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Abstract. Laboratory experiment is an attractive method of exploring the plasma physics that 
may occur in solar and astrophysical shocks. An experiment enables repeated and detailed 
measurements of a plasma as the input conditions are adjusted. To form a scaled experiment of 
an astrophysical shock a plasma physics model of the shock is required, and the important 
dimensionless parameters identified and reproduced in the laboratory. A laboratory simulation of 
a young supernova remnant is described. The experiment uses the interaction of two millimetre-
sized counter-streaming laser-produced plasmas placed in a strong transverse magnetic field to 
achieve this scaling. The collision-free dynamics of the two plasmas and their interaction are 
studied with and without the magnetic field through spatially and temporally resolved optical 
measurements. Laboratory astroplasma physics experiments using high-energy, high-power laser 
technology enables us to reproduce in the laboratory the conditions of temperature and pressure 
that are met in extreme stellar environments. 
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INTRODUCTION 

The use of large laser systems to model space and astrophysical plasma phenomena 
has been of interest since the mid-1960’s [1], and since this time laser plasma 
experiments have provided fundamental information from spectroscopic data to 
equation of state measurements. With the development of facilities, target and 
diagnostic design, experiments have become more ambitious and have moved towards 
near complete experimental plasma simulations of astrophysical systems. The most 
advanced high-power laser-plasma simulations are associated with hydrodynamic 
processes [2, 3, 4] in supernovae and supernova remnants (SNRs) plasmas. These 
experiments require careful scaling to ensure that a number of dimensionless 
parameters [5] that describe the astrophysical object are reproduced in the laboratory. 
Through careful matching of these parameters it is possible to ensure that the 
laboratory experiment temporally evolves like the astrophysical object [6]. In addition, 
experiment can test or validate sophisticated multi-dimensional computer models [7]. 
These experimental simulations address complex phenomena that occur on the large 
scale where the hydrodynamic approximation holds, however they cannot address 
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additional complex plasma physics processes such as wave-particle phenomena. 
Wave-particle interactions on the small scale influence large scale plasma dynamics, 
and are responsible for seeding and acceleration of cosmic rays; these subjects are of 
great interest to a broad section of the astrophysics community. The formation of 
collisionless plasmas and collisionless shocks similar to those typical of a SNR is the 
focus of this work [8,9,10,11]. Of particular interest is a young SNR of age 100 years, 
as these systems are believed to be particularly active sources of cosmic rays. 

SNR ejecta is supersonic (and super-Alfvénic) and consists of relatively cold 
material with significant kinetic energy. On impacting the circumstellar and then 
interstellar material forward and reverse shocks form, separated by a contact interface. 
Both shocks are active regions of particle acceleration. An outstanding question 
associated with particle acceleration at these shocks includes identifying mechanisms 
for injection of background electrons and ions and acceleration to mildly relativistic 
levels.  As the plasmas are collisionless, injection is likely to be collisionless. 

General experiments [8,11,12,13] using collisionless plasmas have been proposed 
which may be able to address some of these complex collisionless plasma shock 
formation and wave-particle questions. In these experiments the relevant scale lengths 
must be the particle Larmor radii rather than a particle collisional mean-free-path, 
which constrains experimental design [14]. 

The absolute values of length, time, and density in SNRs greatly exceed those 
possible in an experiment; for a laboratory experiment to function as a simulation it 
must be correctly scaled. Scaling used here is based on ideal magnetohydrodynamics 
(MHD) and a polytropic equation of state [5,6]. Application of an ideal MHD model 
requires that plasma dissipation processes, as measured by the Reynolds Re and Péclet 
Pe numbers, be negligible. Large Re (1013) and Pe (1011) are found in SNRs [15] and 
imply negligible viscosity and thermal diffusivity respectively. Dissipative structures 
such as shocks are scaled in MHD, although the dissipative mechanisms within the 
shock are not. 

Such ideal plasmas can be formed in laser-plasma experiments. The next step to a 
scaled experiment is to identify a set of fundamental dimensionless parameters that 
describe the SNR and ensure these are reproduced in the experiment. There are four 
essential dimensionless parameters. These are the plasma collisionality (ξ), the 
plasma-β (= 2µ0p/B2), the Euler number (Eu = v(ρ/p)1/2), and the Mach numbers (M, 
and MA). Where v is a characteristic velocity of the system, p is the plasma pressure, ρ 
is the mass density, µ0 is permeability of free space, and B the amplitude of the 
magnetic field. The ξ is the ratio of the particle mean-free-path (MFP) to the scale 
length of interest, for example the shock thickness; in a SNR ξ > 106. The β and Eu 
parameters determine the MHD character of the system. Indicative values of β and Eu 
for a young SNR are 500 and 18 respectively [15]. A particular feature of a SNR is the 
large plasma-β [15]. A β > 1 indicates that the magnetic field does not directly affect 
the plasma dynamics, but in collisionless plasma reduces the length scales over which 
fluid behaviour occurs from the particle MFP’s to the particle Larmor radii. 
Furthermore, for plasma to be considered an MHD fluid the Larmor radii need to be 
shorter than the scale of the features of interest, i.e. in this case the shock. This is 
believed the case in SNRs. A young SNR is characterized by strong shocks with 
hydrodynamic Mach and Alfvén Mach numbers of order 16 and 300 respectively. 
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COLLISIONLESS PLASMA EXPERIMENTS 

The experimental designed is to converge on the physics relevant to a young SNR, 
rather follow the evolution. The account given here is a summary of material 
published elsewhere [8,9,10]. The SNR simulations are based on laser ablation of two 
low mass and low atomic number plastic (C8H8) foil targets. The ablation plasmas 
expand at high (supersonic) speed. A collision free interaction between the two 
plasmas is achieved by counter-propagating the two flows and carefully adjusting the 
initial separation between them. The 100 nm thick plastic foils are mounted face-
parallel and typically separated by 1 mm as illustrated in Figure 1. The foil targets 
explode following uniform irradiation over a 1 mm diameter focal spot by a 1.053 µm 
wavelength laser with irradiance of 5 × 1013 W/cm2 (± 10 %) in an 80 ps pulse. The 
laser intensity is sufficiently low to limit hot electron generation, yet significantly 
ionise the targets. The pulse duration is short to prevent self-generated magnetic fields 
at the time when the counter-flowing plasmas collide approximately 500 ps later. A 
focal spot diameter of twice the distance to the interaction point allows the plasma to 
be approximated as a 1-dimensional planar expansion with some confidence; this 
assumption simplifies the data analysis. The experiments are repeatable and the foil 
target thickness and separation may be varied to achieve the required scaling 
parameters. To achieve the required plasma-β it is necessary to apply an external field 
across the experiment, this is one of the more controversial and experimentally 
challenging aspects of the experiment. We have used a conventional pulsed Bitter 
electromagnet to generate a 7.5 T field for approximately 1 ms over a 10 mm region, 
and explored using laser-driven electromagnets which generates similar fields [9,16]. 
Both magnets were used in a Helmholtz coil configuration to ensure field uniformity 
across the experiment. A schematic of the experiment is shown in Fig. 1. The plasma 
flow is perpendicular to the magnetic field direction. 
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FIGURE 1. The typical foil target geometry, electromagnet setup and laser probe alignment. The probe 
is delayed relative to the peak of the drive lasers, by up to 1 ns. 
 

The peak magnetic field is limited by the technology used; this restricts the plasma 
parameters experimentally accessible. The magnetic field should be sufficiently large 
to ensure that the electron and ion Larmor radii are the shortest length scales of 
physical relevance and are small compared to the spatial extent of the experiment, 
whilst the plasma-β exceeds unity. The later constraint ensures the plasma thermal 
energy dominates the magnetic energy.  
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Experiments are diagnosed with two-dimensional time-resolved optical probing, 
optical spectroscopy and ion time-of-flight measurements. A 25 ps duration, 0.53 µm 
wavelength optical probe was used for shadowgraph, schlieren and interferometric 
measurements. The probe was delayed from 0 – 1 ns after exploding the two foils so 
that the plasma density distribution and evolution can be inferred. Interferometry was 
sensitive to electron density minimum of 5 × 1017 cm-3 and maximum of 5 × 1019 cm-3 
along an approximately 1-mm path through the plasma. The plasma temperature is 
inferred from the expansion speed, ion time-of-flight measurements and spatially 
resolved optical spectroscopy of Doppler broadened helium-like carbon (C4+) 
transition lines 1s2s 3S1 - 1s2p 3P2,1,0 triplet transition centred at  227 nm.  

These lines can also be used to measure the magnetic field in the plasma if the 
Zeeman splitting [17] exceeds the Doppler width. In addition, the magnetic field can 
be inferred from Faraday rotation of a polarised beam and from induction coil 
measurements. These methods were not sensitive enough to measure the magnetic 
field in the plasma in these experiments. The magnetic field was measured using 1 mm 
diameter, single turn induction coils connected to a 4 GHz analogue bandwidth 
oscilloscope. The induction coils were screened from energetic particles and placed 
approximately 10 cm from the target 

Exploding plasma density non-uniformities resulting from structure imprinted by 
the laser beams, or from structure on the plastic foils may influence the interaction of 
the counter streaming plasmas, and impair the optical measurements. To limit beam 
imprint two or three beams were overlapped on each foil target, and random phase 
zone plates [18] were used to provide a super-Gaussian intensity profile across the 1 
mm diameter laser focus. An additional set of experiments used a low energy spatially 
smoothed prepulse to preform a uniform plasma, this preformed plasma was then 
driven to expansion speeds using the high energy beams focussed with the phase zone 
plates [19]. 

Electron density profiles extracted from the interferometric data indicate that the 
plasma expansion speed at 500 ps after the peak of the 80 ps laser pulse (with 10% 
accuracy) is 1.1 × 108 cm/s. Measurement of single expanding plasmas in a 7.5 T 
magnetic field shows that the magnetic field does not affect the plasma expansion. 
This is illustrated by the electron density profiles in Fig. 2a; these results were inferred 
from interferometric measurements 750 ps into the experiment and confirm 
expectations as the plasma-β is large. Data analysis of interferometric results is 
discussed in detail in Ref. [20]. These results when combined with the low density and 
low atomic number ensure a collision-free interaction in a counter-streaming 
geometry. For fully ionised carbon (C6+) the counter-flowing MFP, which scales as 
1/Z4, exceeds 10 cm. The low plasma density is achieved by limiting the thickness of 
the foil targets to 100 nm, and in addition, can be adjusted by varying the foil target 
separation. An example of the type of data collected during the collision of two similar 
plasmas is shown in Fig. 2b. Lasers irradiate foil targets at -0.5 and 0.5 mm, and the 
interferometry image is recorded at 500 ps. The inferred ne data suggests 
interpenetrating flow and has been compared to one-dimensional simulation. The 
simulation of two interpenetrating plasmas is derived by reflecting an experimental 
profile of a single exploding foil at 0.0 and adding the two results. The comparison 
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gives confidence that any interaction during the interpenetrating flow is small and can 
not be measured.  

On applying a magnet field to a similar colliding plasma experiment the results are 
qualitatively different to those measured and simulated. This is illustrated by Fig. 2c. 
In this figure the ne profile discussed above is compared to the ne density profile with a 
7.5 T magnetic field present. The shape of the ne profile and not absolute ne is of 
interest. Experiment illustrates that 10% variation in foil target thickness and laser 
intensity result in significant changes in the ne at the collision point. We observe a 
steepened ne profile close to the foil targets’ initial positions separated by an 
approximately 300 µm wide low-gradient region centred on the collision point.  
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FIGURE 2. a) The inferred electron densities (ne) taken from the central region of a single exploding 
100 nm foil at 750 ps. The data indicates that a magnetic field does not affect the plasma expansion. b)  
The inferred ne at 500 ps from two colliding plasmas, original target positions at -0.5 and +0.5 mm. 
Comparison with hydrodynamic simulation indicates the interaction is collision free. c) A comparison 
of inferred ne at 500 ps for two similar experiments, with a 7.5 T field imposed on one experiment. The 
shape of the ne profiles, not the absolute ne are important. d) A more detailed examination of the ne 
profile in a 7.5 T field close to the collision point. 
 

We have sufficient data to exclude variation in experimental parameters (foil target 
thickness, separation, laser energy and balance) and must conclude this profile change 
results from an externally imposed magnetic field. Furthermore, similar data have 
been obtained using both the conventional and laser-driven electromagnets. We have 
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been unable observe these features evolve and it is noted that a shock has not been 
observed. Close inspection of the interferometry and ne profiles, see Fig. 2d, suggest 
two additional density features are present in the low-density region centred on the 
collision point. These features have widths around 150 µm. 

DISCUSSION 

These experiments are a significant step towards the generation of a scaled and 
sustained collisionless shock. The potential for scaled simulation of a young SNR can 
be examined by comparing experimental values of the four scaling parameters that 
characterise the young SNR. Further applicability of the experiment is explored with 
numerical simulation. First, to apply MHD scaling it is essential that the plasma can be 
considered ideal and that a polytropic equation of state can be applied with some 
degree of confidence. Based on measurement we find that dissipation is negligible 
with high Reynolds (Re ~ 107) and Péclet (Pe ~ 1010) numbers. A fully ionised 
experimental plasmas, hence polytropic equation of state, is assumed given the laser 
irradiance (1014 W/cm2) and the relatively weak helium-like spectroscopic features 
measured. It is now necessary to determine the dimensionless parameters; ξ and the 
Mach numbers should be as large as possible and must exceed unity, whilst β and Eu 
need to be matched between the SNR and experiment. 

As pointed out earlier, the counter-streaming experiments indicate that the ion (and 
electron) MFP far exceeds the experimental size (1 mm). The inferred collisionality (ξ 
~ 300) exceeds unity. There is no evidence of electrostatic instabilities resulting in a 
collisionless coupling between the counter-streaming particles [16].  

We discuss matching β first as this acts to localise ions and electrons on length-
scales below the MFP’s. If the particles are localised, we treat the plasma with an 
effective collisional length of order the particle Larmor radii and a fluid description of 
the experiment, using MHD for example, can be applied. However, in these 
experiments the magnetic field must penetrate fully ionised, supersonic plasma. This is 
an area of much uncertainty. The experimental data presented in Figs. 2c and 2d 
indicate that the magnetic field plays a role in the interaction of the counter-streaming 
plasmas, yet data presented in Fig. 2a indicates that this magnetic field does not 
directly affect the plasma expansion. Possible explanations are that the magnetic field 
is pinched between the plasmas, or that the field has penetrated the plasmas. 
Experiment shows that the magnetic field does not decelerate the expanding plasma. 
However, the modified ne profile with steep gradients close the foil target surface and 
an extended low density plateau may be due to retarded bulk plasma flow occurring in 
the counter-streaming experiments. Cold, high charge-to-mass ratio H+ ions pulled 
from the plasma by the hot and more mobile electrons stream ahead of the plasma bulk 
and ‘push’ against the inflow of the opposing plasma. This situation requires that the 
H+ ions be localised, probably by the magnetic field.  

A mechanism for magnetic field penetration based on ion-acoustic turbulence [21] 
is proposed [16]. The turbulence is induced by a skin current that tries to exclude the 
strong external magnetic field when the drift velocity exceeds the local sound speed. 
This leads to an anomalous resistivity through enhanced electron scattering, and 
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subsequent magnetic field penetration. Applying this model whilst accounting for the 
temporal development of the exploding plasma up to 500 ps, indicates that at 500 ps 
the magnetic field can diffuse [22] to within 300 µm of the foil target surface. The 
relevant plasma β  is a non-standard parameter based on the plasma flow kinetic energy 
and not the thermal kinetic energy. The plasma β  is adjusted by altering the magnetic 
field strength, the density, or flow speed of the plasma. Experiment tends to be 
constrained to the highest flow speeds and magnetic fields. A high flow speed ensures 
a collision-free interaction and that the experimental β remains high. At 500 ps with 
the largest externally applied magnetic field of 7.5 T, β ~ 500. In addition, the high 
magnetic field is needed to localise the counter-streaming ions and electrons such that 
the MHD approximation can be applied. A magnetic field of 7.5 T field induces an ion 
and electron effective collisionality of 10-1 and 10-3 respectively. These estimates are 
based on magnetic field penetration and ion and electron temperatures of 180 ± 20 eV 
extracted from the Doppler broadened C4+ transitions and Faraday cup measurements. 
The plasma flow speed should be included; this increases the ion Larmor radius to 
approximately the experiment size. In this case the ions are poorly localised. 

Our experimental approach is to converge on the conditions typical of a SNR shock 
at 100 years after the supernova event. The emphasis is on creating a scaled snapshot 
and diagnosing the physical processes occurring in such plasma. This is achieved by 
matching the Euler number, Eu. This match is achieved by determining the plasma 
density, which is readily adjusted though a combination of laser intensity, target 
thickness, and target foil separation. Using the nominal experimental parameters of 
100 nm thick foil targets separated by 1 mm and irradiated with a 5 × 1013 W/cm2 in a 
80 ps 1053 nm laser pulse the experiment converges to an Eu = 21 at 500 ps. 

Finally, the supersonic flow, which is typical of these cool ablating plasmas [23], 
indicates that the experimental approach is a good candidate for strong shock 
formation. However, this relies on a strong interaction between the counter-streaming 
plasmas. While the ion localisation, which depends on the experiment size, the 
magnetic field strength and penetration, is not small enough to result in a shock, 
magnetic field penetration may have caused the density features presented in Fig. 2d. 
Unfortunately, magnetic field strength, plasma density, and size of the experiment 
prevent direct measurement of the penetrated field. The issue of field penetration must 
be addressed in future experiments. 

SIMULATIONS 

Hydrodynamic simulations accurately reproduce the single exploding plasma time-
dependent ne profiles. This is due to the low ion temperatures (of order 100 eV) which 
ensure that the exploding plasmas are collisional. It is the interaction of the two 
exploding plasma that is collisionless. Using hydrodynamic simulation, fitted to 
measurement, we are able to examine how the scaling parameters may vary with space 
and time. Med103, a one-dimensional laser-plasma Lagrangian, hydrodynamics model 
is used. The numerical simulation uses an 80 ps 5 × 1013 W/cm2 pulse and a Thomas-
Fermi equation of state with flux limited electron and ion heat transport, the flux 
limiter is set to 0.1. The modeling results for single foil targets, compared to selected 
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experimental results, are shown in Fig. 3. First, we show that the plasma flow at the 
experimental mid point (0.5 mm) remains strongly supersonic for at least 2 ns. This is 
due to the high flow speed and relatively low electron temperature (the sound speed 
scales as the root of the electron temperature); note that the ion temperature is  
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FIGURE 3. Inferred experimental measurements (open circles) at 0.5 mm and 500 ps are compared to 
in a) and b) the calculated time dependent Mach number (M) and the C6+ counter-streaming mean-free-
path respectively at 0.5 mm, and in c) and d) the calculated position dependent flow plasma-β, and ion 
localization respectively at 500 ps.  
 
expected to increase dramatically on shock formation [9]. As illustrated in Fig. 3b the 
C6+, at 0.5 mm and 500 ps, the counter-streaming ion interaction is collision-free 
plasma. This is expected to change rapidly in time as higher density plasma with lower 
flow speed moves into the central region of experiment. At approximately 1.6 ns the 
MFP is of the order the experiment size, i.e. 1 mm. By applying the anomalous 
resistivity model discussed above to the numerical simulations, at say 500 ps, it is 
possible to examine the potential influence of the magnetic field on the plasma. The 
calculations shown in Figs. 3c and 3d are based the calculated time-dependent ne 
profile and a fast magnetic field diffusion model [22]. It is found at 500 ps that 
magnetic field penetration can occur to within 0.3 mm of the foil target surface. Based 
on these assumptions it is found that the flow pressure exceeds the magnetic pressure 
(i.e. the flow plasma-β > 1) throughout the exploding plasma. The ion localization, as 
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discussed earlier and illustrated in Fig. 3d is more problematic. To ensure that plasma 
exhibits fluid-like behaviour the particle Larmor radii must be small compared to the 
length scales of interest, i.e. ion localization << 1. This is the case for the low mass 
electrons. 

MAGNETIC FIELD GENERATION 

Two methods can be employed to increase the ion localization. Either increase the 
plasma size relative to the particle Larmor radii, or decrease the Larmor radius. Plasma 
size is usually limited by the facilities and experimental geometry available. The 
approach explored here is the generation of strong magnetic fields. The Bitter magnet 
used in these experiments is capable of 13 T peak field, but was limited due to 
electrical breakdown problems to 7.5 T in the vacuum environment. Bitter magnets 
can produce fields exceeding 30 T; however the infrastructure required is considerable 
[24]. A second approach using mm-scale laser driven single turn coils [25] has been 
explored [16]. 

 
FIGURE 4. The mm-scale laser driven Helmholtz coil target. a) view of the laser entrance hole in the 
front and the loops, b) illustrates the multi-beam, target and diagnostic accessed required. In this view 
the 25 ps probe images the colliding plasmas in to the page. The loop radius is 1.25 mm, and the space 
between the inner edges of each loop is 2.5 mm. The foil targets are mounted across a 1.1 mm diameter 
hole on 2 mm wide, 10 mm long copper holders. The holders are separated by 1 mm. 
 

The method employed is to focus a high-energy, high-intensity, I, with Iλ2 ~ 1016  
W/cm2.µm2 on to a plate and produce a hot (> 10 keV) electron source. The hot 
electrons induce a potential difference on a second plate placed face parallel. If the 
two plates are connected by a wire, a strong reverse current may pass through the wire 
and generate a magnetic field. Due to the need for uniform magnetic fields and access 
to the experiment with six laser beams, a probe beam, and target mount, a Helmholtz 
coil geometry is used. The Helmholtz coil target, beam, and diagnostic access are 
shown in Figs. 4a and 4b respectively. The foil targets are placed between the 
Helmholtz coil target loops. 

The Helmholtz coil target is constructed in one piece from a photo-etched 50 µm 
thick copper sheet. Two 750 µm wide copper ribbons separated by 2.5 mm connect the 
two 8 × 4 mm rectangular plates. The ribbons are then bent to form two 1.25 mm 
radius circular loops concentric along a single axis; the plates are positioned to ensure 
they are face parallel and separated by 500 µm. A 1 ns duration, 300 J, 1053 nm laser 
pulse focused to 4 × 1016 W/cm2 passes through a 500 µm diameter hole drilled into 
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the front plate and strikes the rear plate. Approximately 10% of the electrons in the 
plasma have temperatures exceeding 10 keV. These hot electrons stream down the 
electron density gradient ahead of the plasma plume to the front plate. A large 
electrical potential (~200 kV) develops between the plates, which drives a reverse 
current through the wire loops. This reverse current creates the magnetic field used in 
experiments. The magnetic field is measured with a series of calibrated single-turn 1 
mm diameter screened induction coils coupled to a 4 GHz bandwidth digital 
oscilloscope that records the temporal variation of the signal. These induction coils are 
used to infer a peak magnetic field of 7 T in the central region of the Helmholtz coil 
target, with a field decay of 17 ns. The hot electron temperatures, inferred from the 
hard X-ray bremsstrahlung spectrum was ~15 keV. These results are used to develop a 
simple model of the Helmholtz coil target. This model suggests that designs can be 
optimized to produce 30 T magnetic fields with Helmholtz coil configuration, and 
above 100 T for single loops targets. 

Colliding plasma experiments have been performed using these Helmholtz coil 
targets, producing data in agreement with data presented in Fig. 2. Target design is 
easier, and beam and diagnostic access is improved with these targets, however 
experimental reliability is poor. Furthermore, there is a delay of ~ 2 ns before the peak 
field is reached. At peak field the exploding plasmas are formed, by this time Cu 
plasma from the Helmholtz coil target has entered the experimental area between 
loops and obstructs the exploding plasma interaction. 

CONCLUSION 

These experiments indicate that the necessary requirements for a laboratory study 
of collisionless physics relevant to a young SNR can be achieved using a laser-plasma 
experiment. This is determined by identifying a suitable plasma model (in this case 
MHD) and matching a set of scaling parameters (ξ, plasma-β, Eu, M, and MA) 
believed typical of the SNR in the laboratory. Despite the enormous difference in 
physical scales, carefully designed laboratory plasma systems can and have exploited 
fundamental similarities with astrophysical plasmas. We have explored the counter-
streaming interaction of two supersonic highly ionised plasmas in a transverse 
magnetic field. A magnetic field driven interaction has been observed, although there 
is no evidence for a shock. Currently, the greatest limitation is the ratio of the particle 
(in particular the ion) Larmor radius to the size of the experiment. This ratio, the ion 
localisation, is somewhere between 0.1 and 1. It is believed an ion localisation of 0.01 
is required. This may be achieved by working with both large magnetic fields, 30 T 
seem plausible, and large experimental plasmas, of the order 1 cm. This will require 
working with lower plasma density to ensure the collisionality parameter remains 
sufficiently high. These requirements are demanding yet possible with current 
technology. 
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