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Response of ∼100 micron water jets to intense nanosecond laser blasts
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We performed an experimental study on water microjets of 100 microns in radius ablated
in air by both green (532 nm) and near infrared (1064 nm) nanosecond laser pulses with
up to 1100 mJ per pulse. We show this affordable and accessible experimental apparatus
captures the essence of the water jet response after being ablated by an intense laser pulse.
The results reveal that ∼3.5% of laser pulse energy enters the water jet and half reaches
the nozzle orifice as far as 50 times the jet diameter away from the ablation point through
internal reflections. The energy density absorbed by the nozzle orifice exceeds the damage
threshold of stainless steel, causing microexplosions and formation of a liquid sheet near
the nozzle orifice.

DOI: 10.1103/PhysRevFluids.7.034001

I. INTRODUCTION

The partial destruction of a micro-liquid-jet due to a laser blast is a subject of fundamental im-
portance in physics [1–4]. The intense energy and power flux lead to numerous exciting discoveries
and emerging applications [5,6], including nuclear fusion [7], extreme ultraviolet lithography [8],
biomacromolecule detections [9,10], and energetic sources of radiation and particles [11]. One
prime example is the compact radiation source with short time duration based on relativistically
intense laser-plasma interactions [12–14]. These compact facilities are widely applied in a range of
application fields such as proton cancer therapy [15] and neutron generation [16]. Liquid jets are
rapidly refreshing targets that can operate at much higher repetition rates compared with the solid
metal foil targets [17,18]. Study of the laser ablation dynamics of micro-liquid-jets could provide
insights on the debris generation and mitigation [19]. Another example is the serial femtosecond
crystallography (SFX) based on a liquid jet ablated by an x-ray free electron laser (XEFL) [20].
XFELs have a peak brilliance that is over 1 × 109 times brighter than that of synchrotron sources,
greatly facilitating the study of weak scattering from small crystals [21,22]. The short XFEL pulse is
comparable with the femtosecond-scale chemical time, enabling time-resolved investigation of the
reaction dynamics [23]. The XFEL causes a blast that expands against the liquid column in the axial
direction, violently breaking the liquid column into two sections [24]. The blast generates a strong
shock wave in the water microjet that travels upstream at supersonic speeds [25,26]. The pressure
is of particular interest in SFX, as the strong shock raises concern for damage of the jet-delivered
protein crystals, which are soft materials held together by weak intermolecular forces [27,28]. SFX
involves rich and complex physics that intrigues many scientists. However, the XFEL is a major
facility associated with very high construction and maintenance costs; therefore only a handful
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of XFELs are in operation in the world. The COVID-19 pandemic compounded the complexity
of accessing XFEL that often requires international collaborations. On the other hand, the shelf
product of a nanosecond pulsed laser is capable of outputting very high power flux that can induce
explosion of a liquid jet. For example, a typical commercially available diode pumped Q-switched
pulsed laser can generate a single 10 ns pulse of ∼1 J on a ∼100 μm2 focal point, corresponding to
a power flux of ∼1018 W/m2, which is 10 orders of magnitude higher than that of the surface of the
Sun. Therefore, the low-cost experimental apparatus of a laser ablated jet allows more engagement
of the research community and the results may help complement the study carried out with the
actual XFEL. In addition, experimental work in the literature has focused on the short-range energy
propagation near the blast center, while the long-range energy propagation that reaches the region
near the nozzle orifice has been largely overlooked.

In this work we have performed an experimental study on the water microjet of 100 microns in
radius ablated in air by both green (532 nm) and near infrared (1064 nm) nanosecond laser pulses
with up to 1100 mJ single pulse energy. With this affordable and accessible experimental system, we
recorded and analyzed the complete response of the liquid jet to the laser blast in detail and revealed
the mechanism of the liquid response near the nozzle orifice, the results of which provide further
understanding of the optical energy propagating mechanism inside microjets. This study shows that,
through internal reflections, the laser beam can cause damage to the nozzle tip that is more than 50
times the jet diameter away from the ablation point.

II. EXPERIMENTAL SETUP

The experimental setup is schematically illustrated in Fig. 1. We used a 1064 nm Q-switched
laser (CNI Laser) with 9 ns pulse duration and adjustable pulse energy up to 1100 mJ. For some
experiments, a frequency doubling crystal is installed in front of the laser to convert the 1064
nm wavelength into 532 nm with a maximum pulse energy of 450 mJ. The laser is focused by
a planoconvex lens with a focal length of 250 mm and a diameter of 25.4 mm. The laser spot is
slightly underfocused with a beam spot diameter of ∼500 μm on the jet surface to prevent the laser
power density per unit volume from exceeding the ionization threshold of the air. The jet with a
diameter of 160 μm is formed by pumping the liquid through a stainless-steel nozzle of 160 μm
inner diameter and 310 μm outer diameter at the flow rate of 2.0–3.5 ml/min (corresponds to the jet
velocity of 1.5–2.6 m/s and the Weber number of 5–15). To better observe the liquid sheet formed
at the nozzle orifice [Figs. 2(a) and 5], we bent the nozzle to an L shape, which allows for the
top-view observation. For most of the experiments, the liquid was de-ionized (DI) water, which has
a low absorbing coefficient of optical energy of both a 532 and 1064 nm laser; thus the jet acts as
a cylindrical lens that further focuses the laser beam to cause a blast near the back surface of the
microjet ( f ront refers to the side of microjet facing the laser and back refers to the opposite side;
see Fig. 2). We also performed experiments with water dyed with acid red I (ARI) or rhodamine
6G (R6G) to examine the effects of liquid absorption (ARI) and fluorescence (R6G). The laser
energy is fully absorbed within a thin layer of ∼10 μm in the 0.025– 0.1 wt % ARI-water solution
[29]. The R6G solution can be excited by the 532 nm laser and emit 560 nm fluorescence [30]. To
visualize the ultrafast laser ablation dynamics, we used a high-speed camera (iX Camera i-Speed
220) coupled with long working distance microscopes with the optical magnification of 2.25×, 5×,
and 10×. The camera has the shortest global shutter time of 2 μs, which is still not short enough
to resolve the rapid evolution of the event. To achieve sufficient temporal resolution, we used an
in-house-built nanosecond fluorescence flashlight to “freeze” the experimental phenomena (Fig. 1).
Because the phenomena are highly repeatable, a time-resolved high-speed photography method was
used to achieve a high effective temporal resolution: For each ablation event we imaged multiple
shots, each at a variable time delay after the laser pulse. The time delay for the flashlight was varied
from –1.0 to 400 μs, and the time interval between two consecutive images was varied from 50 ns
to 10 μs according to the speed of the physical process.
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FIG. 1. Schematic of the experimental setup. Microjets are generated from a nozzle driven by compressed
air (not shown in this figure), which are ablated by both 532 and 1064 nm high-energy lasers. A laser beam
containing about 14% of laser energy is sampled by a wedge (W1), for energy measurement of each pulse
by an energy meter; a second laser beam containing about 2% of laser energy is sampled by another wedge
(W2, which also eliminates the deviation of the optical beam axis caused by W1), for recording the time
delay between each TTL signal and laser pulse. Then the laser beam is expanded by two lenses (L1, L2),
reflected by two mirrors (M1, M2) and raised by a periscope structure (M3, M4) before being refocused by
a planoconvex lens (L3). The phenomenon is imaged with a time-resolved high-speed photography method,
where the illumination is by a 532 nm, 5 ns laser. In order to reduce the coherent speckle, a dye pool filled
with rhodamine 6G solution is located behind the optical fiber orifice, which emits 560 nm fluorescence when
excited by 532 nm laser. The fluorescence is collected by a lens (L4) for the illumination of the field of view.
Long working distance objectives with magnification of 2.25×, 5×, and 10× are applied in this experiment,
and a filter is mounted in front of the objective in order to protect the camera sensor in experiments with 532
nm high-energy laser. The side-view and top-view cameras are synchronized.

III. RESULTS AND DISCUSSION

A. Overall phenomenology

Once the microjet is hit by the laser pulse, bright plasma is generated at the back surface of the
microjet [Figs. 2(a)–2(c), 0 μs], followed by emission of a shock wave into both the surrounding air
and liquid columns [Fig. 2(a), 1.2 μs, marked by the red arrow]. The flash gradually decays within
1–2 μs. Before the flash disappears, a cloud of microdroplets is expelled horizontally towards the
incoming direction of the laser pulse [Fig. 2(a), 1.2 μs, marked by the yellow arrow]. This explosion
is directional because the DI water jet is transparent to both 532 and 1064 nm lasers so the jet first
acts like a cylindrical lens that focuses the laser beam to the back side of the jet, where the plasma
appears. A gap appears near the impact point and expands [Fig. 2(a), 1.2–140.7 μs]. Meanwhile,
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FIG. 2. Temporal evolution near the ablation center. In these images, the laser wavelength is 532 nm, pulse
energy is 42–48 mJ, and the direction of all laser pulses is from right to left. The surface of the microjet towards
the laser pulse is defined as the f ront surface, while the opposite surface is the back surface. (a) The DI water
jet. (b) The 0.1 wt % ACI solution jet. (c) The 0.05 wt % R6G solution jet. The red arrow marks the shock wave
emitted to the air; the yellow arrow marks the ejected microdroplets; the red dashed line marks the edge of the
shock wave; the white dashed line is a standard spherical shape for reference.

the mists keep expanding horizontally, until they finally disappear [Fig. 2(a), 1.2–28.7 μs, yellow
arrow]. The liquid column is split into two by the gap and at the end of each column a liquid
umbrella forms. The gap grows with time while the liquid sheet expands, bends, and finally breaks
up [Fig. 2(a), 1.2–140.7 μs; also see Fig. 3 for gap expansion]. Increasing the laser pulse energy
will result in more violent blasts with brighter plasma flash, faster gap growth, and mist expansion.
The basic phenomena (i.e., emission of shock wave, ejection of matter, formation and expansion
of the gap, and expansion and retraction of the liquid sheet) remain similar for different laser pulse
energies.

Klein and co-workers have pointed out there are four timescales involved in the laser blast
of drops [29,31–33]. Similarly, four timescales were also characterized in our research: (i) The
duration of the high-energy laser pulse, τl ∼ 10–8 s, during which the laser pulse rapidly ionizes and
evaporates the liquid to form the explosion; (ii) matter ejection time, τe ∼ 10–6 s. In this timescale,
a cloud of mist is rapidly ejected (at a speed over 1500 m/s) to the surrounding air; (iii) inertial
timescale, ti ∼ 10–5 s, in which the motions (the growth of the gap and the expansion of liquid
sheets) are dominated by inertia; (iv) capillary timescale, τc ∼ (ρR3

j/σ )1/2 to 10–4 s, where Rj is
the jet radius, and ρ and σ are the density and surface tension of the liquid, respectively. During τc

the liquid motion is primarily the retraction of liquid sheets, which is dominated by the capillarity.
Therefore,

τl � τe < τi < τc. (1)

The expression (1) is very similar to the original relation introduced by Klein et al. [29].
However, the characteristic size (i.e., jet radius) in our experiments is ∼80 μm, which is one order
of magnitude smaller than the drop radius in [29]. The reduction in characteristic length makes the
overall process (defined by τc) faster in this work than that in [29].
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FIG. 3. The logarithmic relation between Lgap and the time from impact (t). Red dashed line shows the
fitting result by the logarithmic relation of the experimental data of 0.1% ARI solution, 2.3 ml/min flow rate,
and 42 mJ laser pulse energy.

The blast induced gap Lgap grows with time. Stan and co-workers derived a logarithmic relation
between the time and the gap distance based on experiments of the 20 μm jet ablated by femtosec-
ond laser pulse XFEL [24]:

1

2
Lgap = Rj + CRj ln

(
1 + t

τ

)
, (2)

where C is a numerical constant close to unity and τ is a characteristic timescale of the gap growth
(which is the ratio of jet radius over the expansion velocity of the cloud after the laser blast). Here we
rewrote this relation as Lgap ∝ ln(1 + t̂ ), where t̂ is the dimensionless time (t̂ = 0 at the beginning
of ablation). The gap expansion in our experiments was found to follow this logarithmic relationship
(Fig. 3), which is a strong indication that our experiment, although with very different jet diameter
as well as laser pulse duration and energy, behaves similarly to that of the jet explosion induced
by the femtosecond XFEL laser. This is not surpising because the entire process of laser ablation
conisists of multiple stages of very different timescales. The gap expansion mainly occurs in the
inertial timescale for both ∼10 and ∼100 μm jets; therefore the laser pulse duration is not the
governing factor that affects the subsequent gap expansion.

The phenomena are different for liquid jets of ARI solution or R6G solution (see Supplemental
Material [34]). Compared to the DI water jet, the left and right sides of the liquid sheet of ARI
solution near the gap are more symmetric about the liquid column [Fig. 2(b), 1.2 μs], which
suggests a different mechanism of energy deposition: The laser energy is absorbed along the whole
optical path, including both the front and back surfaces. With the R6G solution, the ablation center
is very bright, which is the fluorescence that illuminates the jet [Fig. 2(c), 0 μs].

The most notable difference for the three liquids happens at the nozzle orifice. For the DI water
jet blasted by both 532 and 1064 nm lasers, a liquid sheet forms, expands, and finally decays near
the nozzle orifice [Fig. 2(a), 1.2–140.7 μs, circled area; also see Fig. 5]. Hundreds of microseconds
after the blast, after the liquid sheet disappears, the jet resumes at the nozzle orifice [Fig. 2(a),
140.7 μs]. For the ARI and R6G solution jets, no such liquid sheet is observed at the nozzle orifice.
This suggests that the sheet near the nozzle orifice is not caused by shock waves inside the microjets
[25]. A more plausible explanation is that for the DI water jets, part of the laser energy is directed to
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(a) (b) (c) (d)

FIG. 4. The flash at t = 0 μs. (a) DI water jet ablated by 234 mJ, 1064 nm laser pulse. (b) DI water jet
ablated by 48 mJ, 532 nm laser pulse. (c) R6G solution jet ablated by 45 mJ, 532 nm laser pulse. (d) ARI
solution jet ablated by 42 mJ, 532 nm laser pulse. Scale bar: 200 μm.

the nozzle orifice via scattering of the plasma and subsequent internal reflections in the jet, and the
optical energy is deposited near the nozzle tip, causing the phase explosion (a violent, instantaneous
boiling due to the localized heating of a thin layer of water, see Sec. III D for details) that expels
the water into a sheet. For the DI water jet blasted by the 1064 nm laser pulse, the nozzle orifice
is illuminated simultaneously with the bright flash near the blast center [Fig. 4(a)]. Because the
1064 nm laser cannot be observed by either the naked eye or the camera, the illumination in this

(a) (b)

1.5 μs 3.7 μs 6.5 μs 10.5 μs

18.5 μs 26.5 μs 52.5 μs 82.5 μs 500 μm

FIG. 5. Liquid sheet evolution at the nozzle orifice after the laser blast. (a) Top-view snapshots of the liquid
sheets at t = 1.5, 3.7, 6.5, 10.5, 18.5, 26.5, 52.5, and 82.5 μs. At t = 3.7 μs, the fast expanding liquid sheet
has a sunflower pattern; at t = 6.5 and 10.5 μs, the shock wave breaks up the rim (marked by the arrow) into a
circular cloud of microdroplets; at t = 18.5 and 26.5 μs, during the expansion of the liquid sheet, the rim and
ligaments can be clearly observed; at t = 52.5 and 82.5 μs, the liquid sheet shrinks with thicker rim and fewer
ligaments. (b) Liquid sheet radius (Rn) vs time.
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FIG. 6. Damage of the nozzle tip by the laser energy transmitted in the water microjet. (a) SEM images of
the nozzle tip and (b) optical micrographs of nozzle tip after 0–20 000 laser pulses. (N : number of laser pulses).

experiment should come from the intense plasma flash at the ablation point. For the DI water jet
blasted by the 532 nm laser pulse, the refracted laser illuminated the entire jet and might have
damaged the camera sensor in our experiments. Thus, we reduced the pulse energy from ∼200 to
∼40 mJ and added a bandpass filter that only allowed the light of a wavelength of 565 ± 24 nm
(i.e., the wavelength of the stroboscopic light source) to pass through, ensuring that the 532 nm
laser was blocked. For the rhodamine 6G dyed water jet, the fluorescence can pass the filter and
two illuminated regions (the laser ablation point and the nozzle orifice) are visible again [Figs. 4(b)
and 4(c)]. These phenomena suggest that photons from both the plasma flash and laser beam can
be transmitted inside the jet to the nozzle orifice through internal reflections. However, the primary
optical irradiation from the laser and the secondary optical emission from the plasma contribute
differently to the phenomenon near the nozzle orifice (also see Sec. III D).

B. Liquid sheet evolution at the nozzle orifice

When the liquid is transparent to the laser, the blast produces a liquid sheet at the nozzle orifice
that first expands and then retracts [Fig. 5(a)]. The liquid sheet has a rim and sunflower pattern
near the edge. The inner region of the liquid sheet has several radial wrinkles. The liquid sheet first
expands quickly with a maximum velocity over 100 m/s. After time τb (the time required for the
shock wave to travel from the blast center to the nozzle orifice, which ranges from 5 to 10 μs in
most of our experiments) the shock wave reaches the liquid sheet and breaks the rim into a circular
cloud of microdroplets [Fig. 5(a), 6.5–10.5 μs; also see Fig. 2(a), 3.1–6.7 μs]. τb depends on the
distance between laser beam and nozzle orifice and has a magnitude of ∼10 μs in our experiments.
After the shock wave passes the liquid sheet, a refreshed rim forms and continues to expand for tens
of microseconds, until a maximum radius is reached. After that, the liquid sheet retracts in the next
∼100 μs until it merges with the liquid column.

We estimated the characteristic thickness of the liquid sheet, h, by the Taylor-Culick speed of a
retracing liquid film: h = 2σ/ρv2, where v is the sheet retracing speed, and σ and ρ are the surface
tension and density of the liquid, respectively. This gives h = ∼15 μm in the experiment shown by
Fig. 5(b). Here we assume constant surface tension that is not affected by the localized heating on
the liquid-nozzle interface (see Sec. III D for detail), because the thermal diffusion length of water
is only ∼1 μm.

C. Nozzle tip damage

We observed the nozzle tip after the microjet experienced multiple laser blasts. Figure 6 shows
the scanning electron microscope (SEM) and optical micrographs of the same nozzle tip after
increasing the number of laser blasts (N) to the liquid jet. We found that the nozzle tip starts to show
signs of damage after only 20 blasts [Figs. 6(a) and 6(b), N = 20], forming a blue-colored annular
area. More blasts cause an expanded damaged area and the color turns gray or orange [Figs. 6(a)
and 6(b), N = 500]. The increase in the radius of the damaged area mostly occurs within the first
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(b) (e)(c) (f)
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FIG. 7. The nozzle damage patterns after same laser blasts (N = 8000) at different flow rates. (a) SEM
and (b) optical microscope observation of the nozzle tip with a flow rate of 2.21 ml/min; (c) a snapshot of
the nozzle and jet; (d) SEM and (e) optical microscope observation of the nozzle tip with a flow rate of 7.97
ml/min; (f) a snapshot of the nozzle and jet.

1000 pulses. After that, more pulses will mainly deepen the damaged zone rather than enlarge it,
exhibiting a layered damage structure [Figs. 6(a) and 6(b), N = 2000, 5000, and 20 000]. Crystalline
grains of the stainless steel can be observed after 2000 laser pulses. The damaged zone turns from
coarse column grains [Figs. 6(a) and 6(b), N = 2000] to fine grains [Figs. 6(a) and 6(b), N = 5000
and 20 000]. After 10 000 pulses, radial wrinkles (marked by arrows in Fig. 6) are observed. This
wrinkled structure with grooves may be what causes the sunflower pattern of the liquid sheet near
the nozzle orifice [Fig. 5(a)].

The damaged pattern is also influenced by the shape of the liquid meniscus connecting the nozzle
and the jet. The meniscus of different curvature affects the internal reflection of optical beams.
Figure 7 shows two damaged nozzle tips, where the only difference is the velocity of the microjet
and the associated meniscus curvatures. With a lower jet velocity (1.7 m/s), the radius of curvature
of the meniscus is greater, which results in the damage of the whole nozzle tip [Figs. 7(a) and 7(c)].
For a much higher jet velocity of 6.0 m/s, the radius of curvature decreases, and the damaged area
of the nozzle tip is confined to the inner half along the radial direction [Figs. 7(d)–7(f)].

D. Optical power transmission within the liquid jet

To investigate the mechanism of optical power transmission within the jet, we designed an experi-
ment [Fig. 8(a)] for direct measurement. We made the liquid jet impinge directly on a sealed optical
window before the jet breaks up, below which the optical sensor (Thorlabs PDA36A2 for power
or Thorlabs ES220C for energy) is positioned to measure the optical power or energy transmitted
downstream. An aperture that blocks the unwanted scattered light from the ambient is attached
to the optical window. Assuming equal optical power transmission upstream and downstream,
the measured optical power is also the value reaching the nozzle orifice. We define the coupling
efficiency as the ratio of transmitted power pt (cw laser) or energy Et (pulsed laser) to injected
power p0 or energy E0, i.e., η = pt/p0 (for a cw laser) or η = Et/E0 (for a pulsed laser).

We found that for the same liquid jet and same intercepting point, the cw laser and pulsed
laser lead to dramatically different coupling efficiencies. When a 928 mW, 520 nm cw laser

034001-8



RESPONSE OF ∼100 MICRON WATER JETS TO …

Jet

Laser

Lens

Nozzle

x
y

Sealed optical window

Sensor

Aperture

(a) (b)

(c)

FIG. 8. Measurement of the optical power transmitted in the jet. (a) Experimental setup. Either the 532 nm,
9 ns high-energy pulsed laser or the 520 nm continuous wave (cw) laser are used in this experiment. The laser
beam was focused by a convex lens ( f = 250 mm, Thorlabs) before the arrival of the DI water microjet of
160 μm in diameter. The jet impinged onto the sensor protected by a sealed optical window made by the
∼100 μm transparent polyethylene terephthalate film before breakup, which is covered by an aperture made
by a metal plate with a ∼500 μm diameter hole to block the unwanted scattered light from the ambient. The
water was removed promptly by porous media (not shown) around the window. (b) Bubbles appeared at the
nozzle orifice at t = 500 ns after the ablation. The scaling bar is 100 μm, the liquid is DI water, and the laser
pulse is 1064 nm, 9 ns, 700 mJ. (c) Transmitted optical energy vs pulse energy when the jet is ablated by the
532 nm high-energy laser.

illuminates the jet, no plasma is produced due to the low-power flux; therefore a simple and
ineffective geometric optical coupling is expected. Indeed, the transmitted power is only 26 μW,
which corresponds to a coupling efficiency of η = 3 × 10–5. Such low coupling efficiency suggests
that, if the pulsed laser also follows the geometric optical coupling mechanism, for a typical 100 mJ
input laser pulse energy, only ∼3 μJ optical energy can be transmitted within the jet, which is far
from enough to cause microexplosions at the nozzle orifice.

When the jet is ablated by the 9 ns, 532 nm laser pulse [Fig. 8(c)], the coupling efficiency jumps
to η ∼ 1.8%, suggesting a different coupling mechanism. When the pulse energy is 100 mJ, the
optical energy reaching the nozzle orifice is Et ∼ 1.75 mJ. Such energy level and power density can
explain how the microexplosion occurs at the nozzle orifice and the nozzle tip damage is observed
within 20 blasts. Considering that the transmitted optical energy may consist of energy from both
primary pulsed laser irradiation and secondary optical emission (i.e., the plasma flash), we place
a notch filter (NF533-17, Thorlabs) that blocks the 532 nm primary laser in front of the energy
meter. With the notch filter, the measured energy is only a half of the value without the filter. The
result suggests that about half of the optical energy is from the secondary optical emission [see line
marked by circular dots in Fig. 8(c)], while another half is from the primary 532 nm laser irradiation.
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The plasma generated at the early stage (within a few hundred picoseconds) of the ablation redirects
part of the pulsed laser energy into the liquid jet [35–37], resulting in much more efficient optical
coupling efficiency than that of a jet irradiated by a cw laser.

A more accurate estimation of the energy density and power density at the nozzle orifice can help
to better understand the coupling mechanism. The damage threshold of the stainless steel ablated
by laser pulses is influenced by several factors, including laser wavelength, laser pulse duration,
and ambient environment (in vacuum or air) [38]. For a ∼ns or longer laser pulse, the ablation
threshold scales with the square root of the pulse duration [39,40]. The damage threshold for
stainless steel for a 5 ns pulse is ∼0.2 J/cm2 [38]. We can then estimate that for ∼10 ns and ∼2 μs
(the typical duration of the plasma flash) pulses the ablation thresholds in vacuum are about 0.3
and 4 J/cm2, respectively. Further, the nonvacuum environment may lead to a decrease of threshold
by a factor of 2–3 [38], reducing the thresholds to ∼0.1 and ∼1.3 J/cm2 for ∼10 ns and ∼2 μs
pulses, respectively. In our experiments, deposition of the optical energy at the nozzle orifice occurs
at a circular region of ∼300 μm in diameter. The reflectivity of stainless steel varies from ∼10% to
∼70% depending on the light wavelength and surface roughness [41]. For an 800 μJ pulse (which
is a typical value for both primary irradiation and secondary emission when the jet is ablated by
a ∼100 mJ laser pulse), the net deposited energy density ranges from ∼0.1 to ∼0.8 J/cm2, which
is between the damage threshold of the primary irradiation and secondary emission. Therefore, for
the phenomenon at the nozzle orifice described in Secs. III A–III C, only the energy density of the
coupled primary laser irradiation with ∼10 ns pulse duration is above the damage threshold. When
the liquid is switched to ARI solution, the primary 532 nm irradiation is completely absorbed and
only the secondary broadband emission of ∼2 μs from plasma can reach the nozzle tip. This energy
is below the damage threshold and is not likely to cause any material removal.

The liquid sheet formation is attributed to a thermally driven phase explosion due to the rapid
and localized heating of the liquid. The heat transfer process is the following: The coupled laser
optical energy is partially absorbed by the stainless steel and increases the surface temperature of
the nozzle orifice, which in turn heats up the water in contact with it. Because of the short duration
of the laser pulse (∼10 ns), the heat absorbed by the stainless steel only diffuses a short distance into
the nozzle material and the water, and thus a strong localized heating becomes possible. To estimate
the temperature rise of the stainless steel, we assume that (a) the heating occurs at the stainless-steel
interface; (b) the thickness of the heated stainless-steel layer δw at the end of the laser pulse is
given by the thermal diffusion length, δ = (2α�t )1/2, where α is the thermal diffusivity of the
stainless steel, and �t is the laser pulse duration. With α ∼ 11 mm2/s and ∼10 ns, we obtained δ ∼
0.5 μm. Considering the annular-shaped nozzle orifice with 310 μm outer diameter and 160 μm
inner diameter, and the energy absorption rate of stainless steel might be only 30%, it is reasonable
to assume that about 150 μJ of energy is absorbed by the thin layer of stainless steel, which instantly
heats the thin layer within the nozzle orifice to Ts ∼ 1600 K.

Because the heated stainless-steel layer is very thin compared with the nozzle diameter, we apply
the model of two infinitely large objects of different temperatures that are suddenly in contact [42]
to estimate the temperature of the water-stainless interface (Ti) immediately after the laser pulse:

Ti = (kρc)1/2
w Tw + (kρc)1/2

s Ts

(kρc)1/2
w + (kρc)1/2

s

, (3)

where k, ρ, and c are the thermal conductivity, density, and specific heat, respectively (subscript w

refers to the water; subscript s refers to the stainless steel). For typical material properties: kw =
0.6 W/(m K), ρw = 1000 kg/m3, cw = 4200 J/kg/K, ks ≈ 30 W/(m K), ρs = 7800 kg/m3, cs =
460 J/kg/K, Tw = 300 K, and Ts = 1600 K:

Ti ≈ 1400 K, (4)

which is much higher than the superheating limit of water of ∼575 K [43]. Therefore, the absorbed
energy is sufficient to heat the thin layer of water beyond the boiling point to induce phase explosion
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FIG. 9. Shock wave radius vs time. Considering the shape of the shock wave is not a standard sphere, we
used the volume of the region behind the shock wave to calculate the effective radius. The dashed line shows
the fitting result of the DI water experiment using Taylor’s blast model.

that propels liquid away and forms the liquid sheet near the nozzle orifice. This physical picture can
also be supported by the bubbles formed several hundred nanoseconds after the ablation while the
shock wave generated at the ablation center has not yet reached the nozzle tip [Fig. 8(b)].

E. Blast energy estimation

The violent blast induced by the laser pulse generates a quasispherical shock wave expanding in
the air [Figs. 2 and 9]. The energy deposited can be estimated by Taylor’s blast model [44]:

E = A
Rs(t )5ρg

t2
, (5)

where E is the energy injected to the blast, Rs(t) is the radius of the spherical shock wave, ρg is the
gas density before the blast, t is the time interval for the shock to reach Rs(t), and A is a constant
close to unity (A = 1.03, to be exact) [45]. Figure 9 shows the shock wave radius expansion history
for jets of different liquids ablated with comparable laser pulse energies. The shock wave radius
history is similar for all jets (Fig. 9). The blast energy estimated by Eq. (5) is about 14 mJ, which
is 29% of the laser pulse energy. The absorption of a 532 nm laser of ∼100 μm depth of DI water
is only 10–3. The substantial absorption enhancement is through early ionized matter and plasma
[46,47]. The liquid with high absorption rate (ARI solution) also shows a similar deposition rate of
laser energy, providing evidence of saturation of energy deposition [25].

The shock wave expansion history can also provide information about the temperature and
pressure behind the shock wave:

Ma = Vs

a1
= Vs√

γ R0T1
, (6)

P2

P1
= 1 + 2γ

γ + 1
(Ma2 − 1), (7)

T2

T1
= P2

P1

(
γ+1
γ−1 + P2

P1

1 + γ+1
γ−1

P2
P1

)
, (8)
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TABLE I. Temperature and pressure after the shock wave.

Time (μs) Temperature (K) Pressure (bars)

0.25 1064 24.5
0.5 787 10.6
1.0 490 4.3
1.5 398 2.6
2.0 350 1.8
3.0 298 1.1

where Ma is the Mach number, Vs is the velocity of shock wave, a1 is the sound velocity in
surrounding air, γ is the specific heat ratio (for air γ ≈ 1.4), R0 is the gas constant (for air
R0 = 287 m2 s–2 K–1), P is pressure, and T is temperature. The subscript 1 denotes the conditions
ahead of the shock wave, i.e., in the quiescent air; the subscript 2 denotes the conditions behind the
shock wave. Equation (5) can be rewritten as

Rs(t ) = Kt2/5, (9)

where K = (E/ρg)1/5 is a constant in a specific experiment that can be obtained by fitting the
experimental data. Taking the derivative of Eq. (9) yields

Vs = dRs(t )

dt
= 2

5
Kt−3/5, (10)

Hence the pressure behind the expanding shock wave is

P2 =
{

1 + 2γ

γ + 1

[(
2

5

Kt−3/5

a1

)2

− 1

]}
P1. (11)

Similarly, the temperature can be estimated. Table I shows the temperature and pressure history.
Several hundreds of nanoseconds after the blast, the temperature can reach over 1000 K, and the
pressure can be more than 20 times atmospheric pressure behind the shock wave. Both values
decay rapidly: Within 3 μs, or 2.5 mm radius, the temperature drops from >1000 K to nearly room
temperature (298 K), and the pressure drops from 24 bars to merely 10% above atmosphere pressure.
The rapid drop in both pressure and temperature suggests the blast only affects a limited zone of a
few millimeters.

IV. CONCLUSION

A microjet of ∼100 micrometers in radius subject to ablation of an intense nanosecond laser
pulse (power flux of 1013–1014 W/m2 in this work) breaks into two liquid columns. The gap
between the two liquid columns expands with respect to time, and the logarithm scaling of gap
expansion, originally derived from microjets of several micrometers in diameter ablated by a fem-
tosecond x-ray laser, also applied to our experiments (∼160 μm diameter jet ablated by nanosecond
532 and 1064 nm laser pulse). The shock wave generated from the blast expands in the surrounding
air, from which the effective blast energy can be estimated. When the liquid is transparent to the
laser pulse, ∼3.5% of the laser pulse energy can enter the jet and half can reach the nozzle orifice as
far as 50 times the jet diameter away from the blast center through internal reflections. The energy
density absorbed by the nozzle orifice exceeds the damage threshold of stainless steel, causing
microexplosions and formation of a liquid sheet near the nozzle orifice. The detailed mechanism of
plasma generation and its scattering of optical energy is a subject of future investigation.

Previous works [24–26,48–50] have shown that the mechanical effect (i.e., the shock wave) that
originated from the blast center could propagate along the jets for more than ten times the jet radius.
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This study expands that physical picture by showing the optical effect: The optical energy can
transmit for a relatively long distance through the internal reflection within a liquid jet ablated by
an intense laser pulse. The short optical energy pulse deposited on the absorptive nozzle surface can
lead to enormous power flux, tightly localized heating, and a microexplosion that expels the liquid
to form an expanding sheet. The optical energy pulse from the XFEL induced plasma may also
instantly heat up the absorbing samples carried by the jet for SFX applications. Another possible
application could be the water jet guided laser machining [51]: The micro-water-jet can be used as
a waveguide to deliver the pulsed energy for places hard to reach by a focused laser. The liquid jet
can also provide cooling simultaneously to reduce the heat affected zone (HAZ).
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