond light pulses (Avesta Ltd., 60 fs, 800 nm) were used for illumination to avoid
motion blurring when imaging shocks at a length scale of few microns. The images were recorded
by a camera (Basler AG, acA2440-20gm) fitted with two narrow-bandpass filters that transmitted
≈50% of the 800 nm imaging light but attenuated any 532-nm ablation light by a factor of ≈1011

(Thorlabs).
To record data, the average pulse energies were measured before the focusing lens for four

distinct laser settings corresponding to energies of approximately 1, 3, 6, and 10 mJ. For a given jet
diameter and laser pulse energy, approximately 70 images of the ablated jets were recorded at each
time delay, to average the variations in the pulse energies and time delays. The root mean square
(rms) jitter of the pulse energies ranged from 5% at 1 mJ to 2% at 10 mJ. We estimated that the
time delays between the ablation pulse and the imaging flash had a rms jitter of ≈1 ns, based on the
probability of observing the same stage of ablation in two data sets recorded at time delays differing
by 3 or 5 ns.

III. RESULTS

A. Generation of shock wave trains by 532-nm laser pulses

During XFEL-induced jet ablation [4,16], the x-ray beam deposits energy into a filament of liquid
thinner than the jet, leading to the formation of a plasma with high energy density and high pressure,
on a picosecond timescale. The plasma then launches a shock wave into the surrounding liquid
and expands rapidly against the jet. The plasma expansion generates a gap in the jet by pushing
liquid from the jet into thin liquid films. Meanwhile, the initial shock starts to travel inside the jet,
continuously reflecting at the jet surface. The shock interferes destructively with its reflection [24],
which leads to a decrease of its pressure and to the generation of secondary shocks that travel along
with jet, as a train of shocks with an intershock spacing on the order of the jet diameter.

Here we probed the jet ablation and the generation of shocks at 10–15 different time delays up to
≈800 ns. This is an approximately two orders of magnitude coarser temporal sampling than in the
XFEL studies, but it was sufficient to confirm that similar, though not identical, phenomena occur.
Same as in XFEL studies, we observed the formation and growth of a gap in the jet, as well as the
generation of an initial shock that evolved into a shock train traveling inside the jet. These processes
are illustrated in Fig. 2 using images of the jets, and further images are available as Supplemental
Materials [25].

Figure 2 also illustrates several differences from XFEL experiments. Since our experiment was
conducted not in vacuum but at ambient conditions, optical breakdown occurred both in the liquid
jets with a ≈1-mJ threshold, and in air with a ≈3-mJ threshold. At pulse energies above ≈3-mJ
the ablation of the liquid jet was accompanied by the formation of a breakdown plasma in air,
and the dynamics of the plasma generated by the air breakdown (the “air plasma”) is shown in
Figs. 2(a1)–2(a4) for 5.5-mJ pulses and a 15-μm-diameter jet. The air plasma was initially opaque
and appeared dark up to time delays of 10–20 ns. The air plasma drove a shock wave in air, whose
boundary can be observed in Fig. 2(a3). The center of the air plasma was located along the ablation
beam, after the jet. As the air plasma expanded, it impinged upon the jets, generating wrinkles
on their surface and bending them in a direction opposite to the propagation of the laser pulse.
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FIG. 2. Water microjets with 15- to 70-μm diameters after ablation by a focused laser pulse in air. The
jets flowed downstream and the laser pulse propagated horizontally from right to left. The time delays written
in the images represent the time elapsed from the laser pulse. The white or black arrows indicate the location
of the leading shock waves. Panels (d1) and (d2) show shock waves transmitted inside the glass nozzles that
produced the jets. The dimension bar is 100 μm in all images.

The effect of the air plasma depended on the mass of the jet, with the wrinkling and the bending
being severe in the 15- and 20-μm diameter jets [see Fig. 2(a4)] but almost not observable in the
70-μm-diameter jets.

The images of the 15-μm jet illustrate the formation of the gap and of the liquid films at the jet
ends. In 15- and 20-μm jets the gap was roughly symmetric to the jet axis, same as in liquid jet
ablation with either x-ray or optical lasers [4,10,20,26]. In the 30- and 70-μm jets the initial growth
of the gap was asymmetric and concentrated on the side facing the ablation pulse.

Ablation images for a 30-μm jet and 3.2-mJ pulses are shown in Figs. 2(b1)–2(b3), and images
for a 70-μm jet and 1.1-mJ pulses are shown in Figs. 2(c1)–2(c3). Shortly after the pulse arrival [see
Figs. 2(b1) and 2(c1)], dark regions inside the jet indicate regions where optical breakdown occurred
in the liquid and an opaque plasma (the “water plasma”) formed. Due to the strong nonlinear
absorption of the 532-nm laser pulse, the plasma formed on the side facing the incoming pulse
and did not extend fully across the jet. The thin dark lines outside the water plasma are shock waves
generated by the high pressure in the plasma.

The multimode pattern of the focused beam was visible in the 30- and 70-μm jets. In Fig. 2(b1),
two distinct water plasma regions or lobes can be seen, illustrating the presence of two high-intensity
regions (“hot spots”) vertically separated by ≈40 μm. In Fig. 2(c1) the plasma has modulations
compatible with two hot spots ≈35 μm apart. In the 30-μm jet, the two hot spots generated a gap
that included nonvaporized liquid [see Fig. 2(b2)], therefore this gap can be interpreted as consisting
of two smaller gaps, each generated by one of the hot spots.

Different from the XFEL experiments, the initial shock was not perpendicular to the jet axis in the
30- and 70-μm-diameter jets. Nevertheless, shock trains perpendicular to the jet formed and traveled
for long distances. These shocks could be seen inside the nozzles as well, as shown in Figs. 2(d1)
and 2(d2). In the 30-μm jet, up to four shock fronts perpendicular to the jet axis were observed,
and the separation and parallelism of the shocks in the jet were preserved inside the nozzle. In the
70-μm jet, three shocks perpendicular to the jet axis were followed by weaker oblique wave fronts
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FIG. 3. The visibility of shock waves for different time delays, jet diameters, and pulse energies. Shocks
were more visible in wider jets and when driven by lower energy pulses.

[see Fig. 2(c3)]. The corresponding pattern of shocks inside the nozzle [Fig. 2(d2)] preserved both
the perpendicular and the oblique wave fronts.

The transition from a curved initial shock [see Fig. 2(b1) and 2(c1)] to a leading shock perpen-
dicular to the jet [see Figs. 2(b3) and 2(c3)] is the phenomenon that explains the similarity of shock
trains generated by XFELs and by green laser pulses. After a leading shock perpendicular to the jet
is formed, its evolution—including generating shock trains—will depend on the shock amplitude
and the jet diameter but not on how it was generated. Qualitatively, the transition to a perpendicular
shock front can be explained by the nonlinear interaction of the shock with the jet surface, which
generates reflected waves that catch up with the shock and interfere destructively with it, lowering
its pressure and thus its propagation velocity. For shocks that are not perpendicular to the jet, the
part of the shock front that is most advanced along the jet axis will be caught up first by reflections
and will slow down most rapidly, until the shock assumes a front equally advanced along the jet axis
(i.e., perpendicular to it.)

Shock waves were always observed at 10 ns, but their existence at longer time delays depended
on both the jet diameter and the pulse energy. The existence of shock trains is summarized in Fig. 3.
We characterized the recorded images as (i) having high shock visibility if the leading shock in
the train was visible in all recorded images, (ii) having low shock visibility if the shocks could be
discerned in only part of the recorded images, and (iii) not displaying any discernible shocks. At a
given set of conditions, the shock visibility was often different for the top and the bottom shocks,
because the jets had a small angle to the vertical direction and were not perfectly in focus across the
whole image.

Overall, Fig. 3 illustrates that (i) the shock trains traveled for longer distances as the jet diameter
increased, and that (ii) the shock trains traveled for shorter distances as the pulse energy became
larger. Both trends are consistent with the prediction that efficient generation of shock trains requires
that the size of the region where the energy is deposited by the beam (i.e., the water plasma) is
smaller than the jet diameter [16]. As the jet diameter increases, the size of the plasma region
becomes smaller relative to the jet diameter. As the pulse energy increases, the volume of high-
irradiance region where plasma is generated increases, both in absolute value and relative to the jet
size.
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FIG. 4. The pressure of the leading shock wave and its decay in (a) 30-μm jets and (b) 70-μm jets, for
the pulse energies shown in the legend. To help distinguish data sets for different pulse energies, the data are
plotted shifted by –3, –1, 1, and 3 ns at 1.1, 3.2, 5.7, and 9.7 mJ, respectively.

The rapid loss of the shock visibility in the thinner jets can be explained by the fact that the shock
trains are more rapidly attenuated in thinner jets [16], and by two additional phenomena. First, the
shock waves are less visible at the same pressure amplitude in smaller jets, because they deflect
less the imaging light. Second, the air plasma wrinkled more severely the surface of the smaller
jets, generating a rough shock-reflecting surface that diffused the shock reflections, which in turn
affected the wave interference that generates the shock train [16,24].

B. The amplitude and the decay of the shock wave pressure

The good visibility of shocks in the 30- and 70-μm jets allowed us to measure the pressure
of the leading shock wave up to time delays of 225 ns, longer than the 0- to 40-ns delay range
investigated before [16]. To determine the shock pressure, we first measured the shock velocity
for each consecutive set of time delays, by differentiating the average shock positions with respect
to the time. We then used the relation between shock velocity and pressure in water to determine
the shock pressure, using the procedure described by Blaj et al. [16], for a water temperature of
22◦C. Shock pressure measurements could be made for all high-visibility shocks, and for part of the
low-visibility shocks (see Fig. 3).

The top shock pressures are shown in Fig. 4 as a function of the time delay, and data for the
bottom shocks is available in the Supplemental Materials [25]. At the smallest time delays, the
shock amplitude was on the order of 1 GPa and increased with pulse energy. It decayed by at least
one order of magnitude in less than 100 ns, more rapidly in the thinner jets. These characteristics
are similar to the properties of XFEL-induced shocks. A feature not observed previously is that in
the 30-μm diameter jets, after ≈100 ns the shock pressure remained approximately constant at 40
MPa.

The shock trains in jets have been interpreted as a maximal intensity sound wave, whose ampli-
tude is fundamentally limited by cavitation at the negative pressure peaks in the wave [16]. If the
initial shock exceeds the amplitude of the maximal wave, then cavitation will dissipate the energy
of the shock train, and the shock pressure will decay rapidly until the negative pressure swings are
no longer large enough to induce cavitation. The approximetely 40-MPa constant shock pressure
observed at long time delays can be explained by this mechanism. (i) Assuming approximately
symmetric pressure oscillations, the value of the constant pressure implies a cavitation pressure limit
of ≈ −40 MPa; this is a plausible value for cavitation because it falls between the peak negative
pressures achieved in water during ultrasonic [27] and optofluidic [5,28] cavitation studies. (ii)
Ultrasonic attenuation, another mechanism that could lower the shock amplitude, is predicted to be
negligible for our experimental conditions [16].
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displayed in Fig. 4(a) and have the same error bars; the error bars in Fig. 5(b) are shown only for the 3.2-mJ
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IV. DISCUSSION

A. Quantitative comparisons with x-ray laser ablation experiments

The size of the ablation gap and the amplitude of the shocks both depend on the amount of energy
deposited in the jet. For x-ray laser ablation, the amount of deposited energy can be calculated
precisely from the energy of the radiation pulse, and it is possible to predict the size of the gap
analytically [4,18]. Similar predictions for optical ablation are challenging because in general it
is not possible to calculate the energy deposited during optical ablation. Nevertheless, the energy
deposited by the green laser into the jet can be estimated using the size of the gap, because at time
delays that are long compared to the timescale of the laser pulse, the size of the gap was shown to
obey a universal approximate analytical solution, independent of the method used to deposit energy
[18]. According to this solution, for a given jet diameter and jet liquid, the gap size is a function
of only the beam size and of the deposited energy. The size of the beams in our experiments and
in XFEL studies was comparable and smaller than the jet diameter, which leaves the pulse energy
as the dominant factor in determining the gap size. Therefore, if the dependence of the gap size on
the deposited energy is known from XFEL experiments for a given jet liquid and jet diameter, the
energy deposited by the green laser can be determined from the gap size.

The dynamics of the gap expansion in 30-μm diameter jets for all pulse energies is shown in
Fig. 5(a) along with corresponding x-ray laser jet explosion data [16]. In our experiments, the energy
absorption pattern had two maxima displaced vertically along the jet by 25–40 μm, depending on the
pulse energy. In the 30-μm jets, the ablation plasma in the liquid sometimes spread across the whole
jet laterally, and the jet explosions were relatively symmetric along the laser propagation direction.
Given this symmetry, we regarded the ablation process as a double ablation by two separated light
beams, with each beam driving its own gap and shock waves. If we neglect the interaction between
the two explosions, then the experimental gap size is equal to the size of the gap made by a single
beam plus the separation between beams. In Fig. 5(b) we subtracted the separation between hot
spots from the observed gap size, therefore the data plotted in the figures corresponds to the gap
sizes that would be generated by a single hot spot.
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The growth of the optically driven gaps had the same qualitative dynamics as the XFEL-driven
gaps [4], with a rate of growth that slowed down in time. This behavior was also observed in
experiments with strongly absorbed soft x rays [26]. In principle, the gap data in Fig. 5(a) can be
fit using the universal analytical solution for the gap growth [18] to determine the deposited energy,
but the range of time delays was not sufficient for precise measurements. Instead, we estimated the
deposited energy based on the observation that after the rapid growth phase, the size of the gap
depends logarithmically on the deposited energy [4]. The vertical spacing between consecutively
larger gaps in Fig. 5(a) is approximately constant at 800 ns and equal to the spacing of the XFEL
data for deposited pulse energies increased by factors of 2 (5, 10, and 20 μJ). Extrapolating this
trend, the energy deposited by the green laser ranged between ≈40 μJ and ≈ 160 μJ, as shown in
the graph. From 5.9 to 9.7 mJ, the energy deposited did not change, reflecting a saturation in the
deposited energy. This saturation may be due to the air plasma reflecting or absorbing part of the
incoming pulse before it arrives at the jet.

The deposited energies can be used to estimate the energy density of the water plasma. From
images taken after the plasma formed but before any shock separated from it, we estimated that the
initial size of the plasma along the jet axis increased with the pulse energy and ranged between 5
and 10 μm. For a cylindrically symmetric plasma spanning laterally across the jet, the initial size
corresponds to a plasma energy density of ∼30 kJ/cm3 for all pulse energies. This energy density
is comparable to the plasma energy density of 33–40 kJ/cm3 reported for 580 nm, 6-ns laser pulses
[29].

The shock pressure can also be estimated using the deposited energy. Experiments on XFEL-
induced shocks in water showed that the leading shock initially propagates as a cylindrical wave
while decaying due to geometrical spreading [17], and after it is constrained by the jet boundary it
generates additional trailing shocks while decaying at an exponential rate [16]. Using the estimated
deposited energies, we first estimated the amplitude of the leading shock at 10 μm from the beam
axis, before it reached the jet surface, by interpolating the dependence of shock pressures on the
pulse energy from the x-ray laser measurements (see Fig. S5 in the Supplemental Materials of
Ref. [16]). We then assumed an inversely linear decay of the shock pressure with the distance [17]
up to a distance equal to the jet radius, R, of 15 μm. From this distance we calculated the leading
shock pressure, P(x), using the empirical exponential decay law proposed by Blaj et al. [16],

P(x) = P(R) × 10−(x−R)/(3R), (1)

where x is the shock distance from the beam axis.
The pressure predicted by Eq. (1) is shown as dashed lines in Fig. 5(b) along with the experimen-

tal data. This prediction agrees within a factor of ∼2 with the measurements at short time delays,
but underestimates the shock pressures for propagation distances exceeding 100 μm. To account for
the long-lived shock pressure we calculated a modified shock pressure, P∗(x), which includes the
constant shock pressure, Plong, observed at long time delays:

P∗(x) = Plong + [P(R) − Plong] × 10−(x−R)/(3R). (2)

We estimated the predictive accuracy of Eq. (2) using the measurements in 30 μm diameter
jets. For pressures much larger than Plong (time delays below 50 ns), the average ratio between
measurements and predictions was 0.88 ± 0.39 across all measurements. For the smallest pressures
(time delays above 100 ns) the main uncertainty was the value of the long-lived shock pressure,
Plong = 39 ± 12 MPa, calculated as the mean and standard deviation of measured shock pressures
at time delays above 100 ns. Therefore, for our experiments the model had ≈50% accuracy at high
pressures and ≈25% accuracy at low pressures. The two types of uncertainties can be combined to
calculate prediction bands, and an example is given in the Supplemental Materials [25].
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V. CONCLUSION

The generation of shock wave trains in liquid jets is a more general and robust phenomenon than
it could be inferred from the initial observation in experiments that used x-ray lasers [16]. Here, we
generated the shock trains despite the more complicated energy absorption dynamics in the optical
regime, despite using a multimode laser beam with multiple intensity peaks, and despite conducting
the experiments at ambient conditions. Our findings make future studies of the shock trains much
more accessible because mJ-class nanosecond green lasers are one of the most common type of
pulsed lasers.

The dynamics of the ablation and of the shock trains were surprisingly similar to the ones
observed when using x-ray lasers, and had roughly the same scaling with the absorbed energy as in
the XFEL experiments, despite the very large difference in wavelengths and in the energy absorption
mechanisms. This common scaling allowed us to predict the pressure of the leading shock during
propagation. The shock trains we observed had fewer and less ordered fronts than in the x-ray laser
experiments, but it is possible that longer trains can be produced using lasers that have a higher
beam quality.

A new feature uncovered by our study is the approximately decay-free propagation of shocks
after they reached a pressure of approximately 40 MPa, in 30-μm diameter water jets. This long-
lived shock pressure is a potential problem for XFEL experiments that use ≈100-μm diameter liquid
jets, such as solution-phase x-ray scattering experiments [30], at megahertz repetition rate XFELs
[31,32]. At the same time, the long-lived shock trains open the possibility of designing pump-probe
experiments where the samples are first subjected to high-amplitude and high-frequency sound
waves in a liquid, and then are probed using x rays. Finally, the ability to transmit the shocks
inside the nozzles suggests that the shocks can also be coupled into microfluidic chips, enabling
new types of acoustofluidic experiments [33] where samples can be subjected to sound waves with
high amplitudes without exposing the microfluidic chip to high-energy laser pulses.
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