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Abstract

In this work we present experimental results related to
the collision of parallel magnetic fields and study the
compression that ensues between them. For this, we
use two dense, spatially separated, targets that are both
irradiated by nanosecond laser beams. The generated
magnetic fields due to the Biermann battery effect close
to the target surfaces are clockwise with respect to the
plasma expansion axis. The ablating plasmas radially
expand and advect the aligned parallel magnetic fields
to the interaction region between the targets. By shift-
ing the targets along their normal, we enable these lat-
erally expanding Biermann fields to collide, leading to
magnetic field compression and accumulation in the gap
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between the targets. To resolve in time the topology
of the compressed magnetic field we employ the proton
deflectometry technique to diagnose each magnetic field
and the magnetic field pile-up between the targets.

1 Introduction

Magnetic energy is an universal source of energy in the
cosmos and plays a crucial role in astrophysical pro-
cesses such as jet formations [1], gamma-ray bursts [2],
magnetic reconnection [3] and so on, as well as in labo-
ratory plasma experiments on Inertial Confinement Fu-
sion (ICF). Generation and compression of strong mag-
netic fields is a rapidly developing area of High-Energy-
Density-Physics (HEDP), with a significant interest be-



ing associated with the magneto-inertial approach used
by the fusion community [4]. The implementation of
the regime of magnetized fusion requires using extremely
strong magnetic fields, exceeding 1000 T. Obtaining such
strenghts of magnetic fields in the laboratory is possi-
ble by compressing them from the seed field which can
be induced by an external generator [5], [6] or from
self-generated in laser produced plasmas [7], [8]. Self-
generation can arise from one of the recognized mecha-
nisms such as Biermann battery [9] due to noncollinear
temperature and density gradients or kinetic Weibel in-
stability [10] arising from anisotropic distribution func-
tions [11]-[13] or beamlike distributions [14], [15].

In this work, we present the results of an experiment
conducted with colliding parallel magnetic fields. In such
a configuration, the reconnection is canceled out and we
can follow the compression of the self-generated mag-
netic fields. The experiment uses two thin copper targets
displaced along the normal to the target surface direc-
tion. Both are irradiated by high power laser beams of
ns-scale duration (Fig. 1). As the plasmas radially ex-
pand from the laser spots, they drive aligned magnetic
fields between the targets. Such configuration has al-
ready been tested [16], the proton radiography showed
the “overlapping” of two magnetic structures, and low-
level enhancement of the magnetic flux due to the colli-
sion. In order to observe noticeable increase of the mag-
netic field we followed latter times (> 2 ns) and reduced
the distance between the targets (< 0.5 mm), as we ex-
pect that the maximal strength of magnetic field is com-
pressed against the dense target due to the Nernst ef-
fect [17], [18]. The experiment allows us, by varying the
gap between the target surfaces, to measure the optimal
distance for the effective compression. In the work, for
convenience, we denote the distance between the target
surfaces as the o parameter.

2 Experiments

2.1 Setup

This experiment was carried out at the Vulcan Target
Area West (TAW) laser facility at the Rutherford Ap-
pleton Laboratory (RAL). The top view of the experi-
mental setup is shown in Fig. 1. Two 5 pum thick copper
targets (T1 and T2) were irradiated by two laser beams
(L1 and L2, having ~ 35 GW power over a duration of
1.4 ns (Gaussian FWHM), and focused over an averaged
radii of ~ 25 pm circular focal spots, yielding on-target
intensity of ~ 10> W/cm?). The laser irradiation on
the two targets generated two hot, dense plasmas that
expand radially toward each other. Regarding the sep-
aration between the two targets, we note that, as pre-
viously recorded [17] using similar laser conditions, the
radial magnetic field expansion is ~ 300 pm/ns. There-
fore, we chose the separation between the two laser im-
pacts to be, along the z-axis, 6 = 500 pum (see Fig. 1),

Protons

Figure 1: Scheme of the experimental setup per-
formed at the TWA area of Vulcan. « is the dis-
tance (along the proton beam axis) between the two tar-
gets. Schematic diagram of the experiment in the xz-
plane, using two lasers (L1 and L2, separated along the
x-axis by 6 = 500 um) and two targets (T1 and T2, sep-
arated along the z-axis by a variable distance «). Also
shown are the protons (in light blue, sent along the z-
axis) used for the radiography diagnostic and the plasma
plume with frozen-in magnetic flux tube generated by
each laser ablation at the target front (in yellow).

such that there is some overlap between the two mag-
netic flux tubes within the first ns of the magnetic field
generation.

We will now focus on the characterization of the
individual magnetic field structures produced by each
plasma.

2.2 Proton radiography results

The primary diagnostic used to characterize each mag-
netic field in strength and spatial distribution in the zy-
plane, as well as the encounter of the two magnetic fields,
is proton radiography [19]. This diagnostic uses fast,
laminar protons, induced by the auxiliary high-intensity
laser beam B8 [20]. A short pulse laser capable of deliver-
ing ~ 150J, ~ 1012 W/cm? was incident on 25 ym gold
targets to create a broadband, divergent proton beam
through the TNSA mechanism. A radiochromic film
(RCF) stack consisting of layers of Gafchromic HDV2
and EBT3 was used as the radiography detector. The
distance between the proton source and the midpoint be-
tween the T1 and T2 targets was 9.66 mm. Additionally,
the distance between the copper targets 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 CLF, using the University of Birm-
ingham cyclotron. Through scanning the calibrated and
experimental RCFs on the same scanner (EPSON Pre-
cision 2450), a model relating the optical density and
dose was determined allowing all experimental RCFs to



be converted into proton-deposited dose.

Here, the protons are sent along the z-axis, as illus-
trated in Fig. 1. As they propagate through the target
assembly and the magnetic fields, the protons are de-
flected, following which they are collected on films (RCF)
that record the path-integrated (along the z-axis) de-
flections. The principle of the diagnostic is that ana-
lyzing the deflectometry patterns yields information on
the fields encountered along their way by the probing
protons.
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Figure 2: Proton radiography results Experimen-
tal RCF measurements probing the single magnetic flux
tubes produced on (a) target T2 or (b) target T1. Both
images are snapshots taken at at 1 ns.

The experimental films shown in Fig. 2 display the
dose modulations recorded by 6.6 MeV protons of the
magnetic fields on a single T2 target (a) and on a single
T1 target (b). As the direction of the magnetic fields
from the two targets relative to the probing proton beam
are opposite (see Fig. 1), therefore these magnetic fields
affect the probing proton beam in opposite ways. When
there is only a plasma expanding from the T2 target,
the magnetic field structure focuses the proton beam,
leading to a concentrated proton dose (see Fig. 2 (a)), as
expected [21], [22]. Conversely, and also as expected [21],
[22], the proton deflection pattern is reversed when there
is only a plasma expanding from the T1 target, i.e. 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 (b)).

We will further quantify the above analyse of the pro-
ton radiography results with the code PROBLEM [23].

3 Analysis

Figure 3 displays the path-integrated magnetic field
map, reconstructed from the proton deflectometry map
shown in Fig. 2, using the PROBLEM algorithm [24].
From Fig. 3 (a) and (b), we can see that the magnetic
fields generated from the two single shots are similar to
each other, which serves as a benchmark of our method-

ology.
With the above mentioned analysis tool benchmarked,
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Figure 3: Analysis of the RCF results. Path-
integrated magnetic field strength analyzed via the code
PROBLEM |[24]. The white-arrow streamlines represent
the in-plane magnetic field lines (B, and B,), and the
colormap shows the path-integrated (along the z-axis)
strength of the zy-plane magnetic field.

we will start to analyse the shots taken when we have
used both laser beams and check the magnetic field com-
pression between them in a quantitative manner.

4 Conclusion

In summary, we have set a platform to systematically
investigate the magnetic field compression that can take
place when two independent magnetic flux tubes are
encountering. Our proton radiography diagnostics can
clearly quantify the magnetic field maps in the inter-
action region. By using the PROBLEM code, we will
be able to quantify this compression with our data as a
function of time and separation distance (i.e., ). More
detailed characterization of the local plasma conditions
are also underway (with additional diagnostics like op-
tical interferometry and Thomson scattering), together
with three-dimensional numerical simulations to reveal
the underlying physics.
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