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ABSTRACT

We experimentally investigate the evolution and dynamics of laser-produced collisional blast waves (BW) under the influence of a perpendic-
ular magnetic field up to 20 T. We show that an external magnetic field causes the BW to diverge from the Taylor-Sedov solution while also
impacting its structural morphology. We notably explore the significance of various magnetohydrodynamic (MHD) processes occurring on
scales similar to the width of the BW front by comparing their characteristic lengths to it and demonstrate that the downstream plasma’s
transition from being super- to sub-magnetosonic plays a pivotal role in the overall structure. Our results show that multiple MHD effects
can contribute to shaping a magnetized BW, illustrating the complexity of the underlying physics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0238064

I. INTRODUCTION

Understanding the structure of blast waves (BW) under the influ-
ence of an external magnetic field is essential in numerous systems. In
astrophysics, the interaction between the ever-present magnetic fields'

Magnetohydrodynamics (MHD) predicts that multiple effects can
impact the propagation of a BW under a large-scale magnetic field, dras-
tically complicating the shock structure.'” '’ While pure hydrodynamic
shocks can be considered as consisting of two distinct areas (upstream
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and low-density, collisionless shocks can influence the structure of the
interstellar medium (ISM)** and the propagation of supernova rem-
nants (SNR).”” Recent work in inertial confinement fusion (ICF) sug-
gests that magnetic fields may contribute to achieving the necessary
conditions for high fusion yields as well as introduce anisotropy in the
shock structure.” Additionally, several advancements have been made
throughout the last few years aiming to characterize the dynamics of col-
lisional shock waves generated by kilojoule nanosecond lasers in labora-
tory astrophysics experiments.” '* The physics of (collisional) shocks is
highly relevant to these active fields, and comprehending how a magnetic
field affects the processes that participate in these phenomena is crucial.

and downstream) with an infinitely thin discontinuity separating them,
the generation of entropy necessitates the existence of a finite transition
region shock or BW front. More specifically, the thermodynamic quanti-
ties must transition from the unshocked to the shocked fluid’s conditions
via various dissipative and dispersive processes that exhibit structures
with characteristic length scales. Experimentally measuring the length
scales that arise in magnetized BWs helps to discriminate the dominant
physical mechanisms in the system.

Among these, Ohmic heating has been found to play a major role
in the morphology of MHD shocks.'*” A separation of charges can
occur on a scale equal to the ion inertial length d; = ¢/cj;, where @),
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is the ion plasma frequency, meaning that magnetization of electrons is
possible while ions remain non-magnetized.”** In the resistive MHD
regime, the subsequent generation of an electric potential acts on the
electrons, forming an electron drift current perpendicular to the shock
front that heats it ohmically and dissipates energy. This mechanism will
satisfy the MHD shock jump conditions only if the magnetosonic Mach
number M,,,; = 05/ Uy is below a certain value, the critical Mach num-

ber M, (subcritical shock), where vgy is the BW velocity, v, =

5 5 - . . . _ By -
\/v3 + ¢ is the upstream ion-magnetosonic velocity, v4 = N the

Alfvén velocity upstream (ions and neutrals are considered to be
strongly coupled™), By is the amplitude of the magnetic field, p,, is the
mass density of the neutrals, and c; is the sound velocity of the medium.
Otherwise, if M5 > M., Ohmic heating is unable to achieve suffi-
cient diffusion, and other processes are necessary to bridge the gap
between the fluid upstream and downstream.

Other scale lengths that could be important include the ion iner-
tial length and the one arising from viscous dissipation (Ion-ion mean
free path, mfp), the gyration of ions and electrons due to the magnetic
field (gyroradius), thermal diffusion, lower hybrid turbulence, and
ambipolar diffusion. The latter one is relevant when vgy is smaller
than the ion-magnetosonic velocity vj,s (but still larger than v,,, see
more in Ref 2) in weakly ionized, low-density astrophysical
plasmas, where the ions and neutrals decouple because of the magnetic
field.>** " A relative velocity develops between the two species, and
momentum is transferred via ion-neutral scattering, resulting in the
emergence of continuous shocks (C-type shocks). Ambipolar diffusion
is thought to be an important mechanism in astrophysical shocks™** >
and has been proposed as a possible explanation behind multiple astro-
nomical observations.”® *' Moreover, whether the downstream plasma
is sub- or supermagnetosonic is decisive since some of the aforemen-
tioned processes stop being relevant for M, < 1, in which case the
dynamics of the magnetic field itself could play a key role. Simulations
have been performed to study these phenomena;’”” however, the
widely different scales involved (um to mm in laboratory experiments)
present a formidable challenge, especially in three dimensions.

Evidently, an experimental investigation of magnetized BWs is
needed to determine the main processes that shape the system.
Distinguishing between mechanisms that produce similar scale lengths
requires taking measurements under a wide range of conditions.
Russell et al.>**° performed such an investigation, and their results
support that in resistive MHD the transition region’s length equals the
resistive diffusion length, as predicted by theory.'”'® Still, their work
was inconclusive as it showed that two-fluid effects could also have a
non-negligible impact on the system. Furthermore, Mabey et al.’®
examined the effect of a 10 T external magnetic field on a Taylor-
Sedov BW.”* This study revealed structural modifications, a depar-
ture from spherical symmetry and changes in the BW’s propagation
velocity as a result of the external magnetic field, but no definitive evi-
dence of ambipolar diffusion was observed.

In this paper, we report on the results of an experiment where a laser-
produced, collisional (mfp < shock width) BW expands in air and is per-
meated by an external, uniform magnetic field up to 20 T oriented perpen-
dicularly to the BW’s propagation. The impact of the magnetic field on the
BW dynamics is explored, and it is shown that its morphology changes
remarkably due to multiple MHD effects. In addition, the presence of
strong magnetic fields allows us to distinguish under which conditions each
process could be relevant, but also document how the BW transitions from
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super- to sub-magnetosonic, effectively being reduced to simple propagat-
ing plasma. Finally, our data make possible the benchmarking of numerical
codes that have never been tested in the parameter range presented here.

Il. EXPERIMENTAL SETUP

The experiment was performed at the LULI2000 laser facility
at LULI (Ecole Polytechnique, France). One long pulse laser
beam (t ~ 1.5ns), with energy E; ~ 600] per pulse and intensity of
Ip~3-104W/cm? at the 2w frequency (A = 526.5nm), was
focused to a 200um flat-top focal spot using a hybrid phase plate onto
a 500um cylindrical graphite pin. The short time and spatial scale of
the deposited energy generates a BW that propagates in an ambient
medium (air at 2= 0.2 - 107¢m 3, 300 K). The magnetic field was
generated using a coil in a Helmholtz configuration, developed by
LNCML It can deliver a spatially uniform and temporally constant
magnetic field (approximately 1cm® on a s scale), of up to 20 T.”

The experimental setup and the diagnostics that characterized the
BWs are shown in Fig. 1. Mach-Zehnder interferometry was used to
retrieve the electron density (1,)*" using a collimated Nd:YAG laser
pulse as a probe beam (1, = 532nm, Ey &~ 1m], R ~ 1.5cm, T ~ 7ns).
The 2D plasma self-emission was captured in the 580 — 850nm wave-
length range and revealed the morphology, evolution, and dynamics of
the system. Both the interferometry and the 2D self-emission diagnos-
tic probed the plasma from 5 to 50 ns with a time step of 5 or 10 ns for
all values of the magnetic field. Streaked optical pyrometry (SOP) pro-
vided time-resolved information on the propagation of the BW from
its creation until ~ 50#s for every shot.”'

A time-resolved optical spectrometer probed a small volume
(150 x 150 x 50pm?) located 4 mm in front of the graphite pin target
with an f/5.74 collecting lens and a magnification of 4.9. The spectra
were collected on the visible range (425 — 675nm), and the resolution
of the instrument was A4 ~ 2nm. The collected data, coupled with
PrismSPECT simulations of nitrogen lines,"” enabled us to retrieve the
BW’s electron density, electron temperature (T,), and average ioniza-
tion (Z) by using a chi-square test to select the best fits. The lines in the
range of 445 to 510 nm were chosen because they are particularly sen-
sitive to changes of #, and T, (see Figs. 2 and 3, also Albertazzi et al”?
for more details). While oxygen and carbon plasmas are also present,

2D self-
SOP Interferomet: __—
v emission { Time: re.solved
! optical
3 i spectrometry

Graphite pin on
glass stalk
500 pm

FIG. 1. Experimental setup at the LULI2000 facility. A laser beam was used to drive
the target and generate a BW inside air. The SOP, interferometry, and 2D self-
emission diagnostics collected the light coming from the transverse direction. A
time-resolved optical spectrometer gathered the light originating 4 mm in front of the
TCC.
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FIG. 2. Time-resolved spectra collected by the prism spectrometer in a small vol-
ume (150 x 150 x 50um®) located 4 mm in front of the graphite pin target for a)
5T, b) 10 Tand c) 20 T. The shaded band indicates the time range over which the
signal was time-integrated (see Fig. 3).

they have no intense lines in this specific range. The measured and
derived quantities are presented in Table I.

I1l. RESULTS
A. Propagation of BWs in a magnetic field

The dynamic nature of MHD BWs requires a comprehensive
understanding of the diverse forces at play. Here, four pressures are
relevant: the ram, magnetic, thermal, and radiation pressures. Among
them, the ram (P, = pvéw) and the magnetic pressure
(Prnag = B?/24,) are the dominant ones by a large margin, with the
ram pressure reaching approximately 1kbar for a shock velocity of

ARTICLE pubs.aip.org/aip/pop
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—— PrismSPECT 10 T —— Experiment 10 T

PrismSPECT 5 T —— Experiment 5T

Normalized Intensity
o o I = = -
N w ~ o N w
w o w o w o

o
o
S

450 460 470 480 490 500 510
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FIG. 3. Time-integrated lineouts (over 10 ns) for 5, 10, and 20 T. PrismSPECT simu-
lations of constant T, have been plotted over the experimental data. The best fits
are plotted with solid lines, while dashed lines show the simulated spectra for
ne=1 - 10"®cm=2. Only nitrogen lines were considered.

around 100km/s. In MHD, the magnetic Reynolds number
Re,, = vL/1n, where v is the plasma’s velocity, L is the characteristic
scale length of the system, and # is the plasma resistivity, gives an indi-
cation of the relative importance that advection and resistive diffusion
play in the evolution of the magnetic field. At early times (¢ < 5ns),
Re,, ~ 10, so resistive effects are relatively small, and the BW is able to
push and compress the magnetic field, creating a diamagnetic cavity.
However, at later times, as the BW decelerates, resistive effects
across its front and throughout its radius become more important
(Rey, = 1); the compression of the magnetic field is then mediated
by resistive diffusion, and it is relatively small. Since the BW deceler-
ates significantly over time (e.g., Pym(t = 30ns) = 0.5kbar), the
dynamics will transition from being dominated by ram pressure
([3dyn = Pom /ng = Mfm > 1) to being magnetically dominated
(Bayn = M2, <1). A lower estimate of the magnetic pressure is
obtained by assuming that the magnetic field is uncompressed:
0.4 kbar for 10 T and 1.6 kbar for 20 T.

The interplay between the two dominant pressures is captured by
the SOP diagnostic, as shown in Fig. 4 and Table II. At early times,
regardless of the magnetic field amplitude, the BWs exhibit a similar
behavior as Py, largely dominates over Pyqq (ﬁdyn > 1and ¢, < vy
< vpw). The BWs exit their ballistic phase only after about 10 ns. Prior
to this moment, and especially for low magnetic field values, they
propagate with a very large velocity. The critical magnetosonic Mach
number, which depends on f;, = Py, /Py, and on the shock angle, is
Mys e = 2.9 (for 90° and ¢; < v4, 50 fiy, K 1)* and can be exceeded
early on, making the shock supercritical: M, ~ 13 at 3ns and
M,,s ~ 3 at 10 ns for B = 5T.

Later on, in the absence of an external magnetic field, we expect
the expansion of a BW to be described by the Taylor-Sedov solution
(R(t) = at®, bgr = 0.4). Indeed, using Fig. 4(a) and selecting multi-
ple points of the BW front, we fit its trajectory and confirm that
b = bsr = 0.4. In contrast, with a strong applied magnetic field, a
magnetic pressure gradient affects the dynamics of the BW to a large
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TABLE I. The plasma parameters retrieved from the diagnostics (top) and the calculated quantities (bottom) of the front of the BW at 40 ns. The electron temperature T, and density n,
were retrieved using time-resolved optical spectrometry 4 mm from TCC along the laser axis. The latter was also characterized using the interferometry diagnostic. Re,, was calculated
using the radius of the BW as the characteristic scale length. Note that at 40 ns the plasma is no longer supermagnetosonic, but we keep the naming convention vgy for consistency.

Parameter / Quantity Symbol 0T 5T 10T 15T 20T
BW velocity (km/s) Vw 35+5 325+75 20+ 10 15+5 10 =5
Electron number density (10¥cm~2) e 6*+2 5+2 3+1 1.5+0.3 1.2+0.5
Electron temperature (eV) T, 16 =4 8.6*1.5 5.5+ 0.5 51%0.2 5.1*0.3
Average ionization Z 49%0.2 31*0.2 24*0.3 23*0.2 23*0.3
Alfven velocity (km/s) Va 0 47 1 922 141 £2 184+ 6
Magnetosonic Mach number Mg >1 0.7 0.2 0.1 0.1
Dynamic beta Bayn 0.8 0.5 0.3 0.3
Magnetic Reynolds number Rey 3.0 L5 1.1 0.8
Electron Hall parameter Wy Te 0 0.11 £0.05 0.27 £0.10 0.67 £0.20 1.10 £ 0.35

(ns)
o

B=5T (b)

Exponent

-~_ B=0T ©)
\\ Taylor-Sedov] ' &Z55

: \\ Blast wave
10 /

20

30

40

FIG. 4. Time-resolved self-emission (SOP) of the BW showing typical trajectories
for (a) B = 0T (Taylor-Sedov solution) (b) B = 5T (c) B = 10T, and (d) B = 15T.
The fit of the BW's trajectory becomes worse as the magnetic field strength
increases, and it can no longer be described as R(t) = at®. Note that for t < 10ns,
the BW is still in its ballistic phase.

TABLE II. Approximate time ranges of the BW'’s evolution stages for every magnetic
field value.

Superecritical Subcritical Sub-magnetosonic
B(T)  (Muys>29) (1 <My <29) (Mins < 1)
5 0-10 ns 10-37 ns >37 ns
10 0-7 ns 7-30 ns >30ns
15 0-5ns 5-15ns >15ns
20 0-3 ns 3-8 ns >8 ns

degree and the system is governed by P, (¢; < vpw < v4) or, in
other words, the BW becomes sub-magnetosonic. Attempting the
same treatment now fails, with the exponent b deviating more and
more from bgy as the magnetic field increases. More specifically, b <
0.4 in the presence of an external perpendicular magnetic field, mean-
ing that the magnetic pressure gradient further decelerates the BW
(see Fig. 5) and its propagation is no longer self-similar.

By approximating the BW as a black body, we get an upper
estimate of the radiation pressure: Pgma = (46/3¢)T* ~ 15
—300mbar < Pram ~ Ppyag ~ lkbar, for T, = 5 — 15eV, respectively.

0.42 A
Taylor-Sedov
0.40 R~ === === === e
§ 038 ¢ #ﬁ +i
o
5 0.36 LI *
0.34 -
® No B-Field +
0.324 @ Perpendicular B-Field
0 5 10 15

Magnetic Field (T)

FIG. 5. Exponent b (R(t) = at) of the BW expansion as a function of the magnetic
field amplitude. The error bars are given by the fitting algorithm and become larger
as we increase the magnetic field strength due to the front's dissipation (see Fig. 6).
The data points have been slightly displaced in the x-axis for better clarity.
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10 ns 2 ns 30 ns 40»ns

20T

012345(mm)
X

FIG. 6. 2D self-emission of the BW plasma in the 580 — 850nm wavelength range as a function of time and magnetic field amplitude. The graphite pin target is outside the field
of view on the left of the images.

Therefore, the radiation pressure is negligible dynamically and does found toward the end of the following subsection. The ambient ther-
not participate in the evolution of the BWs, no matter the magnetic mal pressure Py, is also considered negligible, as it is also well below
field strength. A more detailed discussion on radiative effects can be 1 bar.
— o7 157 40{ o oT 100
— 5T — 20 T ® 5T 75 4 )
—_— 10T 351 e 10T (14 %4km/s)
15T (66 + 18 km/s) ]
z v\.\//\()‘._.’~ 307 o 20T(94x 28 kmss) >
2
Q — 4
g g 2.5
3 E
5 /" \ s |
£ ¥ 1.5
5 ~
=z
1.09 ® Resistive diffusion
05 ® Ambipolar diffusion
: lon inertial length
(@) oo (©)
1 2 3 4 10 20 30 40 50 5.0 10.0 15.0 20.0
x (mm) Time (ns) Magnetic Field (T)

FIG. 7. (a) Lineouts of the 2D plasma self-emission images along the laser path (y = 0 in Fig. 6) for B= 0 — 20T at 20 ns, after applying an inverse Abel transform. The dots
indicate approximately the distance Ley, that was measured. (b) The front width Ly, measured from the 2D plasma self-emission images between 5 — 50ns and for
B =0 — 20T. The dashed lines indicate the slopes for the 10, 15 and 20 T cases. (c) Comparison between the front width and calculated scale lengths for all magnetic field
values at 40 ns. The y-axis shows the ratio of AL = Ley, — L Over Ley,. The ion inertial length error bars are too small to be visible. Since the BW is sub-magnetosonic at
40 ns for most magnetic field values, ambipolar, and resistive diffusion cannot shape the BW width anymore. For ease of visualization, the data points in (b) and (c) have been
slightly displaced in the time and magnetic field axes around their nominal value, respectively.
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TABLE III. Calculations of the relevant scale lengths of the front of the BW at 40 ns. The electron and ion mean free path, as well as their gyroradii, are of the order of 10~2mm
or smaller for every case. Since the BW is sub-magnetosonic at 40 ns for most magnetic field values, ambipolar and resistive diffusion cannot shape the BW width anymore.

Length Symbol 0T 5T 10T 15T 20T

Measured BW front width (mm) Lexp 0.26 =0.10 0.43+0.10 1.28 £0.15 3.04+0.35 3.50 =0.40
Ion inertial length (mm) d; 0.16 = 0.01 0.220.01 0.32£0.02 0.46 = 0.02 0.51 =0.03
Electron thermal diffusion length (10~*mm) L, 298*+2.12 1.42+0.8 1.67 £0.70 3.50 = 1.15 6.41 =2.32
Resistive diffusion length (mm) L, 0.56 = 0.20 1.31+0.70 2.07 =0.80 2.95+1.59
Ambipolar diffusion length (mm) Lap 0.09 = 0.02 0.58 = 0.29 2.16 +0.72 5.30 = 2.65

B. BW structure and energy dissipation

The 2D self-emission diagnostic reveals how the applied magnetic
field shapes the BW’s front. In the unmagnetized case (Fig. 6, top row),
the pre- and post-shock regions are separated by a steep gradient in vari-
ous macroscopic quantities, called the ion viscous shock (not directly
resolvable here). According to Jaffrin & Probstein (1964),”" it is embedded
within two layers: first preceded by an upstream thermal heating layer,
dominated by electron thermal conduction, and afterwards followed
downstream by an equilibration layer, where electron and ion tempera-
ture reach equilibrium. The shock width, defined as the transition from
this unperturbed state, is tens of times larger than the ion mean free path.

Under the influence of the perpendicular magnetic field, however
(Fig. 6 middle and bottom rows), for values over 10 T and times longer
than 20 ns, the BW front clearly starts to widen. The lineouts along the
laser axis [see Fig. 7(a)] illustrate the gradual growth of the measured
front width for increasing values of the magnetic field. Notably,
Fig. 7(b) indicates that a transition takes place between 30 and 40 ns,
leading to a sharp rise in the front width by a factor of 2 or more for
B> 15T. As a consequence, the temperature of the now sub-
magnetosonic plasma decreases substantially (see Table I) due to its
energy spreading into a larger volume, and no clear boundary separat-
ing the downstream and upstream regions is observed. In addition, we
observe the downstream plasma changing its shape from spherical to
one with a broader edge, especially at 40 ns for 20 T when its front
becomes noticeably flatter.

In order to distinguish the main energy dissipation mechanism
and understand how the BW is shaped, we compare the characteristic
scale length of the possible processes L with the measured magnetized
BW’s width Lexp. Then, we need to examine whether all conditions are
met for these processes to affect the BW. L was measured using the 2D
plasma self-emission diagnostic along the laser beam path (y = 0 in
Fig. 6) between the background noise level and the point where the
intensity plateaus, and it was plotted against time and magnetic field
strength [Fig. 7(b)]. To avoid any artifacts, we averaged the intensity
over a few pixels. Then, we calculated the quantity AL = L, — L and
divided it by L ¢ to compare the experimentally measured value with
the theoretical one; positive values correspond to experimental lengths
larger than what the theory predicts, while negative values indicate
that the calculated length is larger than what was observed. Table III
compares the measured and calculated scale lengths, and Fig. 7(c)
graphically shows the comparison between the most relevant scale
lengths (inertial ion length, resistive diffusion length, and ambipolar
diffusion length).

The ion-ion, electron-electron, and electron-ion mean free paths
are orders of magnitude smaller than the BW front’s thickness (mfp

< 107 3mm, assuming T, = T;). Consequently, the system is highly
collisional, and viscous effects and the ion gyroradius do not shape the
BW. Thermal conduction can also be ruled out as a dominant energy
dissipation process, as the electron thermal diffusion length
L, = y/vw, where y is the thermal conductivity given by Braginskii, "
is negligible compared to L (10L, < Ley,). On the other hand, the
ion inertial length, namely, the distance over which small-amplitude
waves can disperse energy and make the shock less steep,'**” is compa-
rable to the BW’s width for B < 5T, but considerably smaller for
B > 10T. Thus, this mechanism could only contribute in the structure
of the shock for relatively low magnetic fields and in the early moments
of the BW propagation when it is supercritical (see Table II).

Ambipolar diffusion due to ion-neutral collisions allows distur-
bances to travel transversely to the magnetic field at the ion-
magnetosonic velocity when vgw < Vips (but vpw > vy, full expres-
sions found in Ref. 2), which reduces the jump between the down-
stream and upstream macroscopic quantities as the neutrals ahead of
the BW front are heated. The discontinuity in the various thermo-
dynamic quantities vanishes above a critical magnetic field value
B.i: and the BW transitions to a continuous shock (C-shock).
Using the MHD equations and assuming that the thermal and ram
pressures of the ions are negligible, the ambipolar diffusion scale
length is found to be”

. (mj +my)B}

- 700, (V) Bw B 2nmy, (ov),,

mi+m, 5
= Uy " Ugw "My s 1

Lap

where m;, m, are the ion and neutral masses, (6v),, is the rate coeffi-
cient of the ion-neutral scattering, and p,,, n, are the mass and number
densities of the neutrals, respectively (all expressed in cgs units).

The minimum value of the magnetic field for which an MHD shock
wave can develop a magnetic precursor due to ambipolar diffusion is
dependent on the ram and thermal pressures of the upstream gas,

Bpinz = 471 [Pi”éw — ynekp(T; + Te)}, (2)

where y is the adiabatic index and kj is the Boltzmann constant.”” From
the generation of the BW to its dissipation, By, is not constant. vgyy, 7,
and T,, as well as the ion temperature T; change with time and they also
depend on the strength of the initial magnetic field. Thus, for the condi-
tions of this experiment, the minimum magnetic field value can vary
from approximately 100 T early on to around 10 T at later times.
However, there is an issue concerning the significance of ambipo-
lar diffusion in this regime. This process can only operate in weakly
ionized plasmas because if the degree of ionization rises rapidly, vips.
will decrease and the shock will transition to one with a steep density
gradient, much like in the unmagnetized case (J-type shock).”*® The
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outflow velocity exceeds the critical value over which molecules are
rapidly dissociated for the majority of the BW’s evolution,

2
ny vcrit

2
where I is the dissociation energy and v, ~ 10km/s for molecular
nitrogen.”” Performing the same calculation for the first ionization
energy of nitrogen results in v, ~ 30km/s. Importantly, the inequal-
ity Uims > Upw > Ups =~ U4 must hold, but v, is significantly higher
than v, when B # 0T. Therefore, ambipolar diffusion cannot con-
tribute in shaping the BW in these experimental conditions, and its
role is generally limited in laboratory experiments.

Finally, we can calculate the resistive diffusion length L, by apply-
ing the appropriate resistivity model. It equals™’

= Idi537 (3)

Lﬂ = s ) (4)
HoUpw

where n, = 1.5-10"Z/ Te(eV)3/ * [cm?/s] is the resistivity perpendicu-
lar to the magnetic field** and 1, is the magnetic permeability of the vac-
uum. The electron Hall parameter o,7, = e|B|t./m, (see Table I), where
w, is the gyrofrequency and 7. is the electron-ion Coulomb collision
time, quantifies the impact of gyromotion versus that of Coulomb colli-
sions and demonstrates that, in our system, the aforementioned resistivity
is valid for B = 0,5, 10 and 15 T (w,t, < 1)." However, w,t, ~ 1 for
20 T, necessitating the use of the extended MHD (XMHD) model and the
calculation of the full transport coefficients. Resistive diffusion’s character-
istic length shows the best agreement across all magnetic field values.

Still, one must be cautious in attributing the broadening of the
BW front to resistive diffusion at the late stages and strong magnetic
field cases, despite the good agreement between the measured and cal-
culated values (see Table III). It is clear that in the 15 and 20 T cases,
Uyms becomes larger than the downstream plasma velocity vgy very
early in the BWS’ propagation (M,,s < 1, see Tables I and II). This
excludes the possibility that this diffusive process is responsible for the
large increase in the front’s length observed at 30 — 40ns and B > 15T
because M,,; > 1 is required. Instead, we need to consider the dynam-
ics of the magnetic field itself as a possible explanation.

In the early stages of the phenomenon (Re,, ~ 10), the magnetic
field is compressed by the plasma (indicated by its deceleration as a
function of the magnetic field, see Figs. 4 and 5). This nonlinear pertur-
bation of the magnetic field continues to travel along the propagation
axis of the BW at the ion-magnetosonic velocity vj,s, independently of
the now slower downstream plasma, possibly dragging along a part of
it. This lasts until the magnetic field fully decompresses, a timescale
approximated by the magnetic diffusion time
4nL?
e

About 15 — 100ns are needed for the magnetic field to fully dif-
fuse inside the front plasma, depending on the length scale used and
the T, of the plasma.

This is further supported by using Fig. 7(b) to calculate the slope
of each set of points. This slope corresponds to the relative velocity
between the expanding BW front and the downstream plasma. If we add
to it the downstream plasma velocity, we find that the front plasma
expands much faster than even the unmagnetized BW: vp(B = 15T,
At =20 —40ns) ~ 85km/s and  vp(B=20T,At = 20-40 ns)
~ 115km/s. While these velocities do not equal v4(= vjys) for the

)

Tp ~
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FIG. 8. (top) Interferograms for B = 0T at a) 10 and b) 30ns. (bottom) Phase
maps for the same shots at c) 10 and d) 30 ns. The absence of a radiative precur-
sor can be inferred due to the lack of a fringe shift ahead of the BW front.

respective magnetic field strengths, they are many times higher than the
velocity of the BW at these times, strongly suggesting that the magnetic
field is advecting part of the plasma. The discrepancy can be attributed to
Re,,, being near unity during these time frames. In this regime, no strong
coupling exists between the plasma and the magnetic field, meaning that
the plasma will not follow the magnetic field dynamics closely, although it
can still be affected by it. Interestingly, for the 30—40#s time range, we cal-
culate vp(B = 15 T) ~ 130km/s and vp(B = 20 T) ~ 210km/s, when
the respective Alfvén velocities are 141km/s and 184km/s.

Another process that is known to affect the structure of BWs is radia-
tion losses. The existence of precursors due to radiative effects has been
demonstrated in numerous experimental worl 952 but we can distin-
guish between ones that can change the dynamics of the BWs (strong pre-
cursors) and the ones that cannot (weak precursors) using multiple
methods. First, the expansion of a (strongly) radiative BW differs from that
of a Taylor-Sedov BW in that it follows a trajectory R(t) = at® with
b < bsr = 0.4. That is to say that the BW will decelerate more as a result
of radiative losses. Second, these intense radiative losses will ionize the
ambient medium ahead of the BW front, creating a strong radiative precur-
sor appearing as an electron density gradient with typically
T, ~ 20 — 30eV.”"” In this case, interferometry or spectroscopy diagnos-
tics can be used to resolve this feature. Crucially, strong radiative precursors
have only been observed in BWs that propagate with vgy = 100km/s in a
high Z gas such as xenon, and not in other gases commonly used in experi-
ments (hydrogen, helium, nitrogen, argon, etc).”!

Nevertheless, some ionizing radiation is present in the majority of
experiments where a strong laser pulse interacts with a solid target. Its
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source could be the x-ray emission from the laser—target interaction or
it could be caused by the high temperature of the plasma and post-
shock region. However, this radiation can only produce weak precur-
sors that are relatively cool and ionize the ambient medium mildly (see
Albertazzi et al.'’). More importantly, they have no effect on the
dynamics of the BW, as the radiative losses are negligible, and they cre-
ate barely resolvable structures ahead of the BW front.

The BWs presented in this paper fall into the second category: a
small, cool radiative precursor can be inferred using the time-resolved
optical spectrometry data, but not the interferometry data (see Fig. 8).
Using PrismSPECT, an electron temperature of T, ~ 2eV and an
average ionization of Z ~ 0.8 can be evaluated by fitting optical lines
emission.'” Furthermore, no dynamically important precursor exists
in the most extreme case of B = 0T (where we observed the highest
vpw and T, as well as a Taylor-Sedov expansion), making the emer-
gence of a radiative precursor in the magnetized cases unlikely and
placing significant constraints on how relevant this radiation can be.

Lower hybrid turbulence has also been thought to be connected
to the heating of electrons and give rise to interesting features in mag-
netized plasmas,” but it seems that it cannot explain the observations
here for a number of reasons. The threshold condition for this process
isL, < rL,»(kvi/ue)l/z, where rp; is the ion Larmor radius, k = 27/ is
the wavenumber, v; is the ion thermal velocity, and v, is the collision
frequency for e-e, e-i, and e-n collisions.”” Substituting all the above
parameters yields a scale length much too small to be observed
(L, ~ 107°cm). Additionally, lower hybrid turbulence is strongly
inhibited by collisions; hence, we do not expect it to be relevant in this
collisional system. Moreover, it cannot emerge because it simulta-
neously requires strongly magnetized electrons and unmagnetized
ions.”” However, the electron Hall parameter for B = 20T is WgTe ~ 1
(see Table I), meaning that the effect of collisions is only approximately
equal to that of gyration.

To summarize, we find that thermal diffusion, viscous effects,
ambipolar diffusion, radiative losses, and lower hybrid turbulence can
be ruled out as important processes in the studied regime. While the
BWs are supermagnetosonic, the energy diffusion mechanism is resis-
tive MHD effects (Ohmic heating). However, after the BWs transition
to having M,,; < 1, the rapid extension of the front plasma suggests
that a different mechanism is at play. More specifically, the magnetic
field (that was being compressed while M,,; = 1) relaxes at a time frame
that approximates the magnetic diffusion time ¢, and interacts with the
plasma by advecting part of it forwards with a velocity comparable to
va. Nonetheless, the exact mechanism is not yet clear and more experi-
mental evidence is needed to form more concrete conclusions.

IV. DISCUSSION AND CONCLUSIONS

It is apparent that multiple mechanisms can participate through-
out the evolution of magnetized BWs. Dispersive effects at the ion iner-
tial length scale can be important in the earliest stages when BWs are
supercritical and Ohmic heating becomes the dominant mechanism
after M,,; drops below the critical magnetosonic number. In such cases,
the largest scale length governs the overall structure, but a double struc-
ture (sub-shock), characterized by two distinct scale lengths, may
emerge if there is a significant enough change in the macroscopic varia-
bles across the shock.

However, after the BW decelerates to below the magnetosonic veloc-
ity, these dissipation mechanisms no longer define the BW width and the
dynamics of the magnetic field possibly dominate the features that arise.
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While the mechanisms proposed provide a plausible explanation for the
observed phenomena, more evidence is necessary to validate these inter-
pretations. Future experimental campaigns should aim to improve diag-
nostic capabilities to verify the plasma and magnetic field dynamics more
precisely, e.g., by using time-resolved optical spectrometry data to detect
the Zeeman splitting of emission lines.”® Furthermore, numerical simula-
tions that can account for the complex physical and chemical processes at
play need to be performed if we are to draw confident conclusions. Due
to the range of spatial and temporal scales involved, in addition to the
variety of physical processes, kinetic or (multi)fluid modeling of these
experiments is a formidable task.”” ™ In this context, the data presented
in this work can serve as a guide for future simulations.

To conclude, we have studied experimentally the formation and
evolution of collisional BWs subjected to an external, perpendicular mag-
netic field of up to 20 T. We showed that in the presence of an ambient
perpendicular magnetic field, the BW does not follow the Taylor-Sedov
solution but decelerates drastically due to the magnetic pressure gradients
acting on the expanding plasma. This offers insight into the dynamics of
magnetized BWs in astrophysical contexts, such as supernova remnants
and molecular clouds, where similar interactions can shape the evolution
of shock structures.” In both spherical and cylindrical shocks, azimuthal
magnetic fields have been found to act as a counter-pressure to slow
down their propagation in a similar manner.””*" Furthermore, we com-
pared the thickness of the transition region in a magnetized shock with
the characteristic scale lengths of multiple processes and placed significant
restrictions on their role. While we identified Ohmic heating as the domi-
nant dissipation mechanism while the BW is supermagnetosonic, we
demonstrated that the intricate nature of the phenomenon likely necessi-
tates a combination of different mechanisms at different stages of the
BW’s evolution and a consideration of the magnetic field dynamics. This
complicates attempts at numerically simulating the BWs shown here, but
our work can be used in several potentially valuable ways. Examples
include the benchmarking of numerical codes for magnetized laboratory
astrophysics experiments and magnetized ICF experiments where an
extreme compression of the magnetic field could significantly affect the
plasma dynamics, as well as the understanding of shock propagation in
magnetized astrophysical environments.
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