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High-speed videos in an optical cryostat, with frame rates up to 5x10° fps, are used
to study the dynamics of laser-induced cavitation in helium near the critical point and
in the supercritical region. The propagation of strong shock waves are observed in both
regimes. The time dependence of the cavitation bubble radius as well as the acoustic
pressure field outside the bubble are described by standard compressible flow models. In
the temperature range 4K < T < 5.2K, a symmetric cloud of micron-scale bubbles are
observed outside the main cavitation bubble as it approaches its maximum radius which
is due to homogeneous nucleation and spinodal decomposition in the low-pressure fluid
outside the bubble. Nucleation of secondary bubbles is also observed far below the critical
point, but this requires large negative pressures that can be generated by shock waves
that reflect from the primary bubble.

DOI: 10.1103/PhysRevFluids.9.L.091601

Introduction. Cavitation occurs when a liquid is rapidly driven out of equilibrium, either by
superheating or depressurization, which causes a vapor bubble to nucleate and grow and eventually
collapse. Cavitation is an important issue in supercritical materials science studies [1], in pumping
systems for cryogenic rocket propellants [2], and in power cycles utilizing working fluids near the
critical point [3-6]. Transient depressurization can occur in nozzle flows [7,8] or in high-intensity
acoustic waves [9—12]. Cavitation can be conveniently studied by locally superheating a small region
of fluid using electrical heaters [13,14] or by focusing a pulsed laser into bulk fluid, which is
the technique used herein. The highly nonlinear process following the focused laser pulse leads
to dielectric breakdown and transient high-pressure plasma formation in the liquid, as discussed
in Refs. [15-17]. Most previous studies, which utilize imaging to study the subsequent bubble
dynamics of laser-induced cavitation, have used water or aqueous media as the working fluid
[18-24]. There are several reasons why helium is an interesting fluid for cavitation studies. It is
extremely chemically pure, so there are no complications associated with dissolved noncondensible
gas or heterogeneous nucleation sites, which makes quantitative comparison to predictions of
simple models feasible [9]. The entire coexistence range of the liquid-vapor phase transition is
experimentally accessible, as in the narrow temperature range from 1to 5K, one spans from the
low-temperature regime with vanishing vapor pressure to the critical point where the compressibility
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diverges and the density difference between liquid and vapor and the surface tension both approach
zero. Similarly, since the critical pressure is so low (~2 bars), it is not difficult to explore the
supercritical single phase region. In contrast, the critical point for water occurs at 220 atm and
374 °C, making imaging experiments challenging.

Several previous studies of cavitation in liquid helium at low temperatures have used high-
intensity ultrasound [9,25-27] to induce cavitation but only using single point detectors to provide
qualitative information about bubble dynamics. A few more recent works have used time-lapse
stroboscopic imaging of acoustically generated cavitation [28] and laser ablation of metal targets
under liquid helium [29,30], but none near the critical point.

Experimental setup. We utilize high-speed video imaging to capture the full dynamics of laser-
induced cavitation bubbles in liquid helium-4 above and below the liquid-vapor critical point at
Teie = 5.19 K, P = 200.2 kPA. Experiments were performed in a custom-built optical cryostat,
which has been described previously [31-33]. The experimental cell consists of a 71-mm per edge
cube of gold-plated copper with 38-mm-diameter bores drilled through each face except the top of
the cell. The cell is equipped with sapphire windows with indium gaskets to provide optical access
to its interior. Helium (99.999% pure) was liquified directly in the experimental cell until the cell
was full of liquid. For measurements below the critical pressure, the experimental cell is kept at
saturation conditions, so the ambient pressure at the point of cavitation, Py, is the saturated vapor
pressure at the cell temperature, Py, (7). For measurements in the supercritical regime, the pressure
was set by the gas pressure in the helium fill line. The thermophysical and transport properties of
helium used herein were compiled from data provided in the literature [34,35].

Laser pulses, 6 ns in duration, were generated using a Litron Nano PIV L200-15, Nd:YAG
laser at wavelength 532 nm. The laser beam is initially expanded and then passes through the
various sapphire windows in the vacuum chamber/radiation shields into the test cell. The beam
is focused using a parabolic mirror inside the liquid in the cell resulting in a beam waist diameter of
approximately 150 um. The pulse rate was less than one pulse/5 min.

Images of the cavitation event were captured using a Kirana-05M ultrahigh-speed video camera
(Specialised Imaging, Pitstone, UK) at frame rates between 2000 and 5x 10° fps back-illuminated
by a pulsed laser diode with a pulse duration between 20 and 170 ns. This camera captures 180
frames with an image size of 924 x 768 pixels regardless of frame rate. Separately, a Phantom v2511
CMOS camera was used to image the event at frame rates between 33 and 380 kfps with image
size decreasing with increasing frame rate. The cameras were coupled to a Questar QM1 long-
distance microscope resulting in image resolution between 5.66 and 45 um/pixel depending on
configuration.

Theoretical considerations. The basic cavitation phenomena we observe are illustrated in Fig. 1,
which shows backlit images of cavitation bubbles in liquid near the critical point at saturated vapor
pressure (top row) and at approximately the same temperature, but higher pressure (bottom row).
At short times an outgoing shock wave is visible. Away from the critical point at higher pressure,
the bubble expands and contracts, always maintaining a sharp interface between liquid and vapor. In
contrast, bubbles generated at coexistence develop a fuzzy boundary once they reach their maximum
radius, which is due to nucleation of microscopic secondary bubbles driven by the acoustic field of
the primary bubble. The formation of these microbubbles is clearly visible in the high magnification
videos in the Supplemental Material [36]. The main purpose of this Letter is to document this
universal aspect of bubble dynamics near the critical point and to provide a theoretical basis for
understanding it. Such experiments have not been conducted near the critical point in water.

The velocity potential for potential flow of an ideal incompressible fluid obeys the Laplace
equation, which is the basis of the Rayleigh-Plesset equation of bubble dynamics. Taking com-
pressibility into account at first order requires solving the wave equation instead. Various methods
of approximating the solution to the wave equation with moving boundaries have been analyzed
in the literature [37] which result in equations of motion that have slightly different terms but
are numerically indistinguishable; we have used an equation derived by Keller and collaborators
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FIG. 1. Snapshots of bubble dynamics from high-speed videos. Top row shows a cavitation bubble at
T =5.02 K and P = 199 kPa, close to the critical point; note the symmetric shell of tiny bubbles that nucleate
around the main bubble. The bottom row shows a bubble at T = 4.97, but at P = 383 kPa, far from the
coexistence curve and the critical point. Videos are available at [36].

[38,39]:
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where R(t) is the bubble radius as a function of time, ¢ is the (constant) speed of sound in the
liquid, Py is the pressure far from the bubble, and p is the density of the background fluid; surface
tension and viscous terms have been omitted because they were confirmed to be negligible. The
interior of the bubble is modeled as an ideal gas, with initial pressure Py and radius Ry. Since heat
transfer is neglected, PV3/3 & PR’ is constant, so the pressure inside the bubble at later times is
Pox[Ro/R(®)P.

Equation (1) can be solved numerically with the initial conditions R(0) = Ry and R'(¢t) = 0;
Py and Ry are treated as fitting parameters to qualitatively reproduce the experimentally observed
maximum bubble radius and oscillation period. Typical results for R(t) and P(¢) for a case with
T = 4.3 K are shown in Fig. 2. Note that when the bubble is near its maximum radius, the internal
pressure is below Py.

The oscillating bubble radiates sound into the background compressible fluid [40]. The pressure
in the fluid Py (r, t) is given by derivatives of the volume of the bubble, V() = 4 R(t)? /3 [38,41],
evaluated at the retarded time t — r/c:

2
4y 32724 @)

" r 2 r
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Plots of P, (r,t) in the fluid outside the bubble as a function of the radial coordinate r for several
values of t are shown in Fig. 2(c). An important consequence of Egs. (1) and (2) illustrated in Fig. 2
is that when the internal bubble pressure is below Py, there is also a region in the fluid outside the
bubble with P, (r,t) < Py, which means that the fluid is metastable.

The metastable liquid outside the cavitation bubble can undergo homogeneous nucleation of
secondary vapor bubbles if the nucleation rate is sufficiently high. These secondary bubbles become
visible in our experiments when the nucleation rate exceeds ~10?° m~3s~!. This rate corresponds
to one nucleation inside a 20 pm cube about every microsecond.

A quantitative estimate of the nucleation rate is based on the probability of forming a critical
vapor nucleus that is sufficiently large that subsequent growth leads to a decrease in the free energy,
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FIG. 2. (a) and (b) Results for the bubble radius R(¢) and the bubble pressure P(z) as a function of time
and computed from the Keller equation (1) for the case Ty, = 4.3 K, Py = 8.1x10% Pa, Ry = 2.4x10™* m,
P, = P,y = 1.07x10° Pa. The numbers and symbols mark the times at which the pressure in the liquid P,
is shown in (c). The horizontal dashed line in (b) is the saturated vapor pressure. Note that for a significant
fraction of the bubble life cycle, the internal pressure is below the saturated vapor pressure. (c) Log-log plots of
the pressure in the exterior fluid P, (r, t) as a function of r (the distance to the center of the bubble) for several
values of t which correspond to the numbers and colors of the indicators in (a). The dashed horizontal line is P,
which is often equal to Py,. For a given #, the P, (r, t) curve starts at the surface of the bubble where r = R(?),
which is marked by a number that corresponds to the bubble radius at a time indicated in (a). P.(r, 1) = P4, for
r > ct, and has a shocklike singularity at » = ct. Note that when the bubble is near its maximum radius (case 2),
P, (r, t) is substantially lower than P,, over a spatial region that extends several bubble radii from the bubble
wall.

which is the sum of a negative volume term that scales as r> and a positive surface term that scales
as r2. The critical radius r, is [9,42]

20
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where n;, and n, are number densities in the liquid and vapor, respectively. The free-energy barrier
to nucleation is
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FIG. 3. Plots of characteristic pressures of liquid helium as a function of temperature near the critical point.
The upper dashed black curve is the saturated vapor pressure. The lower blue curve is the spinodal line. On
the spinodal, the compressibility goes to zero, and the region below it is experimentally inaccessible because
the liquid is mechanically unstable. In the region between these two curves, the liquid is metastable, and
bubbles will nucleate at a rate that is exponentially dependent on the degree of subpressure. The magenta curve
corresponds to a nucleation rate of 102 m~3 s~!. All three curves meet near the critical point, with P ~ 220 kPa
and T ~ 5.2 K.

where m is the mass of a helium atom and k is Boltzmann’s constant. We have used Eq. (6)
together with the NIST thermophysical property tables [35] to compute the values of P, as a
function of T, which yield J ~ 10 m~3s~!; the results are shown as the magenta curve in
Fig. 3. Figure 3 also shows the spinodal curve, shown in blue, which represents the locus of points
where the compressibility (calculated from a van der Waals equation of state) of the liquid goes
to zero. The spinodal is a boundary below which the metastable liquid becomes mechanically
unstable.

Results. Although cavitation in liquids typically requires negative pressures [25], Fig. 3 shows
that for “He at T > 4 K, pressures below the vapor pressure but above zero will lead to very high
nucleation rates. Qualitatively, this is due to the strong dependence of the free-energy barrier on
the liquid-vapor interfacial tension o. Since o goes to zero near the critical point, even small
under pressures can generate large nucleation rates in the critical region. A sequence of images
of the cavitation bubble for 7 = 5.03 K together with plots of the pressure field in the surrounding
fluid are shown in Fig. 4. As the main bubble approaches its maximum radius, the pressure in the
surrounding fluid is below Py, and a halo of tiny bubbles is nucleated outside the main bubble.
When the main bubble starts to contract, the external pressure rises above Py, and the halo mostly
disappears, but returns when the main bubble starts expanding again. This phenomenon occurs only
near the critical point; images of cavitation bubbles on the coexistence curve with 7 < 4 K shown
in Fig. 5 or at higher temperatures but with Py, > Py, (as shown in Fig. 1, bottom row) have sharp
boundaries.

An important feature of the short-time dynamics of cavitation is the emission of a spherical
shock wave. These shock waves are visible in the images such as Figs. 5(a) and 5(c) because
the high pressures at the leading edge of the shock increases the density and optical index of the
fluid. For 1 < ¢ < 10 us, the time dependence of the radius of the shock front ry can be accurately
described by a power law r; ~ " where 0.6 < n < 0.9. The velocity of the shock v, can be obtained
by differentiation. The density p; and pressure P at the shock front can be determined from the
conservation of mass and momentum equations [29]:

px(vs - vp) = pvs, P+ ps(vs - vp)2 =Py + Pvf, @)
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FIG. 4. Cavitation in *He at 7 = 5.03 K with P, = P,,.. The lower panel shows backlit transmission
images of the bubble for several times that span the range of the initial expansion and the first contraction.
The upper panel shows the pressure P, (r, t) as a function of r outside the bubble calculated using Eq. (2). The
vertical lines mark R(z) computed from Eq. (1) and the green-dashed horizontal line is the saturated vapor
pressure. The first image at + = 0.039 ms shows a central bubble with a detached shock wave. In subsequent
images, the central main bubble appears very dark. The images at r = 0.136, 0.194, and 0.349 ms also have a
shell of tiny (=1 pixel) bubbles that appear as a gray ring around the main bubble. As indicated by the pressure
graph above these images, the halo of small bubbles occurs when the pressure in the external fluid is below the
saturated vapor pressure. When the pressure rises again above Py, (e.g., at t = 0.245 and 0.405 ms), the halo
abruptly disappears. The complete video is available at [36].

where v), is the velocity of the piston driving the shock. These equations together with an empirical
linear relation [29] between vy and v),

v, = c1 (v — ©), )
can be solved for P;:
PJZPOO—FClUJ(Us_C),O. (9)

The values of P, determined in this way using ¢; = 0.735 are shown in Fig. 6(b).

In the two-phase region with T < T.., an expanding core of hot high-pressure gas drives the
shock wave in the surrounding liquid. In the supercritical regime, a conventional cavitation bubble
cannot form because there is only a single phase with a continuous variation of the density. The
rapid localized heating from the laser pulse nevertheless causes thermal expansion, which creates a
spherical piston and launches a shock wave with characteristics similar to those generated at lower
temperatures, as shown in Fig. 6. The subsequent dynamics of the “bubble” is quite different in the
two cases. In the supercritical case, the hot fluid is initially localized in a region defined by the focus

L091601-6



LASER-INDUCED CAVITATION IN LIQUID “He ...

T=2F t=6.5us t=350us t=350us

FIG. 5. Behavior of cavitation bubbles above and below the critical region. Images (a) and (b) in the left-
hand column were obtained on the two-phase coexistence curve with 7 = 2.7 K. Images (c) and (d) on the
right-hand column were obtained in the supercritical region, with T = 10 K and P = 2x10° Pa; 7 is the time
after the laser pulse. The width of each of the images is 7.5 mm: (a) shows a dark spherical bubble with
a diameter ~1 mm, and a concentric clear disk, which is an Ma = 1.3 shock wave. A similar shock wave
with Ma = 2.9 is generated in the supercritical fluid, shown in (c), but the central core of hot fluid has a less
well-defined boundary. At later times in the two-phase region, the vapor bubble has increased its diameter, but
retains a compact near-spherical shape shown in (b), while in the supercritical fluid, the turbulent mixing of
the hot fluid and the absence of stabilizing surface tension leads to an irregular shape, shown in (d). Videos are
available at [36].

of the laser (=150 um), but then turbulent motion mixes the fluid into a region of characteristic
scale &1 mm within 1 ms. The blob of hot fluid remains visible and retains its structure with a
reasonably well-defined interface with the colder background fluid for our maximum observation
period of hundreds of milliseconds. This is consistent with the fact that the thermal diffusivity x of
helium in the near supercritical regime is y &~ 1077 m?/s so the expected thermal relaxation time
t=L%/x forL=1mmis~10s.

The shock wave launches within the first microsecond of the initial plasma formation and
propagates across the experimental cell and eventually reflects from the walls, returning hundreds of
microseconds later to interact with the (now much larger) bubble. When the initial positive pressure
shock reflects from the high acoustic impedance of the metallic cell walls, the reflected pulse is
also a positive pressure shock. In contrast, when the positive pressure shock reflects from a low
impedance boundary such as a free vapor surface or the interior of a vapor bubble, the polarity of
the pressure is reversed [22,43,44]. This negative pressure generated by a reflected shock can induce
nucleation of secondary bubbles even at temperatures far below the critical point as shown in Fig. 7.
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FIG. 6. (a) Shock radius r, as a function of time after the laser pulse. Green curve corresponds to 7 = 10 K
and P,, = 2 MPa. Magenta curve corresponds to 7 = 2.72 K and P, = 0.1 MPa. Points are extracted from
videos. Green curve is a power-law fit with r, ~ %! and magenta curve is a fit with r, ~ t°7°. (b) Shock
pressure P, as a function of time calculated from the data in (a) and Eq. (9).
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FIG. 7. Three frames from a video showing a positive pressure nearly vertical linear shock (¢) propagating
from right to left interacting with an expanding cavitation bubble at 7 = 2.24 K with P,, = 5.8 kPa. The last
frame shows nucleation of secondary bubbles due to the negative pressure generated by the shock reflecting
from the main bubble (x). The complete video is available at [36].

The figure shows an essentially planar positive pressure reflected shock moving from right to left
with a velocity of 263 m/s. Using Eq. (9) with ¢ = 221 m/s, the peak pressure is approximately
1 MPa, so the reflected shock will have a pressure of ~—1 MPa. From Eq. (6), the negative pressure
required for J ~ 10?° is —0.5 MPa, which is consistent with the strong nucleation we observe on
one side of the main bubble, behind the reflected shock.

Conclusions. Taking the compressibility of the background fluid into account is important for
understanding the qualitative behavior of cavitation near the critical point. As the bubble radius
reaches its maximum value, the internal bubble pressure and the pressure in the adjacent fluid
typically drops below the saturated vapor pressure. The acoustic wave that is generated has a
wavelength that is typically several millimeters, so there is a significant region of depressurized
liquid surrounding the vapor bubble. Near the critical point, the liquid pressure approaches the
spinodal pressure and there is rapid homogeneous nucleation of microscopic vapor bubbles in a
spherical shell around the cavitation bubble,] which appears as a gray fog in the video images, but
become distinct at larger magnification (see Supplemantal Material [36]). As the main cavitation
bubble begins to collapse, the pressure around it rises to above the saturation vapor pressure and
most of the tiny bubbles recondense. The thermodynamic properties of a fluid near the critical
point obey well-known scaling laws, so these results should be applicable to a wide range of fluids,
including recent studies of laser ablation in near critical CO, [45]. Our results clarify the nature of
the observed double layer observed in their snapshots.

In the single-phase supercritical region, the energy deposited by the laser pulse causes rapid
thermal expansion and launches a shock wave that is particularly strong because of the high
compressibility and low speed of sound. The subsequent dynamics of the fluid is distinctly different
from vapor bubbles generated below the critical point: since there is no stored elastic energy,
there are no oscillations and the thermal energy is slowly transported by turbulent convection and
diffusion.

Secondary bubbles around the main cavitation bubble can be nucleated by shock waves even at
temperatures far below the critical temperature (Fig. 7), but the phenomenon and the mechanism
are distinctly different from the near critical case. The large negative pressures required to induce
nucleation at low temperatures can be generated by positive pressure shock waves that reflect from
the bubble as negative pressure shocks that produce an asymmetric distribution of secondary bub-
bles. Such shock-induced secondary bubbles have been observed in other liquids, including water
[22,43,46,47], but experimental values of the tension (negative pressure) needed for homogeneous
nucleation in bulk water are typically in the range of —20 to —60 MPa, which is much smaller than
the value of —140 MPa predicted by classical theory [48]. The presence of nanobubbles and solid
impurities therefore play a dominant role for cavitation in bulk water. In contrast, nucleation rate
measurements using liquid helium, which is free of dissolved gas and impurities, yield results in
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close correspondence with classical theory [49]. The experiments using pure helium reported here
thus provide a useful benchmark for future work and an opportunity for meaningful confrontation
with theoretical models of pressure wave-induced nucleation of bubbles.
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