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Colliding collisionless shocks appear in a great variety of astrophysical phenomena
and are thought to be possible sources of particle acceleration in the Universe. We
have previously investigated particle acceleration induced by single super-critical shocks
(whose magnetosonic Mach number is higher than the critical value of 2.7) (Yao et al.
2021, 2022), as well as the collision of two sub-critical shocks (Fazzini et al. 2022). Here,
we propose to make measurements of accelerated particles from interpenetrating super-
critical shocks to observe the “phase-locking effect” (Fazzini et al. 2022) from such an
event. This effect is predicted to significantly boost the energy spectrum of the energized
ions compared to a single supercritical collisionless shock. We thus anticipate that the
results obtained in the proposed experiment could have a significant impact on our
understanding of one type of primary source (acceleration of thermal ions as opposed
to secondary acceleration mechanisms of already energetic ions) of ion energization of
particles in the Universe.

1. Introduction

The particular origins of the high-energy particles (cosmic rays) flying through the
Universe is still an open question. We know where they can possibly originate (e.g.,
pulsars, winds from massive stars, supernova remnants, solar flares, shocks in magnetic
clouds, etc.), but the nature of the acceleration mechanism(s) in each source, and hence
the predictability of its occurrence, remains unconfirmed. Single shock structures are not
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the only place where particle acceleration is thought to take place. In fact, large-scale
shock-shock collisions, with their different hydrodynamic and kinetic structures, are also
seen as potential sources of high-energy particles.

Super-critical shock collisions can be found in OB associations (very young stellar
objects) (Higdon & Lingenfelter 2005; Ackermann et al. 2011; Rando & Buson 2015),
consisting of many hot giant stars and characterized by supernova (SN) explosions that
are correlated in space and time (Higdon et al. 1998). In these objects, the strong winds
of giant stars and of supernova explosions contribute to generating large-scale structures
that are known as “superbubbles”. Inside these structures are vast amounts of mechanical,
thermal, and turbulent energy making them appealing sources of cosmic rays. Among the
many structures inside these superbubbles include supercritical shock-shock collisions:
wind-wind, SN-wind, and SN-SN shock collisions. The most common condition is the
wind-wind shock collision in massive star binaries (Usov 1992; Sanchez-Bermudez et al.
2019), which is certainly a topic of large interest in astrophysics.

2. Former Experimental Results
2.1. Single magnetized shock characterization

In our former experiments performed at JLF/Titan and LULI2000 (Yao et al. 2021,
2022; Fazzini et al. 2022), we investigated single shock formation, as well as shock-shock
interactions, by having an expanding plasma drive a shock into an ambient gas in the
presence of a strong (20 T) external magnetic field. Since the expanding plasma, the
ambient gas, and the magnetic field are all decoupled, we are able to vary the magnetic
field independently of the expanding plasma and of the ambient gas, which allows us
to investigate the essential role played by the magnetic field and to highlight the ion
acceleration mechanism at play.

With the setup shown below in Fig. 1 (a), we have been able to characterize the
plasma density, temperature, as well as the electric field developed at the front of a
single shock, and observe strong non-thermal accelerated ion populations linked with the
“shock-surfing” acceleration (SSA) mechanism (Yao et al. 2021, 2022).

Specifically, the shock was generated by sending a plasma, generated from a high-power
laser (1 ns duration, 70 J, 1.6 x 10'® W/cm?) irradiating a solid target (Teflon, or CFg),
into a low-density gas (of density ~ 10'® cm™3), and in the presence of a 20 T magnetic
field that is homogeneous and steady-state over the timescale of the experiment. This
magnetic field is produced by our unique coil setup (Albertazzi et al. 2013; Higginson
et al. 2019). A record of the plasma electron density, obtained by optical probing, is
shown in Fig. 1 (b). We can clearly observe the presence of an electron foot, likely
reflected ahead of the shock by the moving shock front. To our knowledge, this is the
first laboratory observation of such a structure, which was postulated (Dimmock et al.
2019) and also verified to be present in magnetospheric shock as recorded by satellite
(Balogh & Treumann 2013).

Figure 1 (c) shows the evolution of the shock front position and the corresponding
velocity deduced from it, which shows the very fast decrease in shock velocity over the
first few nanoseconds. Before 2.6 ns, the shock front velocity is around v = 1500 km/s,
i.e. the shock is collisionless and super-critical with a mean-free-path larger than 10 mm
and the magnetosonic Mach number larger than the critical value (see details in Table 1),
while after around 5 ns, it becomes sub-critical, with correspondingly lesser energization
of the reflecting ions from the ambient (Yao et al. 2021, 2022). The ion spectrometer that
was deployed in the experiment was set in the axis of the magnetic field, i.e., along the
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Ficure 1. (a) Setup of the experiment to characterize a single magnetized shock (Yao et al.
2021, 2022). The whole scene is embedded in an Ha gas of low density (~ 10'® cm™?) emanating
from a pulsed nozzle. Further, the whole assembly is embedded in a strong magnetic field (20 T).
(b) Density measurement (integrated along the line of sight) 4 ns after the laser irradiation of
the solid target. (c) Evolution of the shock front position along the x-axis and the corresponding
velocity. (d) Evidence for the energization of protons picked up from the ambient medium.
Proton energy spectra of both the experiment (red dots) and of three PIC simulations, the
black solid line for the magnetized fast case with B, = 20 T and initial shock velocity v = 1500
km/s, the yellow dashed line for the unmagnetized fast one with B = 0 and v = 1500 km/s,
and the purple dashed line for the magnetized slow one with B, = 20 T and v = 500 km/s, all
measured at t=2.6 ns in the simulations. The analytical thermal proton spectrum is shown with
the red dash-dotted line (200 eV); and the experimental noise baseline is shown in cyan dotted
line.

z-axis in Fig. 1 (a), otherwise the ions energized out of the plasma could not be recorded,
as they would be deflected away by the 20 T large-scale magnetic field.

The recorded proton spectrum is shown in Fig. 1 (d) by red dots evidenced non-thermal
proton energization. We have performed a series of particle-in-cell (PIC) simulations,
using the code SMILEI (Derouillat et al. 2018), with different magnetic fields and initial
shock velocities. Those simulations help us identify the critical role played by the external
magnetic field and fast shock velocity in the non-thermal proton energization, i.e., only in
the case with both 20 T magnetic field and 1500 km /s initial shock velocity can we well
reproduce the experimental proton spectrum. Otherwise, the spectra will be lower than
the noise baseline. Also note that there is no signal recorded above the noise baseline for
cases with only the magnetic field or the ambient gas (i.e., when there will be no shock),
indicating that the non-thermal particle populations are indeed coming from the shock.
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FIGURE 2. (a) Proton radiography (collected on a radiochromic film (RCF) and employing 19
MeV protons) of the same configuration as shown in Fig. 1 (a), 5 ns after the laser pulse. (b)
Hemispherical electric field F, in the xz-plane, with a radius of R = 5.1 mm, estimated from
(a). (c) Lineout of the proton dose modulation along the yellow line indicated in (a). The green
full curve is the modulation from the experimental results, and the dashed blue curve is that
from the ILZ simulation (Bolanos et al. 2019), which is obtained by imposing a bipolar electric
field with hemispherical shape shown in (b). The red dash-dotted curve represents the lineout
of the field E, in z =0 (Yao et al. 2022).

Plasma beta M Amfp/TL,i
Our Results 0.2 3.1 12.2
Earth’s Bow Shock 0.4—0.8 2.8 1.2 x 108
Non-relativistic SNR >1 20 — 100 10*

TABLE 1. Comparison between the parameters of the shocks we are able to produce with our
platform, and the ones of the solar wind, as well as those from a non-relativistic SNR (see Yao
et al. 2021, p. 10). The parameters used for the calculations are: B = 20 T, 7. = 100 eV,
ne = 3 x 10" em ™3, venoer = 1500 km/s (see details in texts). The plasma beta is defined as
B = Piherm/Pmag 1.€. the ratio of plasma pressure to magnetic field pressure. The magnetosonic
Mach number My,s = vs/Ums, is the ratio between the shock velocity and the magnetosonic
velocity (vms = y/v% + ¢2) in the upstream medium, where v4 is the Alfvén velocity and c; is
the ion sound velocity. The fourth column of the Table allows one to evaluate that the shock
is not affected by collisions. This requires that the ion—ion collision mean free path (An.fp) be
large compared to the shocked-ion gyroradius, rr;, which sets the scale of the shock transition.

The single shock front was also probed with protons in order to measure the electric
field at that location (Yao et al. 2022). The probing TNSA protons were sent parallel to
the magnetic field, as can be seen in Fig. 1 (a). As shown in Fig. 2 (a), we could clearly
observe the same structure as in Fig. 1 (b), namely the front of the expanding plasma and
a particular proton deflection structure as the shock front. From it, as shown in Fig. 2
(b) and (c), we can infer that the electric field at the shock front had a double jump
structure, with a field reversal. Detailed discussions can be found in (Yao et al. 2022).

The main parameters of the shock we can produce with our setup are summarized in
Table 1, showing that they are collisionless and super-critical, and actually quite close
to that of the solar wind. Yet, reaching higher velocity shocks, with applicability to
supernova remnants (SNR), is not possible with presently accessible high-power lasers,
but will be in the near future with e.g. Apollon (Burdonov et al. 2021).
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FIGURE 3. (a) Setup of the experiment with two high-power lasers ((1 ns, 100 J at 1 pm
wavelength, 1.6 x 10'® W/cm? intensity on target)) irradiate two solid targets (CF2) embedded
in ambient gas and strong B-field (20 T). (b-e) Temporal sequence of the density (along the
z-axis) measurements showing the evolution of the collision of two magnetized shocks.
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FIGURE 4. PIC simulation results demonstrating the enhanced particle acceleration in the
sub-critical shock colliding case (b), compared to the single one (a). The final energy spectrum
is in (c). See details of the three phases in Fazzini et al. (2022).

2.2. Double magnetized shocks collision

Later, we investigated at LULI2000, the interpenetration of two sub-critical single
shocks with a similar setup, which is shown in Fig. 3 (a). Since the distance between the
two targets was large (i.e., 9 mm), due to constraints in the setup, the shocks travel to
the middle and collide after 11 ns, as can be seen in Fig. 3 (c¢) and (d), thus having an
average velocity lower than 500 km/s. This led us to be limited to exploring sub-critical
shocks encounter (Fazzini et al. 2022).

The measured ion spectrum is the same as shown in Fig. 1 (d). Nevertheless, our PIC
simulations have revealed an interesting particle dynamics at play during the sub-critical
shocks encounter, and which provides energy enhancement (see Fig. 4). By tracking a set
of representative energetic protons, we have indeed been able to identify that this energy
enhancement is a result of the “phase-locking effect” between the transverse particle
velocity (V) and the transverse E-field (E,) after the collision, i.e., the work done by E,
(i.e., Wgy) is purely positive, which only exists in the shock colliding case and allows a
further boost of the ion energy (Fazzini et al. 2022).

Unfortunately, the phase-locking effect could not be observed at LULI2000 since
the measure time-integrated spectrum of ions is produced by a combination of ions
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Ficure 5. PIC simulation results demonstrating the enhanced particle acceleration in the
super-critical shock colliding case (b) we propose to investigate, compared to the single shock
one (a), with an initial drifting velocity of 1500 km/s under a 20 T magnetic field. The final
energy spectrum is in (c), showing an enhancement of the maximum energy by a factor 2 for the
colliding shocks case. Note that now the energy spectrum of the colliding case can be observed
in the experiment, since it is higher than the one of the ions accelerated in the single shock, i.e.,
reaching around 80 keV, see Fig. 1 (d).

accelerated by the super-critical shock early in time and the collision of the slowed-
downed subcritical shock that would produce the phase-locking acceleration. Since, the
maximum energy produced by these sub-critical shocks is low, we are not able to separate
the two sources in our past measurements. This is why we propose to move, using an
improved setup, to investigate the encounter to the moments where the shocks are still
super-critical.

3. Future plans

As shown above, in our previous work investigating the collision of two sub-critical
shocks, we have revealed an interesting effect of phase-locking of the ions trapped
between the two counter-streaming shocks, resulting in boosting their energy. We have
now performed PIC simulations to gauge how this effect would manifest in encountering
super-critical shocks.

The setup of the simulation is the same as our former works, see details in Fig. 9 of
Fazzini et al. (2022). Only here the initial drifting velocity becomes 1500 km/s, which
can be realized in the experiment by putting the two targets closer to each other, e.g., 4
mm.

Fig. 5 (a) and (b) show the time-evolution of the energy of ions, as well as the
contribution from the longitudinal (Wg,) and transverse (Wg, ) electric fields (the energy
that they pick up while gyrating in the field) in the case of both a single or of colliding
shocks. One can observe that there is, in the colliding case, the same phase-locking effect
(i.e., Wg, stays positive due to the shock collision), which induces a significant particle
acceleration enhancement. This is shown in the final ion energy spectrum plotted in
Fig. 5 (c). Based on our previous experience in measuring ions energized by single super-
critical shocks (Yao et al. 2021, 2022), this further and strong energization should be
easily detectable and recognizable.

This experiment is programmed to be performed at RAL-TAW in 2023, due to its
unique multi-beam capability to generate two super-critical shocks (using two long pulse
beams), as well as characterize them in details using optical probing, proton radiography
(powered by using the facility high-energy short-pulse B8 beam), space-resolved x-ray
spectroscopy, and Thomson scattering. We will lift the limitation that was preventing
us at LULI2000 (due to a constraint in the laser beams arrangement) to investigate
super-critical shock encounter by having closer arrangement of the targets, thus ensuring
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FI1GURE 6. Detailed view inside the coil of the proposed setup. The two ns-laser beams hit the
two targets, giving rise to two face-on collisionless shocks, embedded in the 20 T B-field and a
10*® cm™2 ambient gas, that meet at the center of the coil. In setup (a), proton radiography
or optical probing will be used along the main B-field axis to diagnose the colliding shocks.
Alternatively, in setup (b), a ToF spectrometer will be used, also along the B-field axis, to
diagnose the dynamics of particle acceleration taking place in the plasma.

the shocks meet before 5 ns in their evolution. Fig. 6 shows the proposed setup in the
horizontal plane. The two targets, from which the two shocks will be launched, will
directly face each other, which will also allow for a straight, face-on collision of the
shocks. Long f-number long-pulses (in yellow) will irradiate each target and induce the
plasma expansion. A pulsed gas jet (coming from the bottom of the coil) will provide
the ambient plasma; the gas is ionized by the x-rays from the laser-target interaction.
As shown in Fig. 6 (a), the short-pulse will be focused on a solid target at the edge of
the coil. A TNSA-accelerated proton beam will emerge from the target back side and
diagnose the shocks and field structures on an RCF stack. Alternatively to this proton
radiography diagnostic, we will set, along the axis of the magnetic field, a time-of-flight
(ToF) spectrometer which will measure the time at which ions land on a photomultiplier
tube (PMT) (Fourmaux et al. 2013), as shown in Fig. 6 (b). From it, we will be able to
observe the dynamics and the energy of particle acceleration induced within the plasma.

4. Conclusion

In summary, by re-using the platform we established at LULI2000 and JLF /TITAN to
investigate the dynamics of magnetized shocks and the associated particle acceleration,
our future plan will focus on characterizing experimentally the particle acceleration
enhancement during the collision of two super-critical shocks. It will serve as the direct
proof of our theoretical analysis, possibly confirming the phase-locking effect induced by
the shock collision (Fazzini et al. 2022) for the first time in the laboratory.

Acknowledgements. We thank the teams of LULI (France) and JLF (USA) laser
facilities for their expert support, as well as the Dresden High Magnetic Field Laboratory
at Helmholtz-Zentrum-Dresden-Rossendorf for the development of the pulsed power
generator. We thank the SMILEI development team for technical support.



8 W. Yao, et al.

Funding. This work was supported by funding from the European Research Council
(ERC) under the European Unions Horizon 2020 research and innovation program (J.F.,
grant number 787539); the PRIN INAF 2019 grant “From massive stars to supernovae and
supernova remnants: driving mass, energy and cosmic rays in our Galaxy” and the INAF
mainstream program “Understanding particle acceleration in galactic sources in the CTA
era” (S.0. and M.M.); the National Sciences and Engineering Research Council of Canada
(NSERC) and Compute Canada (P.A., grant number pve-323-ac); and the Extreme Light
Infrastructure Nuclear Physics (ELI-NP) Phase II, a project co-financed by the Romanian
Government and European Union through the European Regional Development Fund
(J.F. and S.C., grand number ELI-RO-2020-23). Part of the experimental system is
covered by a patent (1000183285, 2013, INPI-France).

Declaration of interests. The authors report no conflict of interest.

Data availability statement. All data needed to evaluate the conclusions in the
paper are present in the paper. Experimental data and simulations are archived on servers
at LULI laboratory and are available from the corresponding author upon reasonable
request.

Author Contributions Statement. J.F. conceived the project. A.F., S.N.C., K.B.,
and J.F. performed the experiments. W.Y., A.F., K.B., and J.F. analyzed the data.
W.Y. performed and analyzed the SMILEI simulations with discussions with A.C., X.R.,
E.d.H., and J.F. W.Y. wrote the bulk of the paper, with major contributions from S.N.C.,
M.B., M.M., S.O., and J.F. All authors commented and revised the paper.

REFERENCES

ACKERMANN, MARKUS, AJELLO, MARCO, ALLAFORT, AE, BALDINI, LucA, BALLET, JEAN,
BARBIELLINI, GUiDO, BASTIERI, D, BELFIORE, A, BELLAZZINI, R, BERENJ], B &
OTHERS 2011 A cocoon of freshly accelerated cosmic rays detected by fermi in the cygnus
superbubble. science 334 (6059), 1103-1107.

ALBERTAZZI, BRUNO, BEARD, JEROME, CiarDI, A, Vinci, T, ALBRECHT, J, BILLETTE,
JULIEN, BURRIS-Moa, T, CHEN, SN, Da Sitva, DENiS, DITTRICH, S & OTHERS 2013
Production of large volume, strongly magnetized laser-produced plasmas by use of pulsed
external magnetic fields. Review of Scientific Instruments 84 (4), 043505.

BALOGH, ANDRE & TREUMANN, RUDOLF A 2013 Physics of collisionless shocks: space plasma
shock waves. Springer Science & Business Media.

Bovranos, S, SMETS, R, CHEN, SN, GRISOLET, A, Fiuirpov, E, HENARES, JL, NAsTASA, V,
Pikuz, S, RIQUIER, R & OTHERs 2019 Laboratory evidence of the halting of magnetic
reconnection by a weak guide field. arXiv preprint arXiv:1909.0168/ .

Burbponov, K, Fazzini, A, LELASSEUX, V, ALBRECHT, J, ANTICI, P, AvyouL, Y, BELUZE,
A, Cavanna, D, Ceccorti, T, CHaBANIS, M & OTHERS 2021 Characterization and
performance of the apollon short-focal-area facility following its commissioning at 1 pw
level. Matter and Radiation at Extremes 6 (6), 064402.

DEROUILLAT, JULIEN, BECK, ARNAUD, PEREZ, FREDERIC, VINCI, TOMMASO, CHIARAMELLO,
M, Grassi, ANNA, FLE, M, BoucHARD, GUILLAUME, PLoTNIKOV, I, AUNAI, NICOLAS
& OTHERS 2018 Smilei: A collaborative, open-source, multi-purpose particle-in-cell code
for plasma simulation. Computer Physics Communications 222, 351-373.

Dimmock, ANDREW P, RUSSELL, CHRISTOPHER T, SAGDEEV, ROALD Z, KRASNOSELSKIKH,
VLADIMIR, WALKER, SIMON N, CARR, CHRISTOPHER, DANDOURAS, [ANNIS, ESCOUBET,
C PHILIPPE, GANUSHKINA, NATALIA, GEDALIN, MICHAEL & OTHERS 2019 Direct
evidence of nonstationary collisionless shocks in space plasmas. Science advances 5 (2),
eaau9926.

Fazzini, A, Yao, W, Burbponov, K, BEarD, J, CHEN, SN, Ciarpi, A, D’HUMIERES, E,
DiaB, R, Fiippov, ED, Kisvyov, S & oTHERS 2022 Particle energization in colliding
subcritical collisionless shocks investigated in the laboratory. Astronomy € Astrophysics
665, AR7.



particle acceleration in interpenetrating super-critical shocks 9

Fourmaux, S, BurreEcHOUX, S, ALBERTAZZI, B, CapPeLL], D, LEvy, A, GNEDYUK, S,
LECHERBOURG, L, LASSONDE, P, PAYEUR, S, ANTICI, P & OTHERS 2013 Investigation
of laser-driven proton acceleration using ultra-short, ultra-intense laser pulses. Physics of
Plasmas 20 (1), 013110.

Higpon, JC & LINGENFELTER, RE 2005 Ob associations, supernova-generated superbubbles,
and the source of cosmic rays. The Astrophysical Journal 628 (2), 738.

Hiepon, JC, LINGENFELTER, RE & RaAMATY, R 1998 Cosmic-ray acceleration from supernova
ejecta in superbubbles. The Astrophysical Journal 509 (1), L33.

HiccinsoN, DP, KorNEEV, PH, RUYER, C, RIQUIER, R, MORENO, Q, BEARD, JEROME,
CHEN, SN, Grassi, A, GrecH, M, GREMILLET, . & OTHERs 2019 Laboratory
investigation of particle acceleration and magnetic field compression in collisionless
colliding fast plasma flows. Communications Physics 2 (1), 1-7.

RaNDO, RiccArRDO & BusoN, SARA 2015 Fermi lat: More than six years of insights and new
puzzles. La Rivista del Nuovo Cimento 38 (5), 209-269.

SANCHEZ-BERMUDEZ, J, ALBERDI, ANTXON, SCHODEL, RAINER, BRANDNER, W, GALVAN-
MabpriD, R, GuiraDpO, JC, HERRERO-ILLANA, R, HuMMEL, CA, MARCAIDE, JM &
PEREZ-TORRES, MIGUEL A 2019 A vlbi study of the wind-wind collision region in the
massive multiple hd 167971. Astronomy & Astrophysics 624, A55.

Usov, VV 1992 Stellar wind collision and x-ray generation in massive binaries. The
Astrophysical Journal 389, 635—648.

Yao, W, Fazzini, A, CHEN, SN, BurboNov, K, ANTICI, P, BEARD, J, BoLANOS, S, CIARDI,
A, DiaB, R, Fiuiprpov, ED & oTHERs 2021 Laboratory evidence for proton energization
by collisionless shock surfing. Nature Physics 17 (10), 1177-1182.

Yao, W., Fazzini, A., CueN, S. N., Burponov, K., AnTtici, P., BEARD, J., BOLANOS,
S., Ciarbpi, A., DiaB, R., Fiirrpov, E. D., Kisyov, S., LELASSEUX, V., MICELI,
M., MoRreNoO, Q., Nastasa, V., OrLANDO, S., Pikuz, S., Popescu, D. C.; REVET,
G., RIBEYRE, X., D’HuMikRrEs, E. & FucHs, J. 2022 Detailed characterization of
a laboratory magnetized supercritical collisionless shock and of the associated proton
energization. Matter and Radiation at Extremes 7 (1), 014402.



	Introduction
	Former Experimental Results
	Single magnetized shock characterization
	Double magnetized shocks collision

	Future plans
	Conclusion

