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Interactions between magnetic fields advected by matter play a fundamental role in the Universe
at all possible scales. A crucial role these interactions play is in making turbulent fields highly
anisotropic, leading to observed ordered fields. These in turn, are important evolutionary factors
for all the systems within and around. Despite scant evidence, due to the difficulty in measuring
even near-Earth events, the magnetic field compression factor in these interactions, measured at very
varied scales, is limited to a few. However, compressing matter in which a magnetic field is embedded,
results in compression up to several thousands. Here we show, using laboratory experiments and
matching three-dimensional hybrid simulations, that there is indeed a very effective saturation of the
compression when two independent magnetic fields are advected by plasmas encounter. We found
that the observed saturation is linked to a build-up of the magnetic pressure at the inflows encounter
point, which decelerates them and thereby stops further compression. Moreover, the growth of an
electric field, induced by the incoming flows and the magnetic field, acts in redirecting the inflows
transversely, further hampering field compression.

To investigate magnetic field compression in a setting
that is frequently encountered in the Universe, i.e. that of
two interacting independent large-scale magnetic struc-
tures, we use two high-power lasers (see Methods) to gen-
erate [1, 2] two independent magnetic flux tubes (with
field strength ∼ 100 T [see Methods]), that counter-
propagate toward each other at super-Alfvénic velocity.
The top view of the experimental setup is shown in Fig. 1
(a). As shown by the time-resolved optical measurement
(see Methods) of Fig. 1 (c), the plasma also expands lon-
gitudinally (along the z-axis) in vacuum, forming an ex-
panding cone of 30◦ half-angle around the z-axis [3]. The
magnetic field is also advected with the plasma flow away
from the target surface along the z-axis [4] and one can
observe from Fig. 1 (c) that the plasma expands longitu-
dinally over more than 0.5 mm in 1.5 ns. At the outer-
most tip of the expansion along the z-axis, the magnetic
field strength is lowered to ∼ 20− 50 T [4, 5].
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In our double target configuration, the targets are dis-
tanced from each other by α along their normal (see Fig. 1
(a)), and when we let the two plasma plumes interact, as
shown in Fig. 1 (d), the optical measurement reveals that
there is a clear density pile-up in between the two plas-
mas, and that this pile-up follows an axis that is rotated
by 45° compared the the target normal (see the yellow
dashed line).

To characterize the individual magnetic field structures
produced by each plasma, as well as the compression pro-
duced by their encounter in the region between the two
targets, we use proton radiography [6] (see Methods).
This diagnostic yields the magnetic field distribution in
strength and spatial in the xy-plane.

The experimental films shown in Fig. 2 (a1-a3) display
the dose modulations recorded by 6.6 MeV protons of
the magnetic fields on a single T1 target (a1), on a sin-
gle T2 target (a2), and when both T1 and T2 targets
are present (a3). Note that in the latter case, we have
chosen the separation between the targets α (here equals
to 400 µm) to be such that it is smaller than the lon-
gitudinal (along the z-axis) extent of a single flux tube
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FIG. 1. (a) Schematic diagram of the experiment in the xz-
plane, using two lasers (L1 and L2, separated at focus by
δ = 500 µm along the x-axis) and two targets (T1 and T2,
separated along the x-axis by a variable distance α). Also
shown are the protons (in light blue, sent along the z-axis)
used for the radiography diagnostic (see Methods) and the
plasma plumes with frozen-in magnetic flux tube generated
by each laser ablation at the target front (in yellow). (b) 3D
simulated (see Methods) depiction of the magnetic field lines
in the flux tubes (in black), together with the compressed
magnetic sheet in between the two plasmas (in colour), snap-
shot at tΩ0 = 37. (c-d) Raw optical interferometry images
of (c) just one plasma expanding from T2, and (d) the two
plasmas, in the xz-plane. The time at which the snapshot are
taken are, respectively, (c) 1.5 and (d) 3 ns after the start
of the laser irradiation of the targets. In panel (c) is shown
the deconvolved volumetric density map, illustrating, as ex-
pected, the plasma expansion along the target normal, i.e.
along the z-axis. In (d), the initial locations of the T1 and
T2 targets are indicated by the orange lines.

for the times considered here, as inferred from the op-
tical probing data. This allows us to make sure of the
overlap between the two flux tubes. Since the direction
of the magnetic fields from the two targets relative to
the probing proton beam are opposite (see Fig. 1 (a)),
therefore the magnetic fields affect the probing proton
beam in opposite ways. When there is only a plasma
expanding from the T2 target, the magnetic field struc-
ture focuses the proton beam, leading to a concentrated
proton dose (see Fig. 2 (a1)), as expected [8, 9]. Con-
versely, [8, 9], the proton deflection pattern is reversed
when there is only a plasma expanding from the T1 tar-
get, as the magnetic field structure now defocuses the
proton beam, yielding a radiograph characterized by a
large white ring structure surrounded by a dark ring, the
probing protons having been expelled from within, and to
be accumulated at the edge (see Fig. 2 (a2)). Now, when
the two plasmas are simultaneously expanding from the
T1 and T2 targets, the proton deflection pattern differs
quite significantly from what would be the simple linear
overlap of two single-plasma induced patterns. Indeed,
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FIG. 2. (a1-a2) Experimental proton-radiography images (see
Methods) probing the single magnetic flux tubes produced on
(a1) target T2 or (a2) target T1. Both images are snapshots
taken at at 1 ns. (a3) Same but when there are the two targets
(snapshot at 2.25 ns). (a4) Path-integrated magnetic field
strength analyzed via the code PROBLEM [7]. The white-
arrow streamlines represent the in-plane magnetic field lines
(Bx and By), and the colormap shows the path-integrated
(along the z-axis) strength of the xy-plane magnetic field.
(a5) Lineout, along the z-axis, of the path-integrated mag-
netic field strength (measured in the black dashed box shown
in panel (a4) and averaged along the y-axis). Also shown are
the lineouts corresponding to the images shown in panels (a1-
a2) and for another shot (#68) where the two plasmas interact
at an earlier time, i.e. 1.25 ns. The right column shows the
corresponding results obtained from the hybrid simulations
(see Methods). The synthetic proton dose distributions are
shown for the two targets case (b1-b2) before and (b3) af-
ter their interaction. (b4) The path-integrated magnetic field
strength distribution in the xy-plane of the simulation box (at
tΩ0 = 25), along with (b5) the lineout taken along the black
dashed line (at y = 0) shown in panel (b4).

as can be seen in Fig. 2 (a3), the resulting pattern is
such that the focused proton structure has now largely
expanded into an arc-shape, whereas the defocused white
ring is vertically stretched with a clear disruption at the
top and bottom.

Such a pattern could suggest that there is a compressed
region, namely an increased strength magnetic field in
the two plasmas interaction region. If we assume that
the probing protons propagate through the compressed
magnetic field region, we can expect that they are de-
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flected more towards the focused spot. This deflection is
asymmetric because compression occurs only in a small
region. For the same reason, the defocused ring struc-
ture is broken, with the curvature radius of the resulting
structure being larger than that produced by the single
flux tube.

To test this hypothesis, Figure 2 (a4) displays the
path-integrated magnetic field map reconstructed from
the proton deflectometry map shown in panel (a3) us-
ing the PROBLEM algorithm [7] (see Methods). Here,
we can clearly distinguish the two individual flux tubes
with opposite polarity, and the magnetic field build-up
in between. The two flux tubes are of similar shape and
magnetic field strength, as expected, since this is what
we observe for the non-interacting single flux tubes corre-
sponding to panels (a1-a2). Figure 2 (a5) shows lineouts
of the path-integrated magnetic field from the map of the
interacting flux tubes (panel a4, corresponding to a prob-
ing time of 2.25 ns after the start of the laser irradiation),
as well as that from another shot taken at an earlier time
(1.25 ns). The same panel also shows lineouts from the
individual flux tubes reconstructed from panels (a1) and
(a2). Note that the data for the individual flux tubes
are taken early on (1 ns), in order to show that the mag-
netic field is then already fully developed and present at
the interaction point (x = 0). Despite the shot-to-shot
variation, one can quantitatively discern the compression
of the magnetic field in the interaction zone, compared
to the field in the individual flux tubes on both sides of
the flux tubes encounter (Bfoot, in reference to the stan-
dard terminology used for magnetic field compression in
shocks [10]).

To quantify the level of maximum compressed mag-
netic field (Bmax), we have to consider that the effec-
tive compression in the three-dimensional structures flux
tubes takes place only over a fraction (h) of the maxi-
mum possible interacting length α (see Fig. 1 (a)). Thus,
one can write in the interaction zone (i.z.):

∫
i.z.

Bdz =
Bmaxh + Bfoot(α − h). Since we have, for the non-
interacting outer region,

∫
out

Bdz ≈ Bfootα, it leads to:

Bmax/Bfoot ≈ 1 + (
∫
i.z.

Bdz/
∫
out

Bdz − 1)(α/h). We

infer from Fig. 2 (a5) that (
∫
i.z.

Bdz/
∫
out

Bdz) ∼ 2− 4,
while our simulations detailed below suggest that α/h ∼
2− 4, thus yielding a compression level of Bmax/Bfoot ∼
3− 5. We stress that the data shown in Fig. 2 is only a
subset of the overall data taken during our experiments,
in all of which we have observed the same range for the
maximum magnetic compression.

The limited magnetic compression observed in the ex-
periments could seem surprising, given that much higher
compression ratios, i.e. up to thousands, could be ob-
tained when an overall distributed magnetic field is com-
pressed, e.g. radially or by a shock [11–13]. To investi-
gate the dynamics underlying the observed limited com-
pression, we performed numerical simulations with the
the 3D hybrid PIC code AKA [14] (see Methods). Just
as in the experiments, we can simulate one single flux
tube, or the interaction between two flux tubes. The

FIG. 3. Simulation results of (a) By (normalized to B0, see
Methods) in the two interacting plasmas with their magnetic
flux tubes at tΩ0 = 50 for α = 20d0, (b) integrated electron
density (normalized to n0d0, see Methods) at tΩ0 = 50 for
α = 10d0 with superposed associated electric fields (red ar-
rows) and ion flows (black arrows); the black line line marks
the integrated density in between the two plasmas, which is
markedly slanted, similarly as in the experimental image of
Fig. 2 (d), (c) plasma beta (i.e., ratio of the electron pressure
to magnetic pressure) with superposed magnetic field lines
in black, and (d) ratio of the ion flow ram pressure to the
magnetic pressure at tΩ0 = 50 for α = 20d0. (e) Lineouts
along the auxiliary axis r (see panel (a)) of the flow veloc-
ity (normalized to the Alfvén velocity VA, in blue), electric
field Er (in units of cB0, green), ion Larmor radius RL (in
units of d0, dashed), accumulated magnetic field By (in units
of B0, black) and an approximation by the solitary solution
0.1+Bmaxcosh

−2(r/λ) with λ=1.2 (red). (f) Time evolution
of the magnetic compression for α = 20d0.

simulation program also has the capability of producing
synthetic proton radiographs. These, as shown in Fig. 2
(b1-b3), are in good qualitative agreement with the fea-
tures observed in the experiments. As we will now detail,
the limited compression can be mostly understood in the
frame of ideal MHD. Fundamentally, that limitation is
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the consequence of an induced electric field (Vflow ×B,
in which Vflow is the flow velocity and B is the magnetic
field) that is present on both sides of the compressed mag-
netic sheet. This field acts to deflect the inflows coming
onto that sheet, and therefore limiting further compres-
sion of the frozen-in magnetic field. It is also this deflec-
tion that induces the slanted pile-up density structure
that is experimentally observed in Fig. 1 (d).

The same slanted structure is observed in the simula-
tions, as shown in Figure 3 (a) that displays the y − z
map of the interacting flux tubes at the end of the sim-
ulation, i.e. at tΩ0 = 50 for α = 20d0 (see definition in
Methods). As shown by their decreasing Larmor radius
(see the dashed line in Figure 3 (e)), we observe that
the ions approaching the compressed magnetic sheet be-
come magnetized. Furthermore, as shown in Figure 3
(c,d) we observe that both the electrons and ions are
magnetized near the magnetic sheet: there, the plasma
beta parameter for both the electrons (i.e. the ratio of
the electron pressure to the magnetic field pressure) and
the ions (i.e., the ratio of the ion ram pressure ρV 2

flow,

where ρ is the plasma density, to the magnetic pressure)
stays < 1. This is further confirmed by the fact that, as
shown by the full black and dashed red lines in Fig. 3
(e), the quasi-stationary compressed magnetic sheet can
be very well approximated by the stationary solitary so-
lution ∼ Bmaxcosh

−2(r/λ) (where λ is the width of the
magnetic sheet) of the classical current sheet of the Har-
ris equilibrium of magnetic reconnection [15].

Once the magnetic sheet width becomes approximately
equal to two ion Larmor radii, the ions cannot leave
the sheet. Subjected to the induced electric field ∼
Vflow×B, they then merely drift in the outflow direction
(the s − axis in Figure 3.a). This is illustrated in Fig-
ure 3.b which shows the (integrated along the y − axis)
electron density, together with the electric fields (red ar-
rows), and ion flow velocities (black arrows). The ion
dynamics, as they approach the magnetic sheet, is illus-
trated in Figure. 4, which represents the ions in the phase
space (r,Vr). In the single flux tube case (Figure. 4.a),
i.e. when there is no magnetic sheet hindering the ions
flow, we observe that the Vr velocity of the ions stay quite
constant. On the contrary, in the case of the interacting
flux tubes (Figure. 4.b), we observe that the ions flows
Vr velocity reduces on both sides of the magnetic sheet,
as the ions are effectively redirected along the sheet (see
the black arrows in Figure 3 (b)) by the associated elec-
tric field. Additionally, comparing the ions distribution
functions for the cases with (Figure. 4.c) and without
(Figure. 4.b) the Hall term included in the modeling of
the Ohm’s law (see Methods), we notice in the latter case
the increase of the deceleration and of the reflection of
the ions inside the sheet. Although the ideal MHD frame-
work can capture the essence of the dynamics, non-ideal
effects render the magnetic field accumulation and its ef-
fects on the ion flows stronger.

To estimate the compressed magnetic field strength
Bmax, we recognize that the characteristic width of the

FIG. 4. Phase space (r,Vr) for the particles in the black
rectangle in Fig. 3.a at tΩ0 = 50. The coordinates (r,s) cor-
respond to the two perpendicular axes in the plane x−z shown
in Fig. 3 (a), i.e. the unit vector r, which is along the normal
to the magnetic sheet, and s, which is along the magnetic
sheet. The particles number represented by the colorbar is
normalized to Nmax. (a) for the single-beam case (a), for the
two targets without Hall effect in Ohm’s law (b) and for the
two targets with the Hall effect included.

compressed magnetic sheet is not only equal to twice the
ion gyroradius (rLi = Vflow/Ωci where Ωci is the ion
cyclotron frequency), but is also equal to the ion iner-
tial length [10, 16–18], which can also be written as
d0 = VA/Ωci , where VA is the Alfvén velocity. Hence,
at the foot of the magnetic sheet, the Alfvén veloc-
ity becomes approximately equal to the double of the
plasma flow velocity, from which we deduce that Bmax =
2Vflow

√
µ0mini. Since, at the point where the velocity

and magnetic field profiles cross, Vflow/VA = 0.27 (see
the blue curve in Figure 3.(e)) and ne/n0 ∼ 2.5 at the
same location, we obtain Bmax/B0 ∼ 1. We can also
measure in the simulation Bfoot/B0 = 0.1, which then
yields Bmax/Bfoot ∼ 10, i.e. close to what is observed in
the simulation (see Fig. 3.f).
We note that the simulated value is higher than the

experimentally retrieved one; this can understood with
the fact that the simulation is perfectly symmetric, which
allows for stronger compression. Nonetheless we can see
that there is a limited compression.
We have pinpointed a mechanism that can explain the

very modest compression factor observed at all scales in
the Universe during the interaction of two magnetic field
structures advected by matter, whether galactic or star-
emitted. Magnetic fields are not only a major source
of energy in many processes, such as jet formation [19]
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or cosmic-ray acceleration [20], but also affect funda-
mental processes like thermal conduction and radiative
cooling in optically thin plasma [21], and as well mod-
ify the dynamics of astrophysical objects at every scale,
ranging from the formation of stars [22, 23] and galax-
ies [24] to the dynamics of accretion disks [25, 26] and
solar phenomena [27, 28]. We thus anticipate that our
results will help to enhancing the comprehension of all
these phenomena, through an understanding of the dy-
namics of the magnetic field regulating them. Indeed,
when two plasmas carrying magnetic field interact, as
e.g. in configurations as varied as galaxy-cluster [29], su-
pernova remnant-cloud [30] or wind-exoplanet [31] con-
figurations, the overall magnetic field will be affected, as
analysed here, thereby impacting the future evolution of
the system.

This laboratory approach bears promises to extend the
investigation to the strong magnetic compression sug-
gested by observations [32] in the collisionless relativis-

tic plasmas of gamma-ray bursts, and which is thought
[33, 34] to be at the source of the large and highly en-
ergetic synchrotron emissions observed to originate from
them. This should now be possible using existing ultra-
intense lasers [35], capable of producing highly relativistic
electrons [36] and ultra-strong magnetic fields [37, 38].
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J. Béard, R. Bonito, J. Billette, M. Borghesi, Z. Burkley,
S. Chen, et al., Laboratory formation of a scaled proto-
stellar jet by coaligned poloidal magnetic field, Science
346, 325 (2014).

[20] A. Bell, K. Schure, B. Reville, and G. Giacinti, Cosmic-
ray acceleration and escape from supernova remnants,
Monthly Notices of the Royal Astronomical Society 431,
415 (2013).

[21] S. Orlando, F. Bocchino, F. Reale, G. Peres, and
P. Pagano, The importance of magnetic-field-oriented
thermal conduction in the interaction of snr shocks
with interstellar clouds, The Astrophysical Journal 678,
274–286 (2008).

[22] M. R. Krumholz and C. Federrath, The Role of Magnetic
Fields in Setting the Star Formation Rate and the Ini-
tial Mass Function, Frontiers in Astronomy and Space
Sciences 6, 7 (2019), arXiv:1902.02557 [astro-ph.GA].

[23] A. Bracco, D. Bresnahan, P. Palmeirim, D. Arzouma-
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METHODS

General experimental setup: The experiments
were performed at two different high-intensity laser facil-
ities, namely LULI2000 (France) and VULCAN (Ruther-
ford Appleton Laboratory, U.K.), which both have simi-
lar laser parameters, in order to field complementary di-
agnostics on the interested plasma interaction. We note
that in a previous experiment [39], using a similar con-
figuration, they were not able to measure any magnetic
field compression, likely due to the short duration over
which the magnetic fields were generated and a too large
distance between the magnetic fields, thereby weaken-
ing magnetic compression. In our experiment, two 5
µm thick copper targets (T1 and T2) were irradiated
by two laser beams (L1 and L2, having ∼ 35 GW power
over up to 5 ns and focused over azimuthally averaged
radii of ∼ 25 µm circular focal spots, yielding on-target
intensity of ∼ 1015 W/cm2). The laser irradiation on
the two targets generated two hot, dense plasmas that
expand radially toward each other. A time-integrated
x-ray spectrometer with spatial resolution (FSSR) [40],
which records L-shell lines from the copper plasma (see
below), allowed us to determine the peak electron tem-
perature in the laser-irradiated region to be ∼ 300 eV
with an average ionization level of 19. Regarding the
separation between the two targets, we note that, as pre-
viously recorded [41] using similar laser conditions, the
radial magnetic field expansion is ∼ 300 µm/ns. There-
fore, we chose the separation between the two laser im-
pacts to be, along the x-axis, δ = 500 µm (see Fig. 1
(a)), such that there is overlap between the two mag-
netic flux tubes within the first ns of the magnetic field
generation. In each plume, the density and temperature
gradients generate the so-called Biermann-Battery mag-
netic fields [1, 2]. Detailed characterization [5, 41, 42] of
the magnetic fields were performed in similar experimen-
tal conditions and had shown that the overall topology
of each magnetic field is analog to a flux tube connected
to itself (see Fig. 1 (a-b)). Around the laser energy de-
position zone, the magnetic field is further compressed
toward the target by the Nernst effect [41, 42], reaching
strength ∼ 100 T for the entire laser pulse duration.

Optical interferometry: The plasma electron den-
sity is recorded by optically probing the plasma (using
a milliJoule energy, 10 ns duration, 527 nm wavelength
auxiliary laser pulse), coupled to Kentech gated opti-
cal imagers, in order to have a snapshot of the plasma
over duration of 100 ps, and using a standard Mach-
Zehnder interferometry setup. It allows to measure elec-
tron plasma densities in the range of 1017 cm−3 to 1019

cm−3. Note that in the images the dark zone located
close to the targets is due to refraction of the optical
probe. Therefore this diagnostic method does not pro-
vide information about the dense plasma close to the
surface of the target.

Proton radiography: A short pulse, CPA laser ca-
pable of delivering ∼ 50J, ∼ 1019 W/cm2 was incident on
25µm aluminium or Mylar targets to create a broadband,

http://www.prism-cs.com/
http://www.prism-cs.com/
http://www.prism-cs.com/
https://doi.org/10.1007/s00339-019-2885-1
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divergent proton beam through a sheath-acceleration
(TNSA) mechanism [6]. This proton beam was the probe
that was used to sample [6] the magnetic fields generated
in the system. A radiochromic film (RCF) stack consist-
ing of layers of Gafchromic HDV2 and EBT3 was used
as the radiography detector. The distance between the
proton source and midpoint between T1 and T2 was 9.66
mm. Additionally, the distance between the copper tar-
gets and the RCF stack was 90 mm, giving a geometric
magnification of ∼ 10.3. Separate RCFs of the same
type were calibrated by physicists of the Central Laser
Facility (England) using the University of Birmingham
cyclotron. Through scanning the calibrated and exper-
imental RCFs on the same scanner (EPSON Precision
2450), a model relating the optical density and dose was
determined allowing all experimental RCFs to be con-
verted into proton-deposited dose.

Magnetic field retrieval using PROBLEM: The
proton radiography analysis code PROBLEM (PROton-
imaged B-field nonLinear Extraction Module) was used
to extract the path-integrated magnetic field from the ex-
perimental RCFs [7]. Fields are retrieved through solv-
ing the logarithmic parabolic Monge-Ampère equation
for the steady state solution of the deflection field poten-
tial. This is achieved through using an adaptive mesh and
a standard centred second order finite difference scheme
for the spatial discretization and a forward Euler scheme
for the temporal discretization [43]. The perpendicular
deflection field and therefore the path-integrated mag-
netic field can then be calculated using the solution to
the Monge-Ampère equation [7]. PROBLEM can only
provide a unique solution provided there are no caus-
tics. The contrast parameter, µ, was calculated using
the equation found in [44] and was determined at a max-
imum (in the amplified region due to compression) to be
µ ∼ 0.3. Radiography was therefore conducted in either
linear or non-linear injective regimes.

X-ray spectroscopy: A focusing spectrometer with
spatial resolution (FSSR) was used for x-ray measure-
ments. The FSSR was equipped with a spherically bent
mica crystal with a lattice spacing 2d = 19.9149 Å and
a curvature radius of R = 150 mm. The crystal was
aligned to operate at m = 2 order of reflection to record
the L-shell emission spectra of multicharged copper ions
in the range of 8.8—9.6 Å (1290–1410 eV corresponding
energy range). Spatial resolution δx = 120 µm along the
compression axis was achieved. The spectral resolution
was higher than Å/dÅ=1000. The spectra were recorded
on a fluorescence detector Fujifilm Image Plate (IP) of
TR type which was situated in a cassette holder shielded
from the optical radiation. The aperture of the cassette
was covered by a PET filter (2 µm thickness) coated by
a thin Al (160 nm) layer to avoid the optical emission
irradiating the IP. Additionally, the face of the crystal
was covered by a similar filter to protect the crystal from
laser-matter interaction debris and to subtract the contri-
bution of other reflection orders to the x-ray spectra. For
the measurements of the plasma parameters, we used 4d-

2p and 4s-2p transitions in Ne-like ions as well as Na-like
satellites which are sensitive to variations of the electron
temperature and density. This emission was simulated in
a steady-state approach by the PrismSPECT code [45].
A shot with two targets and large separation α (i.e. when
the interaction between the two plasmas is negligible) was
used to retrieve the information about the initial condi-
tions for each plasma. In this case, we have the lowest
contribution of the colder plasma zones at later stages
of the evolution to the time-integrated spectrum, since
this emission is blocked by the neighbour target. The
Bremsstrahlung temperature was measured by fitting the
spectral continuum with a theoretical profile based on the
formula [46]: dN/dE ∼ A/

√
T · exp(−E/kT ).

Modeling by the code AKA: The simulation model
treats the ion kinetic dynamics following the PIC for-
malism and describes the electrons by a 10-moment
fluid (having a density which is equal to the total ion
density by quasi-neutrality, a bulk velocity, and a six-
component electron pressure tensor). The magnetic field
and the density are normalized to B0 and n0, respec-
tively. The times are normalized to the inverse of ion
gyrofrequency, Ω−1

0 ≡ mi/(ZieB0), in which Zi is the
ionization state, e is the elementary charge, and mi is
the ion mass. The lengths are normalized to the ion in-
ertial length d0 ≡ c/ωpi, in which c is the speed of light,

ωpi = (n0Z
2
i e

2/mi/ε0)
1/2 is the ion plasma frequency,

and ε0 is the permittivity of free space. The velocities are
normalized to the Alfvén velocity VA ≡ B0/(µ0n0mi)

1/2,
in which µ0 is the permeability of free space. Mass and
charge are normalized to the ion ones. The normalization
of the other quantities follows from these ones.

We observe that, with the plasma parameters used in
the experiment, since the dimensionless Reynolds (Re),
magnetic Reynolds (ReM), and Peclet (Pe) numbers are
much larger than unity, the plasma flows are well approx-
imated by the ideal MHD framework. Thus, the advec-
tive transport of momentum, magnetic field, and thermal
energy dominates are dominant over diffusive transport.
To mimic the ablation process, we use a heat operator
pumping electron pressure in the near surface region of
the targets, and a particle creation operator that sus-
tains the constant solid target density which is equal to
n0. The ions have, as in the experiment, charge num-
ber 19 and mass number 64. These two operators create
and sustain an axial electron density gradient and a ra-
dial electron temperature gradient. As a result, toroidal
Biermann-battery magnetic fields are continuously pro-
duced and transported to the interaction region, where
the ion flows are pressing the parallel fields against each
other. The magnitude of the heat operator is adjusted
to obtain the desired temperature for both ions and elec-
trons (T e,i

spot = 1T0, which is ∼300 eV for the reference

magnetic field B0= 400 T and density n0= 1.3 × 1021

cm−3, as inferred from the experimental measurements).
The FWHM of the heated area is 8d0 (∼ 90µm). The
distance between the focal spot centers is set to 18d0
(∼ 200µm) and the α parameter is varied. The ion-ion
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collisions are taken into account with the binary collision
model of Ref. [47]. Figure 5 shows the difference that
can be observed in the simulations in the magnetic field
transport for the cases without (a) and with (b) ion-ion
collisions. We see that the collisions help to stabilize the
magnetic sheet and allow for additional magnetic field
advection along the sheet.

FIG. 5. By component of the magnetic field at tΩ0 = 50
for the modeling (a) without ion-ion collisions and (b) with
moderate ion-ion collision rate.

A. COMPETING INTERESTS

The authors declare no competing interests.

B. CONTRIBUTIONS

J.F., A.Sl., M.S. and A.So. conceived the project. J.F.,
C.F., A.McI., S.N.C., H.A., P.M., T.W. and R.L. per-
formed the experiments. J.F., W.Y., C.F., A.F.A.B.,
S.N.C., S.P., T.W. and E.D.F. analysed the data, with
discussions with P.A., E.d’H., A.C. and M.B. The hy-
brid simulations were performed by A.Sl. The paper was
mainly written by J.F., S.N.C., A.Sl., C.F., and W.Y. All
authors commented and revised the manuscript.


	Saturation of the compression of two interacting magnetic flux tubes evidenced in the laboratory
	Abstract
	Acknowledgments
	References
	Competing interests
	Contributions


