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ABSTRACT

The interaction between amolecular cloud and an external agent (e.g., a supernova remnant, plasma jet, radiation, or another cloud) is a common
phenomenon throughout theUniverse and can significantly change the star formation ratewithin a galaxy. This process leads to fragmentation of
the cloud and to its subsequent compression and can, eventually, initiate the gravitational collapse of a stable molecular cloud. It is, however,
difficult to study such systems in detail using conventional techniques (numerical simulations and astronomical observations), since complex
interactions of flows occur. In this paper, we experimentally investigate the compression of a foam ball by Taylor–Sedov blast waves, as an analog
of supernova remnants interacting with a molecular cloud. The formation of a compression wave is observed in the foam ball, indicating the
importance of such experiments for understanding how star formation is triggered by external agents.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0068689

I. INTRODUCTION

Over the past two decades, high-power laser facilities have
advanced our understanding of physical processes occurring in the
Universe through the relatively new field of laboratory astrophysics.1

Conventional techniques such as numerical simulations and astro-
nomical observations are unable to tackle some astrophysical ques-
tions. In the case of the former, this is often due to the complexity and/
or interplay of the physical mechanisms involved, while for the latter,
the low spatial and temporal resolutions of the observations are the
limiting factors. For these reasons, scaled experiments are useful to
investigate the microphysics involved in long-range astrophysical
systems. One such area of interest concerns the interaction between a

molecular cloud and an external agent [e.g., a supernova remnant
(SNR), plasma jet, radiation, or another cloud]. This process influ-
ences the star formation rate within a galaxy and therefore its overall
evolution. This phenomenon, called triggered star formation (TSF),
has been shown to be an important means by which stars are formed,
for example in the Elephant’s TrunkNebula (IC 1396A).2 However, it
has not yet been investigated in sufficient detail.

TSF can be summarized as follows. Unstablemolecular clouds have
the potential to transform into stars3 through different mechanisms
involving turbulence,4 magnetic fields,5 and self-gravity. However, stable
clouds, i.e., those in hydrostatic equilibrium (non-self-gravitating), can
also form stars, if they interactwith supersonicflows such as SNRs, stellar
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winds, or other molecular clouds. After impact, the clouds are com-
pressed, leading to the onset of star formation.6,7 This phenomenon is
particularly important because (i) it injects into the system short-lived
radioactive isotopes (SLRIs: 26Al and 60Fe), which can subsequently be
found in planetary interiors,8 (ii) it explains the formation and impact of
massiveOBstars (M>10M⊙) on their surrounding environment,9,10 and
(iii) it changes the star formation rate and history by either inhibiting or
increasing the formation of new stars from primordial molecular clouds.

Many astrophysical studies aimed at observing the ability of a blast
wave (BW) or stellar wind to inject material into a stable cloud and
initiate its collapse have already been performed (see, e.g., Refs. 7, 8,
11–13). All of these approaches have relied on the use of numerical
simulations. However, it is particularly difficult to take into account all
phenomena occurring during the impact of the shock with the cloud,
since this involves a complex interaction of flows. For example, his-
torical simulations14–17 did not take into consideration all the physics
involved, mainly because of the two-dimensional (2D) geometry used.
Indeed, 3D simulations are required to detect the complex behavior of
such systems. In addition, the dynamics of a transmitted shock inside
an object is relevant to many other areas of physics,18 such as high-
energy-density physics (HEDP) and inertial confinement fusion
(ICF).19

In this paper, we study how laser-generated BWs, analogs of
SNRs, are able to launch a compression/shockwave inside a foamball,
an analog of a dense clumpwithin amolecular cloud. Laser-generated
BWs of this type have already been shown to be a good analog of SNRs
(see Ref. 20 and reference therein), allowing the study of the mi-
crophysics involved in those systems.

The remainder of the paper is organized as follows. Section II is
dedicated to the link between the experimental parameters and the
astrophysical case. Section III describes the experiment designed to
reproduce the interaction of SNRs with a molecular cloud. In Sec. IV,
we present the results for the interaction of one BW with a foam ball,
while in Sec. V, we focus on the interaction of two BWs with a foam
ball, reproducing a different astrophysical situation. Finally, in
Sec. VI, we present our conclusions that our platform can simulate an
important part of the TSF process in the laboratory, although several
limitations exist.

II. EXPERIMENTAL PARAMETERS AND COMPARISON
WITH ASTROPHYSICS

The development of an experimental platform to study the
processes involved in the compression induced by the interaction of
SNRs with a dense clump are presented here. When a shock wave
interacts with a small object (a dense clump in astrophysics and a
foam ball in our experiment), it triggers a weak reflected shock that
propagates backward in the propagation medium [the interstellar
medium (ISM) in astrophysics and a gas in the experiment]. We note,
however, that this will be tooweak to be observed by our experimental
diagnostics. Of interest to us is the slower compression/shock wave
that is transmitted inside the object, compressing it and thus ren-
dering it unstable and leading to star formation. Two different ex-
perimental configurations, representing different astrophysical
situations, are studied. The first is a test case in which a single BW
interacts with the obstacle. This is a common system in the Universe.
The second, which uses two BWs, explores a less common situation.
In the early Universe, large molecular clouds, with masses ≥105 M⊙

and sizes up to 200 pc were present. Völschow et al.21 showed that in
the second half of their lifetimes (typically a few Myr), more than 30
supernova explosions took place. Born in the same stellar nursery, the
resulting remnants had approximately similar lifetimes. Before di-
lution, the typical size of one such SNRwould have been around 20 pc.
In the tens of thousands of years before dilution, these SNRs could
then interact with each other inside themolecular cloud. This resulted
in compression of the surrounding gas and the formation of new stars
in the vicinity (in the clumpy part of the cloud); see Fig. 1. This also
allowed efficient injection of material into the interior of the
molecular cloud. This phenomenon is too complicated to study
comprehensively from a numerical perspective. However, it is pos-
sible to study the microphysics associated with such phenomena in
the laboratory. Nevertheless, the experiment also suffers from its own
restrictions, which will be explained later on.

A. Characteristic timescale

There are several parameters that it is important to evaluate in
this context.16,22 The first is the density contrast χ between the cloud
and the propagation medium. It takes the form

χ � ρc, i/ρi, i, (1)

where ρc, i and ρi, i are the densities of the cloud and the propagation
medium, respectively. Typical values are of the order of χ ∼ 10–100 for
large molecular clouds and up to 105 for dense clumps inside mo-
lecular clouds. This allows us to estimate the shock velocity
(assuming a nonradiative shock with a highMach number) inside the
cloud:

vc, sh ∼ vi, sh/χ1/2, (2)

where vc, sh and vi, sh are the shock velocities inside the cloud and in the
propagation medium, respectively. One can then determine the time
it takes for the transmitted shock to reach the center of the molecular
cloud, which is called the crushing time τcc and is defined as

τcc � χ1/2Rc/vi, sh, (3)

where Rc is the radius of the cloud. This corresponds to the char-
acteristic timescale associated with the evolution of the cloud, and
numerous numerical astrophysical simulations have shown that the
cloud will be destroyed in a time of a few τcc.

7 The pressure variation
timescale for a dense cloud in aTaylor–Sedov BW is also an important
timescale and has been examined by McKee et al.23 This allows us to
evaluate when the variation in the shock-driving pressure is suffi-
ciently slow that the acceleration of the shocked gas is nearly inde-
pendent of the position. It takes the form

τp ∼ 0.1Lc/vi, sh, (4)

where Lc is the distance between the source of the BW and the cloud.
To be relevant to the astrophysical case, the so-called small-cloud
approximation, where τcc ≪ τp, should be satisfied:

Rc/Rb ≫ 0.1/χ1/2, (5)

where Rb is the radius of the BW. In this approximation, the cloud is
sufficiently small that it does not experience a pressure variation along
its diameter. When τcc ∼ τp (the intermediate case), a small difference
between the pressure of the cloud/dense clump on the side of the BW
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and at the rear side of the cloud/dense clump is expected. Finally,
when τp ≪ τcc, the cloud/dense clump will experience a strong
pressure difference across both sides. Its destruction will be faster if
the pressure difference is larger.15

The radiative cooling time τcool determines the rate at which the
plasma cools down. This parameter is important, since cooling is
necessary to reduce the thermal energy and pressure24 and to
compress the cloud efficiently without the need for gravitation.
Expressions for τcool in the optically thick and thin cases can be found
in Ref. 25. In an optically thinmedium, it is necessary to introduce the
radiative cooling function,26 the accurate evaluation of which can be
complicated. Indeed, the medium is never perfectly thick (except in
specific objects such as stellar interiors), which necessitates the use of
the cooling function. Falize et al.27 have developed a more robust
expression for the radiative cooling timescale τcool.

When τcool ≪ τcc, the cloud can be compressed strongly,
forming a dense layer right behind the shock. If the characteristic
lengthscale for heat conduction is smaller than the characteristic
radiative cooling length (the region where radiative cooling is
dominant), then the dense layer is formed without any effects of heat
conduction. In our case, τcool is of the order of τcc. This means that
radiative cooling is not the dominant mechanism reducing thermal
energy and pressure.

B. Characteristic blast wave velocity conditions

Previous studies have shown that specific BW velocity condi-
tions must be achieved to simultaneously trigger the collapse of the
cloud/dense clump and initiate mixing between the cloud/dense
clump material and the BW.8,11 On the one hand, if the BW is too
fast, efficient mixing of its material with the shocked cloud material
will not occur. On the other hand, if the BW is too slow, the shock
transmitted into the cloud will be too weak to initiate gravitational
collapse of the latter. Boss et al.8 showed that for a molecular cloud of
1M⊙, it is necessary to have an initial BWvelocity of at least 20 km/s to
have the two effects described above combined. For a stellar mass of
∼2 M⊙, an efficient velocity between ∼5 and ∼70 km/s will generate
collapse.11 Another numerical study28 obtained destruction of a small
cloud for BW velocities above 50 km/s. However, it seems that the
clump is not strongly affected for BW velocities below 30 km/s.
According to simple scaling laws developed by Ryutov et al.,25 it is

possible to evaluate the experimental instantaneous velocity on
collision with the foam that is required for the investigation of the
following different situations: (i) the dense clump is not affected by the
shock, (ii) the dense clump is fully compressed into a single core, and
(iii) the dense clump fragments into smaller dense pieces. Let us take
the astrophysical case illustrated in Fig. 1. A dense clump is located
∼2 pc from the sources of the BWs, which propagate in a dense
medium (compared with the ISM, which is typically 10–100 times
lower in density). The collision of SNRs with the dense clump occurs
on a timescale of ∼23 104 years. This case can be investigated in the
laboratory by setting a distance between the foam and the BW source
of ∼7 mm and an interaction time of ∼100–150 ns. The resulting
factor in this configuration is vlab ∼ 0.6vastro. In this case, the 50 km/s
limit obtained by Dhanoa et al.28 for dense clump destruction
translates to 30 km/s in the laboratory. On the other hand, for
astrophysical velocities below30 km/s, the dense clump is not strongly
affected. This translates, in the laboratory, to 18 km/s. It is then
important to confirm these results in restricting our experiment to
BW velocities of 20–30 km/s. It is interesting to note that this scaling
can also be applied to other astrophysical situations, for example the
DEM L316 SNRs in the Large Magellanic Cloud.29 There, shell A
has a shock velocity of the order of ∼220 km/s, at 15 pc from the
explosion and 2.7 3 104 years. The corresponding experimental
velocity should be ∼25 km/s. The parameters of shell B are slightly
different (a shock velocity of ∼220 km/s, at 22 pc and 3.63 104 years)
which leads to an experimental shock velocity of ∼21 km/s, with the
same geometry as explained above. As a final remark, we note that to
change the experimental instantaneous velocity to comply with
scaling laws, one can vary the laser energy while keeping the same
experimental geometry.

III. EXPERIMENTAL SETUP

The experiment was performed at the LULI2000 laser facility at
the LULI Laboratory (Ecole Polytechnique, France). The experi-
mental setup has been described in detail in Ref. 20. Here, the ex-
perimental chamber was filled with N2 gas at 11.4 mbar. One or two
long-pulse laser beams (τ ∼ 1 ns, with E0 ∼ 500 J per beam, at a
wavelength λL � 527 nm and with a 200 μm focal spot) irradiated one
or two 300 μmdiameter carbon rods to produce one or two BWs. The
short spatial and timescales of the energy deposition from the laser

FIG. 1. Illustration of the evolution of a massive molecular cloud, indicating the importance of SNR propagation in forming new stars.
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onto the rod produced an explosion that generated a nearly spherical
BW propagating through the background gas. In this configuration
(in contrast to Ref. 20), for most of the shots, the distance between the
two carbon rods was set to 1 cm to have a sufficiently largemass swept
up by the BW, while at the same time keeping a velocity at impact of
the order of 20 km/s. Several diagnostics were implemented:20 (i) a 2D
schlieren imaging system to obtain the evolution of the BW radius
from the electron density gradient∇ne for ne< 13 1020 cm−3, (ii) a 2D
Mach–Zehnder interferometer giving amap of the electron density of
the BW in the range ∼5 3 1017–1 3 1020 cm−3 through Abel in-
version,30 (iii) time-resolved optical spectroscopy in the range
∼450–800 nm to get the density and temperature of the probed region
with the help of the PrismSPECT code.31We also employed dedicated
x-ray radiography (see Fig. 2) to track the shock wave propagating
inside the foam ball and evaluate its density. The x-ray source was
generated by irradiating a 25 μmdiameter Ti wire with a laser beamof
energy 10 J, at the fundamental wavelength of 1.053 μm, with a 500 ps
pulse duration, focused down to ∼20 μm. It was located 2 cm from the
center of the foam, while the x-ray CCD was 26 cm from the foam
center, leading to a geometric magnification of 13 (see Fig. 2). The
objective was to have a quasi-monochromatic x-ray source as the
main emission coming from the He α lines of Ti at 4.7 keV to de-
termine the mass density. The x-ray spectrum on each shot was
measured using an x-ray spectrometer. To block the lower x-ray
contribution coming from the corona and to have a quasi-
monochromatic x-ray radiography, we added filters to the detector
(a large-area x-ray CCD): 50 μm of polyethylene, 11.4 μm of Ti, and
10 μm of V, acting as a Ross filter pair. The relatively long pulse used
for the x-ray source (500 ps) could have led to a blurring of the x-ray
radiograph. However, under these conditions, the shock velocity
inside the foam would have been ∼0.2 km/s, leading to negligible
blurring compared with the x-ray source size. The spatial resolution
was of the order of the source size, ∼25 μm. This resolution did not
allow us to visualize the shock wave, but we were able to evaluate its
overall compression.

A. Experimental considerations

To reproduce part of a molecular cloud, a spherical CH foam,
made by General Atomics, was used. Its density was 150 mg/cm3 and
its diameter ∼950 μm. This foam ball was located ∼7 mm from each
carbon rod (see Fig. 2). The density contrast defined in Eq. (1) is then
of the order of χ ∼ 104. This means that we are simulating a small
dense clump. According to Eq. (2), and taking an instantaneous BW
velocity at impact with the foam of∼20 km/s, we obtain vc,sh� 0.2 km/
s. We can also evaluate the characteristic timescale during which the
experiment should be applicable to the astrophysical situation:
τcc � 2375 ns. The pressure variation timescale is also evaluated to be
τp ∼ 30 ns. As a consequence, in our experiment, the foam ball should
experience a strong pressure difference between its sides owing to the
fact that the pressure acting on the foam is not homogeneous on the
size of the foam. Finally, the cooling timescale will be larger than τp,
which implies that we should not observe a strong compression into a
dense layer right behind the shock. The experimental parameters are
summarized in Table I.

B. Restrictions of the experiment

Several restrictions concerning the ability of our experiment to
reproduce the astrophysical situation shown in Fig. 1 should be
addressed before going further. In the laboratory, the self-gravitation
of the foam is negligible, implying that the experiment is only relevant
in the early stage of the interaction between the BW and the foam,
i.e., when gravitational forces are negligible compared with other
thermal, radiative, magnetic, and rotational forces. This corresponds
to some fraction up to one τcc∼ 2375 ns. Another important point is to
obtain a quasi-monochromatic x-ray radiography to minimize the
uncertainties when evaluating the mass density. This is why Ross
filters were added to our x-ray CCD to maximize the monochro-
maticity of the x-ray beam.

IV. INTERACTION OF A SINGLE BLAST WAVE
WITH THE FOAM BALL

In this section, the interaction between a single BWand the foam
ball is described. Figure 3 shows the schlieren data and associated
interferogram, allowing us to determine the experimental instanta-
neous velocity and density of the BW.

A. Velocity

The first important parameter that needs to be determined
accurately is the BW velocity at the beginning of the impact with the
foam ball. This is a constraint that can be used to model the system
using numerical simulations (e.g., FLASH). Figure 3(g) presents
measurements of the radius of the BW as a function of time. We
observe that our data confirm that the BW is in a spherical
Taylor–Sedov phase following a t2/5 dependence. From these mea-
surements, we can deduce the instantaneous shock velocity
[Fig. 3(h)]. At 5mm from the source (corresponding to the location of
the impact of the two BWswhen the distance between the two carbon
rods is set to 1 cm), the BW velocity is of the order of 36.6 ± 0.7 km/s.
At the impact with the obstacle, when the distance is set to 7.07mm, it
decreases to vi,sh ∼ 21.7 ± 0.4 km/s. At 11mm [see Figs. 3(b) and 3(c)],
it is of the order of 10 ± 0.2 km/s.FIG. 2. Experimental setup for N2 at 11.4 mbar. Not to scale.
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B. Density and temperature

In our previous work,20 the density as well as the temperature
were determined precisely using time-resolved optical spectroscopy
coupled to PrismSPECT simulations.31 However, the interferometry
diagnostic did not allow us to get an accurate measurement of the
electron plasma density, mainly owing to the fact that the symmetry
conditions needed to perform Abel inversion were not fulfilled. Here,

we have adopted a different approach using the interferogram data.
First, we generated a simulated electron density map [see Fig. 3(f)]
and used it to produce a simulated interferogram [Fig. 3(e)] that we
directly compare with the experimental one [see Fig. 3(d)]. Different
analytical electron density solutions have been used to build the
electron density map. We used Gaussian and Lorentzian functions
and varied the different free parameters of these functions to get the

TABLE I. Summary of experimental and astrophysical parameters. Astrophysical data for the SNRs are taken from Ref. 32.

Parameter Symbol LULI experiment Astrophysical system

Propagation medium Nature of gas N2

Initial density ρi,i 1.34 3 10−5 g/cm3 0.1–105 cm−3

Density ratio χ ∼1 3 104 10–105

Blast wave Shock velocity at impact vb,sh 21 km/s 10–3000 km/s
Shock front density at impact ρb,i 5 3 10−5 g/cm3

Mach number M 1–10 1–100
Postshock intercloud temperature Tb,sh ∼4–5 eV 1 up to ∼2000 eV

Cloud Cloud radius Rc 475 μm 0.01–200 pc
Preshock cloud density ρc,i (60–500) 3 10−3 g/cm3 1–500 cm−3

Shock cloud velocity vc,sh 0.2 km/s 0.03–1000 km/s
Characteristic timescales Cloud crushing timescale τcc 2375 ns 1 3 104–1 3 105 yr

Pressure variation timescale τp 30 ns 1 3 103–1 3 104 yr
Cooling timescale τcool ≥1000 ns 100–1000 yr

Comparison of
characteristic timescales

τcc vs τcool τcc ≥ τcool τcc ≫ τcool (radiative)
τcc vs τp τcc ≫ τp τcc ≪ τp

FIG. 3. Experimental results in N2 at 11.4 mbar. (a) Expansion of a single BW, taken 100 ns after the main pulse, toward the obstacle located 7.07 mm from the carbon rod. (b)
Expansion of a single BW, taken at 450 ns, toward the obstacle located 11 mm from the carbon rod. (c) Zoom of (b) showing the deviation of the morphology of the BW from
spherical to nonspherical when interacting with the foamball. (d) Interferogram corresponding to (a). (e) Simulated interferogram. (f) Electron density profile corresponding to (f). (g)
Experimental BW radius R vs time taken as illustrated in (a), i.e., parallel to the rod orientation. (h) Instantaneous velocity deduced from radius measurements vs time.
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best qualitative agreement with the experimental data. We next re-
moved the nonphysical solution (e.g., a compression ratio of 2 is not
what is expected when looking at the schlieren data). In that way, a
Lorentzian function seems to better reproduce the data with a
maximum electron density of ∼2 3 1019 cm−3. This is in agreement
with a previous analysis20 made using interferometry. However, this
determination suffers from drawbacks, since the maximum electron
density using a Lorentzian function has little effect on the phase shift,
owing to the small spatial extent of such a high-density region. To
get a better idea of the electron density in the shock front, it will be
necessary to increase the spatial resolution of the diagnostic. How-
ever, an average electron density of ∼(1–2) 3 1019 cm−3 seems to be
reasonable and in agreement with previous estimates obtained using
time-resolved optical spectroscopy.20 The temperature was deter-
mined using PrismSPECT simulations and is of the order of T ∼ 4.5
± 0.4 eV at the beginning of the impact (see Fig. 4), before decreasing
slowly to T ∼ 4 ± 0.4 eV at t � 300 ns. The average ionization Z* is
approximately equal to 2 in this configuration. These results are given
at the location of the time-resolved optical spectroscopy diagnostic,
located ∼6.1 mm from the carbon rod (and 1.5 mm from the edge of
the foam in the middle of the two carbon rods; see Fig. 2).

C. Compression of the foam

Figure 5 presents x-ray radiographs of the unshocked foam
t� 500 ns after themain laser pulse. At such long times, the front of the
BW is already far away from the foam ball. One can observe in
Fig. 5(b) the presence of a small contraction of the foam in the di-
rection of the BW. The density can be retrieved from x-ray radio-
graphs using the Beer–Lambert law (for more details, see Ref. 33),

ρ(d) � −ln[I(d)/I0]
μD2

���������
1− d2/D2

√ , (6)

where μ is the absorption coefficient of the foam, I(d) is the x-ray
intensity at a distance d within the foam, I0 is the maximum x-ray
intensity, and D is the diameter of the foam. The absorption coef-
ficient of the foam can be determined accurately using the reference
image of the foam [Fig. 5(a)] and Eq. (6), since themass density is well
known (150 ± 10mg/cm3). Here, we obtained μ � 32 ± 1 cm2/g. Using
this technique, themaximum foamdensity [Fig. 5(b)] is of the order of
170 ± 30 mg/cm3 500 ns after the beginning of the explosion (cor-
responding to ∼350–400 ns after the beginning of the BW–foam
interaction).

D. Discussion

The evaluation of themass density contains two possible sources
of error. The first is due to the non-monochromaticity of the x-ray
beam. This can significantly change the absorption coefficient μ in
Eq. (6), leading to large uncertainties. In the experiment presented
here, we attempted to nullify this effect by obtaining the most
monoenergetic x-ray beampossible using a dedicated source andRoss
filters, and hence this should not be the dominant uncertainty. The
second problem is linked to the ratio I(d)/I0. As the foam is a sphere,
the x-ray absorption is extremely low at the edge, which give rise to
uncertainties. However, useful information can be still retrieved from
x-ray radiographs. The deformation velocity can be evaluated at
t� 500 ns, assuming that the BWbegins to interact with the balloon at
∼120 ns [see Fig. 3(a)], leading to a shock velocity inside the foam of
0.15–0.3 km/s. This is especially interesting, because it corresponds
more or less to vc,sh in Eq. (2). As a consequence, it is a good sign of the
launching of a compression wave inside the foam. The foam ball also
experiences a strong pressure difference between its sides owing to the
fact that τp≪ τcc, as expected. This is highlighted in Fig. 5 by the fact
that the edge of the foam facing the BW (represented by the green
arrow) is strongly modified compared with the opposite edge of the
foam, which remains unaffected.

On the other side, the morphology of the BW deviates from
spherical to nonspherical when passing through the obstacle [see
Figs. 3(b) and 3(c)]. This is interesting from an astrophysical per-
spective, because astronomical observations of the Cygnus Loop and
of Tycho’s SNR6 show a clear deformation of the shell of the SNR at
positions of cloud interactions. This provides us information on the
density and distribution of matter in the cloud, since there is an

FIG. 4. Comparison between PrismSPECT simulations and experimental data
averaged between 138 and 162 ns, corresponding to the time of impact with the
obstacle. The simulations were performed with an initial mass density ρ � 53 10−5

g/cm3. The best agreement is found for a temperature in the range of 4.5–4.9 eV.

FIG. 5. X-ray radiographs of the 150 mg/cm3 foam ball: (a) without the influence of a
BW, for reference; (b) at t � 500 ns after the beginning of the main laser pulse.
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energy-dependent absorption. If the dense clump, illustrated in Fig. 1
is perfectly spherical (like our obstacle in the experiment), the BWwill
follow the curvature of the obstacle [as can be seen in Fig. 3(c)],
whereas if the cloud is highly inhomogeneous in density, the shell of
the BWwill be perturbed accordingly. This could, in principle, lead to
the generation ofmagnetic fields through the Biermann battery effect,
and could thus be a favorable environment for particle acceleration.

V. INTERACTION OF TWO BLASTWAVES
WITH THE FOAM BALL

This section focuses on the interaction of twoBWswith the foam
ball [see Fig. 6(a)]. The astrophysical analogy is illustrated sche-
matically in Fig. 1.

A. Velocity, density, and temperature

In this geometry, both BWs have a velocity of ∼36 km/s when
they begin to interact together, and of the order of 20 km/s when
impacting the foamball. As can be seen in Fig. 6(a), both BWs begin to
interact with the foam before the interaction zone formed by the
impact of the BWs reaches the foam, owing to the finite size of the
foam (1mm in diameter). We expect to have a higher compression of
the foam in this case, owing to the higher density (by a factor of 1.75)
and temperature (18%–20% hotter) of the interaction zone as
compared with the case of a single BW.20

B. Compression of the foam ball

Figure 6 presents x-ray radiographs of the foamat different times
during the interaction. One can clearly see a strong difference in
pressure between the sides of the foam, as expected. Moreover, the
side where the BWs interact is clearly compressed compared with the
reference foam [Fig. 6(b)]. There is also a strong difference compared
with the single-BW case [see Fig. 5(b)]. From these data, one can
evaluate (i) the shock wave velocity transmitted inside the foam and
(ii) the mass density using the procedure described in Eq. (6).
However, the same uncertainties as above apply here too. For ex-
ample, in Fig. 6(e), there is a large amount of noise on the left edge of
the foam, which gives rise to unacceptably large uncertainties in the

mass density of the foam (this likely comes from x-ray emission
directly from the laser–target interaction, which was incompletely
blocked). Moreover Eq. (6) involves the opacity μ, which can be
approximated using the cold opacity of CH. One way to deal with it is
to evaluate the deformation of the foam ball from x-ray radiographs.
The boundary of the foam corresponds approximately to a boundary
of strong density, i.e., >1021 cm−3.

This is what has been done in Fig. 7(a). Over time, the diameter
of the ball becomes smaller. The initial deformation velocity is of the
order of 0.41 ± 0.1 km/s between 300 and 500 ns, which is in
agreement with the preliminary calculations in Sec. III A. The de-
formation velocity decreases slightly from0.34± 0.1 to≤0.1 km/s after
1000 ns. However, this does not mean that a compression wave is
launched in the foam, for example, it could be due to ablation.
Figure 7(b) shows the results of the calculation of the mass density
inside the foam using Eq. (6). The foam is clearly compressed. As
noted above, uncertainties are still important here, and so the analysis
of these data will be mainly qualitative. Nevertheless, the maximum
mass density is of the order of 218 ± 150mg/cm3. The structure of the
shock is also not straightforward, since it is not planar, but converges
toward the central axis of the foam. This can be seen from Fig. 6 on
looking at the evolution of the depletion zone inside the full red circle
that represents the original foam ball [see, e.g., Fig. 6(f)]. The edge of
the foam, facing the BWs, is well defined at t� 1000 ns compared with
the reference case, which results in a lower signal on the detector
(darker). This implies that x-rays are more strongly absorbed owing
to a higher density compared with the reference case. As a conse-
quence, the foam has been compressed in the direction of the
propagation of the BWs. One can, in principle, evaluate the shock
velocity by using themass density retrieved from the data and Eq. (6).
Here, we should point out that the uncertainties are significant in the
evaluation of the mass density, but not in that of the position of the
maximum density [see Fig. 7(b)] along its diameter. Therefore, it is
possible to give an average shock velocity by considering the position of
the maximum mass density. As a consequence, the shock propagates
inside the foam with an averaged velocity between 500 and 1000 ns of
0.08 km/s, decreasing to 0.05 km/s between 1000 and 1500 ns. These
results are only qualitative, and only the order of magnitude of the
shock velocity should be taken into account.

FIG. 6. (a) Schlieren data showing the expansion of both BWs toward the obstacle t� 100 ns after the beginning of the interaction. The thin red arrow indicates the expansion of the
interaction zone formed by the collision of the twoBWs. (b)–(g) Corresponding x-ray radiographs of the 150mg/cm3 foamball at different times during the interaction: (b) without the
influence of a BW; (c) at 300 ns; (d) at 500 ns; (e) at 700 ns; (f) at 1000 ns; (g) at 1500 ns. The green arrows in (c) show the trajectories of the two BWs.
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C. Astrophysical discussion

Even if, in the laboratory, self-gravitation is negligible, our exper-
iment can still be relevant to the astrophysical perspective, specifically the
Jeansmass. This concept is used to evaluatewhen a stablemedium that is
homogeneous in density (i.e., in hydrostatic equilibrium) becomes un-
stable due to a small perturbation (generated, for example, by its in-
teraction with SNRs). The Jeans mass is more relevant than the
Ebert–Bonnor sphere here, in the initial stage of the interaction, since the
foam is assumed to be homogeneous in density. This is, however, not the
case after the interaction, since some of the matter is then ablated and
some compressed. Here the Ebert–Bonnor sphere might be more rel-
evant. The difference between the two models gives rise to only a small
difference (a factor of 2, more or less), and we will not consider it here.
Assuming that the total Ebert–Bonnor mass (and also the Jeans mass) is
proportional toT3/2ρ−1/2, whereT is the temperature and ρ the localmass
density, one can see that when the density is increases, the Ebert–Bonnor
mass decreases (assuming that the temperature does not evolve toomuch
on these timescales). In other words, the densification of the clump
induced by its interaction with SNRs can lower the threshold to trigger
gravitational instability. This is not an obvious message, because the
interaction of the SNRs with a dense clump could also lead to ablation of
the latter, and so to a lowering of the average density and a higher
Ebert–Bonnor mass. To have a relevant message for the astrophysical
community, one should try, in the experiment, to evaluate if there is a
densification of the foam after the passing of BWs. This can be evaluated
by combining optical (interferometry, schlieren, or optical spectroscopy)
and x-ray diagnostics, as has been done in this paper. However, it ismore
relevant to use a lower x-rayphoton energy, comparedwithwhatweused
here, to probe themass density of the foam and thereby provide access to
thewhole range of density (from 1017 cm−3 up to solid density).We have
not performed such a study here, principally because the x-ray photon
energy was too high. As a consequence, there is a missing density gap
between x-rays and optical diagnostics that could lead to a misunder-
standing or wrong interpretation of our data.

VI. CONCLUSION AND PERSPECTIVES

In conclusion, in this paper, we have presented a new platform to
study the collapse of a molecular cloud through its interaction with an
external agent (here SNRs) from an experimental point of view. Using a
single BW, we observed a weak compression of the foam, whereas, when
we used twoBWs, the compressionwas∼30%higher. This phenomenon
is therefore particularly important in the early Universe to trigger the
collapse of dense clumps to formnew stars at a higher rate. Aquantitative
analysis is beyond the scope of this paper andwill be provided in a future
companion paper. To summarize, the results of our investigations are as
follows: (i) a deformation of the shell of theBWdue to its interactionwith
the foam has been observed; and (ii) a compression of the foam has been
detected, which evolves during time.

Nevertheless, some issues arise, duemainly to the x-ray source used
to radiograph the foam.Thefirst of these is the signal-to-noise ratio of the
x-ray radiographs. Indeed, for accurate evaluation of the mass density, a
high contrast is necessary [which can be seen as the ratio I(d)/I0 in
Eq. (6)]. The second is the need to have a quasi-monochromatic beam to
determine the mass density. In practice, laser-generated x-ray source
beams can never exactly fulfill this requirement, even though the
monochromaticity can be improved using Ross filters, for example. An
x-ray free-electron laser source could, however, potentially solve these
problems. A huge improvement would be to use an imaging crystal34 to
ensure a monochromatic x-ray source.

The mixing between the material of the SNRs and that of the
molecular cloud could also be studied experimentally by using specific
diagnostics (such as time-resolved optical spectroscopy) to track the
emergence of new lines and evaluate fundamental parameters for
astrophysical perspective such asmixing efficiency and time. In addition,
the impact of an external magnetic field could in principle be studied in
laser-produced plasma experiments35 to evaluate its influence on the
compression of molecular clouds, which is a topic of much current
astrophysical interest (see preliminarywork byGregori et al.36). Indeed, a

FIG. 7. (a) Deformation of the foam. The inset shows the different ways measurements were performed. (b) Mass density retrieved from the data shown in Fig. 6 (here 0
corresponds to the middle of the foam).
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modificationof theBWpropagationdue to an externalmagneticfieldhas
already been observed,37 which could give rise to strong modification of
the compression as the shock wave becomes continuous and as the
morphology of the BW shell itself changes.
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