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Abstract: Instabilities behind the front of a cylindrically expanding plasma have been inves-

tigated experimentally and with a particle-in-cell simulation. Tubelike filamentary structures

form behind the front of a plasma created by irradiating wiretargets with a ps-duration and

intense (∼ 1019 W cm−2) laser pulse. These filaments exhibit coherent magnetic fields with

a remarkable stability (≥ 103ω−1
p ωp: plasma frequency). PIC simulations indicate that an

Figure 1: The laser pulse CPA2 heats up

the wire target. Ions are radially accel-

erated by the surface electric field that

is generated by the escape of fast elec-

trons. The laser pulse CPA1 interacts with

a gold foil and accelerates by the same

(TNSA) process surface (probing) pro-

tons. The RCF detector stack records the

angular and energy distribution of the

probing protons, which provides informa-

tion about the magnetic field distribution.

instability driven by a thermal anisotropy of the

electron population is the cause. This instability re-

quires a plasma density gradient and hot electrons.

It can thus contribute to the generation of strong

sustained magnetic fields in astrophysical jets.

The experiment:

The experimental setup, which is used to sample

the magnetic field distribution in the laser-generated

plasma, is described in Fig. 1. A sequence of ra-

diochromic film (RCF) images have been taken to

follow the time evolution of the expanding plasma.

Figure 2 shows RCF images [1], which describe

the interaction between the probing protons and the

field distribution of the expanding plasma. The laser

impact took place in the wire’s center. The plasma

expansion is approximately cylindrical between this

point and the wire’s end points. The central vertical

structure corresponds to the strongB-field driven by

the current of the hot electrons expanding along the wire’s surface.
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Figure 2: Upper image: Snapshots of the

magnetic field distribution at the times

10ps (A), 30ps (B) and 50ps (C). Lower

image: Distribution of the current fila-

ments that reproduces the RCF images.
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Figure 3: The initial plasma distribution

in our 2D PIC simulation.

The magnetic field distribution is initially uni-

form along the wire’s axis (See Fig. 2(a)). Thin

stable horizontal structures are visible at the later

times in Figs. 2(b,c), which are oriented orthogo-

nally to the wire’s axis. These structures correspond

to magnetic fields, which enwrap current filaments

that point in the radial direction. Their late forma-

tion shows that these structures are not directly gen-

erated by the laser pulse. The lower image in Fig. 2

shows the model distribution of current filaments,

on which we have based our particle tracing stud-

ies. Particle tracing can reproduce the RCF images

if we set the peak magnetic field to|B|max≈ 15 T

and the spacing between the filaments to 40µm.

The simulation:

The expansion of the exploding wire sufficiently

far from the laser impact point and from the wire’s

endpoints is cylindrical (See Fig. 2(a)). The plasma

expansion can be approximated by that in a cross-

section of the wire. The initial conditions for our

particle-in-cell (PIC) simulation [2] with periodic

boundary conditions, are shown in Fig. 3.

The temperature of the electrons is 32 keV and

that of the protons is 10 eV. We use the correct

mass ratio between both species. Both species have

uniform and equal number densities in the cloud.

The cloud is surrounded by vacuum and initially the

electromagnetic fields are set to zero in the box. The

high thermal speed of the electrons implies that some leave the cloud, which results in a negative

net charge outside of the cloud and a positive excess charge inside it. The resulting ambipolar

electric field points in the radial direction and accelerates the ions. A radially expanding rar-

efaction wave develops, which is initially azimuthally symmetric. In what follows, we discuss

the plasma state at the timetωp = 550. We exploit the azimuthal symmetry of the rarefaction

wave and integrate the electron distribution accordingly.
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Figure 4: The azimuthally integrated

phase space density distributions of the

electrons (a) and protons (b).

Figure 5: Panel (a) shows the electric field

modulus. Panels (b) and (c) show the in-

plane magnetic field modulus and the out-

of-plane magnetic field modulus.

Figure 4 shows the azimuthally averaged 10-

logarithmic electron and proton phase space density

distributions, normalized to their respective peak

values. Initially their density is uniform within the

plasma cloud. The plasma density close to the initial

cloud boundary has decreased. The protons close to

the cloud perimeter have been accelerated and their

motion away from the cloud has resulted in a reduc-

tion of their density. Quasi-neutrality implies a sim-

ilar electron density evolution. The mean speed of

the proton distribution increases with the distance

from the cloud perimeter and the density decreases.

The ions are accelerated by the ambipolar elec-

tric field, which is shown in Fig. 5(a). Its mod-

ulus is proportional to the plasma density gradi-

ent. It peaks at the proton front (See Fig. 4(b)).

The non-zero electric field within the initial cloud

perimeter (overplotted black circle) evidences the

plasma erosion close to the original boundary. The

growth of magnetic fields close to the initial cloud

boundary are observed. The growth of the in-plane

magnetic field in Fig. 5(b) by the secondary in-

stability discussed in Ref. [2] is related to a dis-

alignment of the plasma density gradient and the

electric field. This disalignment arises from the su-

perposition of the electric field component, which

is induced by the out-of-plane magnetic field, and

the density gradient-driven ambipolar electric field.

The origin of the out-of-plane magnetic field ob-

served in Fig. 5(c) is revealed by Fig. 6.

Figure 6 shows the azimuthally averaged elec-

tron number densityne(r), the effective plasma fre-

quencyωp(r) ∝ (ne(r))
1/2, the thermal anisotropyA(r) and the azimuthally integrated total

magnetic energy densityEB(r). The thermal anisotropy is defined as the ratio between the
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electron thermal energy density in the radial direction andthat in the azimuthal direction.
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Figure 6: The radially averaged electron

densityne(r), ωp(r) ∝ (ne(r))
1/2, the ra-

tio A between the electron thermal ener-

gies in the radial and azimuthal directions

and the azimuthally integrated magnetic

energy densityEB(r).

A valueA< 1 implies that the electrons have lost

more energy in the radial than in the azimuthal di-

rection. This energy loss is linked by their slow-

down in the ambipolar electric field in Fig. 5(a).

The thermal anisotropy gives rise to an instability

similar to that described by Weibel [3]. The insta-

bility observed in the rarefaction wave grows fastest

whereA is small andωp is still large.

Summary:

We have observed experimentally the growth of

magnetic fields in the rarefaction wave triggered

by the laser-ablation of a wire. We have modeled

this expansion with a particle-in-cell simulation.

The simulation has revealed that the likely cause of

the magnetic field growth is a thermal anisotropy-

driven Weibel instability. This instability has previ-

ously been observed in planar rarefaction waves [4]. Its growth is thus robust against changes

in the rarefaction wave geometry. The instability is drivenby the slowdown of hot electrons in

the ambipolar electric field of a density gradient. Such plasma conditions are likely to exist in

energetic astrophysical jets, like in those that drive gamma-ray bursts, and the gradient-driven

Weibel instability may thus contribute to their observed magnetization.
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