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ABSTRACT

Astronomical observations reveal that the interaction between shock waves and/or blast waves with astrophysical objects (molecular clouds,
stars, jet winds, etc.) is a common process which leads to a more intricate structure of the interstellar medium. In particular, when two isolated
massive stars are relatively close and explode, the resulting Supernovae Remnants (SNRs) can interact. The impact zone presents fascinating
complex hydrodynamic physics which depends on the age of the SNRs, their relative evolution stage, and the distance between the two stars. In
this Letter, we investigate experimentally the interaction region (IR) formed when two blast waves (BWs) collide during their Taylor-Sedov
expansion phase. The two BWs are produced by the laser irradiation (1 ns, �500 J) of 300lm diameter carbon rods and propagate in different
gases (Ar and N2) at different pressures. The physical parameters, such as the density and temperature of the IR, are measured for the first time
using a set of optical diagnostics (interferometry, schlieren, time-resolved optical spectroscopy, etc.). This allows us to determine precisely the
thermodynamic conditions of the IR. A compression ratio of r� 1.75 is found and a 17–20% increase in temperature is measured compared to
the shell of a single blast wave. Moreover, we observe the generation of vorticity, inducing strong electron density gradients, in the IR at long
periods after the interaction. This could in principle generate magnetic fields through the Biermann Battery effect.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5137795

I. INTRODUCTION

The physics of supernova remnants (SNRs) interacting with the
ambient medium is fundamental in the structure and the dynamics of
the interstellar medium (ISM) and also in high-energy astrophysics. It
has been shown in Ref. 1, for example, that intersecting SNRs can lead
to the generation of hot interstellar regions (T �106 K) and that these
regions represent �30% of the volume of a spiral arm. More specifi-
cally, when two isolated massive stars are relatively close and explode,
the resulting SNR can interact and lead to a more complex structure of
the ISM. The impact zone presents a fascinating complex hydrody-
namic physics which depends on the age of the SNR, its relative

evolution stage, and the relative position of the two stars. Given the
dynamical time of such systems (�1000 years), the time evolution of
the impact region is inaccessible for observations. From the point of
view of astronomical observations, the SNR candidates to collision are
the ones which present a double-shell morphology such as SNRs DEM
L3162 and 3C400.23 or in the Cygnus Loop.4 This conclusion is only
based on multi-dimensional numerical simulations because the multi-
wavelength studies of emitted radiation coming from these astrophysi-
cal objects are not sufficient to constrain the origin of this specific
structure.5,6 Indeed, the double-shell morphology can be induced by
an external cause, mainly the inhomogeneous structure of the ISM,
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and the internal cause of the remnant as the influence of strong winds
or jets emitted by the central compact object on the post-shocked
medium. Since the time evolution is inaccessible, it is difficult to know
if the double shell structure is due to the optical projection of the SNR
or due to a real impact.2,7

In this paper, a different approach has been used to try to
improve our knowledge of the two blast wave interaction region (IR).
The main objective of this study is to determine the characteristics of
such a region in terms of density and temperature to help (i) bench-
mark numerical codes and (ii) make predictions of x-ray and optical
emission to compare directly to astronomical observations. Indeed,
astronomical observations of DEM L316 showed forbidden spectral
lines in the interaction region between the two SNRs, which could be
related to the interaction of two blast waves.

Single blast waves have been generated and studied in the frame
of laboratory astrophysics for more than two decades. Indeed, scaling
laws allow to make a link between the laboratory experiment and the
astrophysical systems under study8 for an optically thin medium.
Recent theoretical works9,10 have demonstrated that astronomical blast
wave collisions present very interesting similarity properties with those
generated using powerful lasers. As a consequence, a dedicated labora-
tory experiment has been performed allowing for the study of the
interaction zone between two blast waves which collide. Two common
experimental techniques have been used to study the blast wave in the
laboratory. The first one focuses a high intensity laser (sub picosecond
pulse duration, I > 1015W cm�3) in clustered gas targets,11–18 while
the second one uses long pulse (> 100 ps), high energy (�10 J) laser
beams focused on small diameter pins or foils.19–23 These experiments
enabled us to study, for example, the stability of the shock front, i.e.,
the dynamics of hydrodynamical perturbations, which is of prime
importance for the understanding of the Supernova’s blast wave evolu-
tion. Indeed, several instabilities may develop such as Rayleigh–Taylor,
Richtmeyer–Meshkov, or the Vishniac overstability. The second
experimental interest of creating such a blast wave in the laboratory is
to study the dynamics of the radiative blast wave, i.e., when radiation
losses affect the dynamics of the blast wave.18 It has been shown that,
in these conditions, a radiative precursor is present ahead of the shock
front which modify the medium prior to the arrival of the shock
and the deceleration takes the form <t2=5, clearly different from a
common Taylor-Sedov phase (t2=5). Conversely, experiments on
counter-propagating plasmas and/or shocks are rare,24–28 mainly due
to technical challenges and most of the study referred to a weak shock.

In this Letter, the interaction region produced when two blast
waves, in their Taylor-Sedov phase collide, is characterized in terms of
density and temperature conditions. The paper is organized as follows.
The experimental platform is presented in Sec. II. Section III shows
the single blast wave morphology and the evolution of thermodynamic
parameters for different initial conditions. This will serve as a reference
when comparing the physical conditions of the interaction region.
Section IV shows the experimental analysis of the interaction region
between the two blast waves. These data can be used to benchmark
hydro/MHD codes. Finally, a discussion with implications for astro-
physical systems is initiated and concludes the paper.

II. EXPERIMENTAL SETUP

The experiment has been performed on the LULI2000 laser
facility at LULI Laboratory (Ecole Polytechnique, France). The

experimental chamber is filled with different gases (N2, Ar) at different
pressures (5.7 and 11.4 mbar in the N2 case, and 2 and 7 mbar for Ar).
Two long (s� 1ns), high energy (E0 � 400–500 J, at the wavelength
kL ¼ 527 nm, with 200lm focal spot) laser pulses irradiate two
300lm diameter carbon rods to produce two blast waves (BWs).
Indeed, the short spatial and time scales of the deposited energy from
the laser onto the rod produced an explosion which gives rise to the
emergence of a nearly spherical blast wave propagating in the back-
ground gas. The distance between the two rods is set to 2 cm (cf.
Fig. 1). This distance has been chosen in order for both BW’s to be in
their Taylor-Sedov phase when they collide, while keeping a high
velocity at the beginning of the impact. Diverse optical diagnostics
have been implemented perpendicular to the main laser axis. A probe
laser beam (few mJ, �7ns at 532nm) provided some of the funda-
mental parameters of the experiment: (i) a 2D schlieren image which
indicates the presence of a strong electron density gradient (rne) for
an electron density below ne < 1� 1020cm�3, to get the BW radius
evolution, (ii) a 2D Mach–Zehnder interferometer giving the electron
density of the blast wave in the range �5� 1017–1� 1020cm�3

through Abel inversion,29 and (iii) time resolved optical spectroscopy
in the range �450–800nm to get simultaneously the electron density
and temperature of the probed region using the code PrismSPECT.30

It is important to note that optical spectroscopy is code dependent and
cannot resolve the shock front (the size of the probed zone is evaluated
to be�400lm according to our optical system).

III. SINGLE BLAST WAVE MORPHOLOGY
AND EVOLUTION

This section concentrates on the experimental analysis of the
propagation of a single blast wave (BW) for various initial conditions
(nature and pressure of the gas). Indeed, it is important to have a com-
plete characterization of the single BW case to compare with the inter-
action region formed by the collision of two BWs. Its radius can be
defined as

RðtÞ ¼ bta; (1)

where b depends on the polytropic index c, the initial energy E0, and
the density of the gas, and the deceleration parameter takes the form:

FIG. 1. Experimental setup. The whole chamber is filled with different gases
(N2 or Ar).
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a ¼ Vt=R, where V is the velocity and R is the radius of the blast wave
at time t after the interaction (or the explosion).14,18 The a-parameter
allows to identify the evolutionary regime of the BW. For a¼ 2/5, the
blast wave is in the Taylor-Sedov phase31 in spherical geometry
(a¼ 1/2 for cylindrical geometry), i.e., when the mass of the shell
becomes comparable with the mass swept up by the wave. If a < 2n5
(in spherical geometry), the BW enters in the radiative regime where
energy losses through radiation cannot be neglected anymore. This
radiation can heat an optically thick medium prior to the arrival of the
BW and ionize it. As a consequence, an ionized precursor is formed
ahead of the shock front and modifies the thermodynamic condi-
tions.21 However, it is difficult to dissociate the preheating due to the
x-ray produced during the interaction between the carbon rod and
the high power laser and the heating due to radiation.32 We will see in
the following that the region probed by the time-resolved optical spec-
troscopy diagnostic helps to determine (i) if a precursor is present and
(ii) its physical conditions (q, T).

A. Morphology, radius, and velocity

In Figs. 2(a) and 2(c), an example of a single BW propagating in
an Ar gas at different pressures as well as the determination of its
radius are given. Figure 2(d), presents an example of the interaction
between a single blast wave and a solid obstacle. And finally, Fig. 2(b)
gives an example of two single BW’s propagating toward each other.
As can be seen, the BW’s are not perfectly symmetrical but exhibit a
clear asymmetry. Several explanations can be attributed. First, the
propagation of the laser in the background gas can induce its heating
and consequently its ionization. This modifies the initial conditions of
the propagation of the BW and give rise to a non-spherical BW. The
second is the presence of the target holder (bottom of the BW for all
images) which disturbs the conditions of propagation of the BW.
Figure 2(e) represents the radius of the BW determined by either
schlieren and interferometry data. As one can see, it is possible to fit
the radius of the BW as RðtÞ ¼ bta with a ¼ 0:46 0:03, independent
of the nature or pressure of the gas. This indicates that they are in the
Taylor-Sedov regime as expected. This is an important point for com-
parison with astronomical systems such as DEM L316, as both SNRs
are still in their Taylor-Sedov phase.2 The typical velocities are sum-
marized in Fig. 2(f). The collision time at a low gas density pressure
(Ar 2 mbar andN2 5.7 mbar) is about 150ns after the beginning of the
interaction. This corresponds to a velocity of about 70 km/s. At higher
gas pressure, it is of the order of 350ns and a corresponding velocity
of �30 km/s. In the following, we will focus our attention on N2 gas as
it is easier for numerical perspectives.

B. Density and temperature

In order to evaluate the density and temperature of the blast
wave and to determine the difference with the interaction region pro-
duced when two BWs collide, two diagnostics have been used: interfer-
ometry and time resolved optical spectroscopy. It is important to note
that the electron density retrieved from interferometric data suffers
from an important caveat. Indeed, the system exhibits a spherical sym-
metry rather than a cylindrical symmetry one, which is necessary for
Abel inversion. The analysis has been done assuming a cylindrical
symmetry but uncertainties are substantial (evaluated to be> 20%).

As can be seen in Fig. 3, the electron density for the blast wave in
the case of 2 mbar Ar and 5.7 mbar N2 is about �1� 1019cm�3, while
for the 7 mbar Ar and 11.4 mbar N2, it is �2� 1019cm�3. The post
shock region exhibits an electron density from 5 to 10� 1018cm�3. The
thickness of the shock front is of the order of few hundreds of micro-
meters. These data help to constraint the numerical simulation
PrismSPECT for the interpretation of time-resolved optical spectroscopy.

The results of time-resolved optical spectroscopy have been ana-
lyzed using the code PrismSPECTwhich is a collisional-radiative spectral
analysis code designed to simulate the atomic and radiative properties of
plasmas. In these simulations, we assume a plasma at a local thermody-
namical equilibrium (LTE) using a Maxwellian electron distribution.
Simulations have been performed for spatially uniform plasmas where
free parameters are the (i) electron density and (ii) temperature.
However, the electron density has been constraint by interferometric
data. It is important to note that the volume probed by the diagnostic is
large (�400lm in length according to our optical system) and so it is
difficult to clearly resolve the shock front. Moreover, values given are
code dependent and might vary according to the model used. Here, we
used the all levels model as we are not limited by computational time.
Some other models have been tested (Emission Visible/UV/EUV
Spectroscopy and PROPACEOS) but remain less precise than the mod-
els that include all the levels, as, by definition, they omit some lines
which are seen experimentally. The spectral range is from �450nm to
750nm. The spectral and spatial responses of the streak camera have
been taken into account. The spectral resolution of the diagnostics has
been evaluated to be of�1nm. A typical image forN2 at 5.7 mbar is dis-
played in Fig. 4. The analysis of such experimental data brings us a
wealth of information: (i) the shock front reaches the probed zone
(located at 3.5mm in lateral and 1 cm on the top, see Fig. 1) �200ns
after the laser irradiation. (ii) The progressive emergence of lines (see at
501.6nm for example) prior to the arrival of the shock front indicates
the presence of gas heating due to x-ray. These x-rays can be produced
during the laser-matter interaction or in the shock front. This has strong
implications as it modifies the thermodynamics conditions of the opti-
cally thick medium and as a consequence the propagation of the BW.
(iii) The ratio between lines varies during time implying different (q,T)
conditions. These difference allow us to get the time evolution of (q,T).

C. Ionization prior to the arrival of the shock front

As can be seen in Fig. 5(a), spectral lines appear prior to the
arrival of the shock front (between �80 and 200ns) which indicates
the presence of an ionizing precursor at t � 80ns after the beginning
of the interaction. We will concentrate our analysis on two lines:
around 500 (501.6 nm) and 570nm (569.9nm). The comparison
between the PrismSPECT simulation and experimental data is shown
in Fig. 5(b). The best fit is used for q ¼ 6:67� 10�6g cm�3 (corre-
sponding to the initial gas density) and T ¼ 1:866 0:20 eV. The pres-
ence of a precursor has important consequences when developing
scaling laws for comparison with astrophysical systems. Indeed, its
parameters are modified according to the propagation medium.

D. Determination of the physical conditions of the
blast wave

The main objective of this section is to fully characterize the
density and temperature profiles of a single BW through analysis of
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FIG. 2. Typical schlieren data of a single blast wave propagating (a) in 2 mbar Ar gas, (c) in 7 mbar Ar, and (d) in 11.4 mbar N2 where a spherical obstacle in present. (b)
Typical example of two blast waves propagating toward each other in 5.7 mbar N2. (e) Distance traveled by the blast wave [radius R taken as illustrated in (a)–(d)]. All dashed
lines in (e) used the form RðtÞ ¼ bta with a ¼ 0:460:03. (f) Shock velocity vs time for different initial conditions of gas and pressure.
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time-resolved optical spectroscopy to compare to the IR formed by the
collision of two blast waves. The density is the most difficult parameter
to determine as spectral lines are not sensitive to a small variation. To
fulfill this objective, PrismSPECT simulations have been performed at
a fixed temperature (T¼ 3.9 eV), which corresponds approximately to
the BW temperature (determined by preliminary simulations), and by
varying the density. The full width half maximum (FWHM) of the
501.6 nm lines is then evaluated and directly compared to the experi-
mental data [see Fig. 6(a)]. The spectral resolution of the diagnostic
(1 nm) has been taken into account.

Figure 6(b) displays the 501.6 nm line observed experimentally at
different times (see Fig. 5) and allows to deduce its FWHM. At an early
time (t¼ 234ns), the FWHM is �2.8 nm, corresponding to a density
of�3:10�5g:cm�3. The width of the peak does not evolve significantly

between 200 and 270ns. At t¼ 285ns, the FWHM becomes smaller
(�2.4 nm) and remains almost constant up to t¼ 385ns, which indi-
cates a drop in density to �2� 2:5� 10�5g cm�3. It is interesting to
compare these results with Fig. 3. The maximum electron density
retrieved from interferometry is �9:5� 1018cm�3 corresponding to
�3:1� 10�5g cm�3, i.e., in agreement with the density evaluated by
time-resolved optical spectroscopy.

Figure 7 presents the comparison between PrismSPECT simula-
tions at a fixed density (3� 10�5g cm�3) and experimental data aver-
aged from 230 to 240ns. The two green arrows on the upper right box
of Fig. 7 show how the appearance/disappearance of lines allows to
determine precisely the temperature. It is however important to note
that these values are model dependent and should be taken with care.
The best agreement, at t� 230–240ns, between the experimental spec-
trum and PrismSPECT is: q ¼ 3� 10�5g cm�3 and T¼ 3.96 0.1 eV.
However, as can be seen in Fig. 7, a continuum exists, centered at
650nm. This feature incapacitates us to compare the lines ratio at

FIG. 3. Electron density retrieved from interferometric data through Abel inversion
for different gases, pressures, and times.

FIG. 4. Time resolved optical spectroscopy data with one blast wave propagating in
5.7 mbar of N2. A notch filter (gray band) blocks the laser line (526 nm).

FIG. 5. (a) Zoom of Fig. 4 highlighting the apparition of lines prior to the arrival of
the blast wave in N2 gas at 5.7 mbar. The red lines correspond to the zone of the
lineout of (b). (b) Lineout of (a) (red band in (a) where data are time-integrated over
10 ns) and comparison with the simulation done using PrismSPECT and various (q,
T) conditions.
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650nm. Between 230 and �284ns, the temperature slightly drops
to 3.86 0.2 eV while the density remains constant (q ¼ 3
�10�5g cm�3). At 384ns, the temperature still drops to 3.46 0.2 eV
and the density to q ¼ 2:5� 10�5g cm�3. The physical conditions do
not seem to evolve drastically after.

E. Discussion

Figure 8 summarizes the density and temperature profile mea-
sured by time resolved optical spectroscopy for N2 at 5.7 mbar. The
temperature profile [cf. Fig. 8(a)] shows the presence of a precursor
ahead of the shock front. The temperature increase is due to photons
emitted in the post-shock region, which then propagate in the down-
stream gas and preheat it. The radiative behavior of the BW has not
been seen in analyzing its velocity [see Fig. 2(e)]. The radius of the BW
evolves as t2=5 although radiative losses exist. This should lower the
power of t as radiation removes energy from the shock. However, the
uncertainties in determining precisely the radius of the BW, but also
the laser energy fluctuations shot to shot, do not allow to conclude
that the power of t is lower than 2/5. The IR density evolution is shown
in Fig. 8(b). A plateau is observed between �200 and 300ns and a
slow rarefaction right after.

The Mach number in these conditions is relatively high, M> 10
(although the presence of high temperature gas (�2 eV) ahead of
the shock (precursor) front should lower it) allowing the use of the
strong shock approximation for the compression ratio r ¼ q1=q2
¼ ðcþ 1Þ=ðc� 1Þ to determine the polytropic indexc, where q1 is the
downstream and q2 is the upstream density. For N2 at 5.7 mbar,
234 ns after the laser irradiation, this ratio r is not exactly equal to 4, r
� 4.56 0.3 leading to c � 1.57. This has an important consequence; it
helps to quantify the radiative nature of the shock (a fully radiative
shock should tends toward 7 as c ¼ 4/3). This shows as well the weak,
but non negligible, influence of radiation on the shock evolution.

Instabilities33–35 will not develop, as they grow only for gases with a
polytropic index c < 1:2.19

IV. DOUBLE BLAST WAVE MORPHOLOGY
AND EVOLUTION

The main objective of this paper is to determine the physical
parameters of the interaction region (IR) formed by the collision of
two Taylor-Sedov BWs and the plasma conditions. The evolution of
the IR is illustrated in Fig. 9 for different gases and initial pressures.
The dynamics of the zone is clearly different if one uses a N2 or Ar gas
[see Figs. 9(d) and 9(e)]. This is an important point as the nature of
the gas changes the physical conditions and the dynamics of the IR.
For example, the nature of the precursor ahead of a single blast wave
front varies between N2 or Ar, as the mean free path for a given pho-
ton energy is different. This can modify the dynamics of the IR. For N2

at 5.7 mbar [see Fig. 9(a)], one can observe a narrow IR, �0.5mm, at
early time (t¼ 150ns) and stretch to �1.5mm at t¼ 300ns. The
amplitude of the signal increase indicates the presence of the steeper
electron density gradient as well [see Fig. 9(e)]. For the Ar case at 2
mbar, one can observe a narrow IR at 150 and 200ns about 0.5mm in
length. At later time (t ¼300ns), the interaction region becomes
hardly visible and spreads over a longer distance (�2mm). This
means that the electron density gradient has become so long that it
cannot be detected. In the following, we will concentrate our attention
on the N2 case as it is easier for numerical perspective.

A. Density and temperature of the interaction region

The interferometric data does not allow a qualitative analysis.
The only quantitative information retrieved about the IR is that, as we
can follow the fringes (for the signal in the schlieren data, see Fig. 9),
the density should not be above�1� 1020cm�3. Figure 10(a) presents
the time resolved optical spectroscopy measurement made inside the

FIG. 6. (a) PrismSPECT simulations at a fixed temperature (T¼ 3.9 eV) which are used to calculate the FWHM of the 501.6 nm line, as a function of the density, using a 1 nm
spectral resolution. The small box is a zoom around 2.4–4 nm of the 501.6 nm broadening. It corresponds to the conditions for N2 at 5.7 mbar, 234 ns after the laser irradiation.
(b) Experimental data for N2 at 5.7 mbar of the 501.6 nm line (lineout of Fig. 4) for different times used to evaluate the FWHM. The red dashed line corresponds to a Gaussian
fit of the data at 234 ns. Its expression takes the form f ðxÞ ¼ 4:325105 exp ð�ððx � 501:6Þ=2:842Þ2Þ.
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FIG. 8. (a) Temperature and (b) density of the blast wave measured by time resolved optical spectroscopy for N2 at 5.7 mbar.

FIG. 7. Comparison between PrismSPECT simulations at a fixed density (3� 10�5g cm�3) and experimental data averaged from 230 to 240 ns for N2 gas at 5.7 mbar. The
upper right box corresponds to a zoom of the main image to show how one can determine precisely the temperature. The two green arrows show lines which appear (or disap-
pears) when a slight variation of the temperature is applied. The gray band centered around 532 nm illustrates the notch filter that has been placed to remove the signal due to
the main laser.
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IR, in the same way as done for the single blast wave case (see Fig. 4).
The precursor region is again measurable, from�80 to 180ns and has
similar (q, T) conditions (q ¼ 6:67� 10�6g cm�3 (corresponding to
the initial gas density) and T¼ 2.16 0.2 eV). The slight increase in the
temperature compared with the precursor region of a single blast wave
(T¼ 1.866 0.2 eV) is due to the interaction of both precursors. At
about 180 ns, the signal detected becomes stronger because the IR
begins to enter in the probed zone of the diagnostic, and covers the
entire region at �235ns. Thereafter, the progressive decrease in the
signal is observed which indicates a cooling coupled with a decrease in
the density.

A preliminary remark concerns the appearance and progressive
disappearance of a line at �486nm. This line is not observed in the
single blast wave case. According to PrismSPECT simulations, it
appears, in the all levels model, at T> 4 eV. The same methodology as
the single blast wave case (see Sec. III B) has been used to determine

the density of the IR. At t �244ns, the density is � 5:3� 10�5g cm�3

and remains almost constant up to �300ns. At t �343ns, the density
drops down to � 4:2� 10�5g cm�3 and becomes comparable to the
single blast wave case at t � 400ns (� 3:4� 10�5g cm�3). The tem-
perature of the IR can be determined precisely [see Fig. 10(b)]. It is of
the order of 4.66 0.2 eV at t¼ 230–240ns. Thereafter, a slow but pro-
gressive cooling is observed, where T¼ 4.36 0.2 eV at 290–300ns,
drops to 4.06 0.2 eV at t¼ 343ns, to finally be 3.86 0.2 eV at 400 ns.

B. Discussion

1. Density structure generation in the interaction region

The experimental data (see Fig. 9) show no evidence of the for-
mation of a Mach stem at the intersection point of the two BWs as in
Ref. 27. The IR is inhomogeneous and strong electron density gra-
dients are presents [see Figs. 9(d)–9(f)]. At t¼ 200ns, for N2 at 5.7

FIG. 9. Interaction of two Taylor-Sedov blast waves at different times, where t¼ 0 corresponds to the laser arrival. (a) N2 at 5.7 mbar and (b) Ar 2 mbar. (c) Comparison at the
same mass density of the interaction region for Ar 7 mbar and N2 11.4 mbar. Lineout performed at the center of the interaction region (d) of (a), (e) of (b), and (f) of (c).
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mbar [see Fig. 9(e)], one can also observe the formation of a cavity like
structure (see Fig. 11). We attribute these strong electron density gra-
dients to the formation of small scale vorticity produced when one
BW encounters the internal structure of the second one. As a conse-
quence, it is possible to generate a strong density structure at a long
time after the beginning of the interaction of the two BW’s due to vor-
ticity generation.36 Figure 11 illustrates the time evolution of rne in
the IR. At early time (t¼ 150ns), the rne are not very pronounced
while at later time, one can observe density structure generation.
These structures could, in principle, generate B-fields by the Biermann
Battery effect (rne �rTe). Unfortunately, the spatial resolution of
our diagnostic does not allow to determine accurately the spectrum of
vorticity and its evolution during time.

2. Reverse shock formation

The formation of reverse shocks is also observed [see Figs. 11(b)
and 11(e)]. They propagate in the post shock region of the other BWs.
Up to 200ns, they are sharp and almost well defined [see Fig.11(b)],
while at later time, there is no shock front but a smooth gradient [see
Fig. 11(f)]. The mean velocity between 150 and 200ns is about 15 km/
s. It is however impossible to determine if it is in a Taylor-Sedov phase
or not.

3. Evolution of the interaction region: Cooling
and rarefaction

One can evaluate the compression as well as the increase in tem-
perature inside the IR compared to the single BW case. The IR evolu-
tion of the thermodynamics conditions is summarized in Fig. 12. The
maximum compression given by the ratio of the density in the IR over
the density in the shell of a single blast wave is C¼ 1.76 for N2 at 5.7

mbar and the temperature rises by 17%–20%. It is interesting to note
that the thermal equilibrium between electrons and ions is <10ns for
the IR.

The time evolution of the density [see Fig. 12(a)] shows that the
lateral expansion of the IR is constraint by the propagation of the two
blast waves up to �300ns, i.e., during �70ns. At the same time, the
temperature decreases slowly from 4.6 to 4.3 eV. After 300 ns, the den-
sity and the temperature of the IR start to decrease to come back to a
value similar to the single BW case at �400ns. The cooling function
can be evaluated to be�5:4� 10�3 eV/ns.

V. ASTROPHYSICAL IMPLICATIONS

The astrophysical system DEM L316 is composed of two distinct
SNR’s2 which had the particularity to explode at almost the same
astrophysical time although they have been produced from different
mechanisms (Supernovae of Type Ia for shell A and Type II for shell
B). They are still in their Taylor-Sedov phase (determined by the phys-
ical properties of the hot gas). Preliminary analysis showed that the
model derived by2 to explain astronomical observations reproduces
most of the observed features (statically acceptable). However, the
model did not succeed in reproducing the emission observed along the
flattened part of the shell A toward shell B. Indeed, the brightest part
of the inner ring of shell A is located near an emitting filament from
shell B. The main question raised from astronomical observations is:
are they really interacting or just align in the line of sight of the obser-
vations? The different nature of the SNR progenitor raises some
doubts that these SNRs interact. It should have been more understand-
able that both SNRs were formed in the same star formation region,
having a comparable composition and thus explode after similar life-
times. This is clearly not the case for DEM L3162,37 as one is probably
a Type Ia SN and the second a Type II SNe, although the O/Fe and
Ne/Fe ratios for the Type II SNe being different from swept-up ISM

FIG. 10. (a) Typical results of time resolved optical spectroscopy with two blast waves propagating at 5.7 mbar of N2. (b) Comparison between PrismSPECT simulations at a
fixed density 5:3� 10�5g cm�3 and experimental data averaged from 230 to 240 ns in the 475–500 nm range, allowing to determine precisely the temperature (according to
the model used).
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alone. This point is crucial as it strongly decreases the probability for
the two SNRs to explode at the same astrophysical time.

What has been learned from the experiment which could help to
answer to the SNRs interaction in DEM L316? The interaction region

formed by the collision of two SNRs in their Taylor-Sedov phase is
hotter than the shell of a single SNR. In experiment, we measure a
maximum increase in the temperature of �18% in N2 gas. These data
can help to benchmark a numerical code. The next step is then to

FIG. 11. Evolution of the interaction zone formed by the collision of two Taylor Sedov blast waves propagating in N2 at 5. 7 mbar, seen by schlieren (up) and interferometry
(bottom) data (a) and (d) at t¼ 150 ns, (b) and (e) at t¼ 200 ns, and (c) and (f) at t¼ 300 ns.

FIG. 12. Evolution of the thermodynamics conditions for the IR for N2 at 5.7 mbar (a) for density and (b) for temperature.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 022111 (2020); doi: 10.1063/1.5137795 27, 022111-10

Published under license by AIP Publishing

https://scitation.org/journal/php


perform atomic simulations to predict the expected emissions to com-
pare them with the ones given in Ref. 2 and see if forbidden lines are
generated. This is however beyond the scope of this paper.

In a more general sense, what has been learned from the experi-
ment about the IR formed when two Taylor-Sedov blast waves collide?
First, it has been shown (see Fig. 12) that vorticity generation occurs in
the IR and leads to the formation of strong electron density gradients.
Through the Biermann Battery effect, it is then possible to generate a
small-scale magnetic field which could influence the polarization
image of the Cygnus Loop.4 Second, we showed that the temperature
of the IR remains high even at a long time after the beginning of the
interaction. This can maintain hot interstellar gas even long time after
the interaction. Third, the nature of the propagating medium (the
ISM) is extremely important for the parameters of the IR. The SNR-
SNR interaction region will not evolve the same way (and have the
same thermodynamic parameters) according to the background mate-
rial present in the region. In that sense, specific scaling laws should be
developed taking no conventional parameters for comparison (length
of the precursor ahead of the shock front, compression ratio,…).

VI. CONCLUSION

In conclusion, we have investigated experimentally the interac-
tion region produced when two Taylor Sedov blast waves collide. We
found: (1) density structure generation which could produce B-fields
by the Biermann Battery effect. This could lead, in principle, to the
formation of multiple small scale magnetized collisionless shocks in
the IR and acceleration of charged particles. (2) A maximum com-
pression ratio of �1.75 and a 17%–20% increase in temperature in
the IR for N2 at 5.7 mbar compared to the single BW case. The exper-
imental results presented in this paper can help to constraint and vali-
date hydrodynamic simulations. It represents a first step toward a
better understanding of the physics of the SNR-SNR interaction. One
interesting point is that the interaction region parameters depend on
the nature of the gas. This is important when developing specific
scaling laws as different parameters, will change according to the gas
used, etc. which will change according to the gas used. It is then nec-
essary to take this into account when comparing the laboratory
experiment and the astrophysical system. In the future, it will be
more relevant, from an astrophysical perspective, to perform large
scale astrophysical simulations coupled to atomic modeling in order
to predict the different emissions produced (x-ray and radio) and
compare them to astronomical observations such as DEM L316. This
could help to answer the questions of the interaction or not of the
SNRs.
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