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Abstract

The advent of high-power laser facilities has, in the past two decades, opened a new field of research where astro-
physical environments can be scaled down to laboratory dimensions, while preserving the essential physics. This is
due to the invariance of the equations of magneto-hydrodynamics to a class of similarity transformations. Here we
review the relevant scaling relations and their application in laboratory astrophysics experiments with a focus on the
generation and amplification of magnetic fields at cosmological shock waves. These arise during the collapse of pro-
togalactic structures, resulting in the formation of high Mach number shocks in the intergalactic medium, which act as
sources of vorticity in protogalaxies. The standard model for the origin of magnetic fields is via baroclinic generation
from the resulting misaligned pressure and temperature gradients (the so-called Biermann battery process). While
both experiment and numerical simulation have confirmed the occurrence of this mechanism at shocks, reconciling
the resulting weak fields with present day observations is an un-solved problem, although it is generally accepted
that turbulent motions of the weakly magnetised plasma plays a key role. Bridging the vast scale differences is a
challenge both numerically and experimentally. A summary of novel laboratory experiments aimed at investigating
additional processes that may shed light on these and other processes, such us turbulent amplification, resistive and
collision-less plasma instabilities will be discussed in this review, particularly in relation to experiments using high
power laser systems. The connection between laboratory shock waves and additional mechanisms, such as diffusive
shock acceleration will be discussed. Finally, we will summarize the impact of laboratory investigation in furthering
our understanding of plasma physics on super-galactic scales.
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1. Introduction

This review focuses on the laboratory simulation of astrophysical environments. This is a very broad and rapidly
developing field of research, with several review papers and books having already appeared on the topic [e.g., 1, 2, 3,
4]. As is frequently pointed out in these reviews, the field of laboratory astrophysics is at the foundation of astronomy
and astrophysics. It addresses fundamental questions related to the astrophysical objects through the generation of
controlled, reproducible conditions in terrestrial experiments, thus offering a viable complementary approach to both
astrophysical observations (by providing, for example, the means of directly measuring quantities of interest not
accessible by observation) and numerical calculations, overcoming limitations in resolution, numerical viscosity and
potentially addressing non-linear aspects of the dynamical evolution. This approach has also proved important in the
validation of simulation codes [5].

Laboratory astrophysics covers a vast range of topics, with applications arising from high-energy particle physics,
nuclear physics, condensed matter physics, etc. In some cases, matter and plasma conditions which are analogous to
those found in astrophysical counterparts can be directly reproduced and studied in the laboratory. In most situations,
however, it is not possible to reach the exact conditions found in the astrophysical environment because the spatial,
temporal, and energy scales may be outside the range of what is directly reproducible in an experiment. A different
approach relies on making connections between experiments and astrophysical objects through similarity criteria.
Making such a connection can only be achieved by careful examination of the relations between experimental data,
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observations of the astrophysical phenomenon being investigated experimentally, and numerical simulations of both
the experiment and the astrophysical system. Here we explore this approach further, concentrating on a specific
problem: laboratory astrophysics and its use to study primordial magnetogenesis and the amplification of magnetic
fields by plasma processes. Clearly, this is possible (and meaningful) only if we can devise a means by which the
relevant physics in a terrestrial laboratory can be related to the Universe at its largest scales. At first sight, this may be
difficult to visualise as most of the parameters of interest, such as the spatial, temporal and energy scales associated
to the structure formation and evolution in the Universe are clearly not reproducible in an experiment. Nevertheless,
a connection between the two systems does indeed exist, provided we can show that the laboratory and astrophysical
environments evolve in such a way that the governing equations are invariant under a scale transformation; this
requires the corresponding spatial, density, pressure, time, and so on, values in one system to be mapped onto the
other system by an appropriate combination of multiplicative constants. This is an example of what we call a similarity
relation. This similarity can be obtained via plasma-fluid equations [6, 7, 8, 9, 10, 11], or even at the kinetic level
[12, 13] under some conditions.

2. Astrophysical context

It is generally accepted that magnetic fields are present almost everywhere in the universe, from stars and planets
to the interstellar medium of galaxies [14, 15], to the hot intracluster medium of galaxy clusters [16, 17, 18] and even
in the vast cosmic voids [19, 20, 21]. The fundamental question raised by these observations is clearly the origin of
the magnetic field. That dynamo action, i.e. the generation of magnetic field through the hydrodynamic motion of
a conducting fluid, is the principal mechanism is in little doubt. The hypothesis of hydrodynamic dynamo was first
proposed in 1919 by Larmor to explain the origin of the Earth’s magnetic field, but the process turned out highly non
trivial and required decades of study to reach maturity [22]. Having expanded in scope, it remains to date an active
field of research [23]. The equation for the magnetic field evolution in a highly conducting fluid are derived starting
from Faraday’s induction equation,

∂B
∂t

= −∇ × E, (1)

with the electric field obtained from Ohm’s law. In the simplest model, the latter reads

J = σE′ = σ(E + u × B) (2)

where E′ is the electric field in the local rest frame of a given fluid element, with σ the conductivity. Combining with
Ampère’s law,

J =
1
µ0
∇ × B (3)

where the displacement current has been neglected. Assuming constant conductivity, the induction equation becomes

∂B
∂t

= ∇ × (u × B) +
η

µ0
∇2B, (4)

where the first term on the RHS represents the effect of the induced electric field, while the second term represents
Ohmic diffusion with η = 1/σ the magnetic diffusivity. Equation (4) contains the effect of hydrodynamic dynamo.
Note from the linearity of B in equation (4), it is immediately clear that hydrodynamic dynamo only works if a non
vanishing magnetic field already exists. For this reason the origin of magnetic field in astrophysical environment is
understood as the result of two basic steps [24, 23]: (i) the generation of a seed and (ii) the amplification by the
hydromagnetic mechanism. Two classes of hydromagnetic dynamo are defined, namely large scale and small scale
dynamo, which, depending on the characteristic of the flow (helicity), determine whether a magnetic field is amplified
on scales larger or smaller than the outer scale of the turbulence.

In the following we shall focus on the generation of magnetic seeds and the amplification of magnetic field by
the small scale dynamo mechanism in a turbulent flow in the absence of large scale helicity. In addition, we re-
strict our attention to extragalactic environments, in particular the intergalactic medium in its various forms, from the
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relatively cold supersonic flows characterising the gravitationally induced mass accretion onto forming cosmic struc-
tures [25] such as galaxies, galaxy filaments and clusters, to the turbulent conditions of hot gas inside those forming
structures [26, 27, 28, 29, 30].

The flow inside cosmic structures produced by gravitational collapse, is characterised by a high Reynolds number,
Re = uL/ν, where L and u are the characteristic spatial and velocity scale of the system, while ν is the kinematic
viscosity. In addition, the magnetic Reynolds number Rm = µ0uL/η is also expected to be large. The value of the
magnetic Prandtl number, Pm = µ0ν/η, in the intergalactic space is not clear. Spitzer’s value taken at face value gives a
very large Pm number. However, in a high β (defined as the ratio of thermal to magnetic pressures) plasma, the particle
mean free path is likely determined by plasma micro instabilities [31, 32, 33] instead of Coulomb collisions, which
restricts Pm to values not vastly different from unity. In any case, the turbulent velocity field is to a good approximation
homogeneous, isotropic and non-helical [28, 29], so that the relevant magnetic field amplification mechanism is the
small scale or turbulent dynamo. According to the current standard picture, the amplification by the turbulent dynamo
can be summarised in three basic steps [34, 35, 36]. First, when the initial magnetic field is of vanishing strength,
magnetic energy grows exponentially, at a rate γ =

√
Re/30τL, where τL = L/uL is the eddy turnover time, i.e., the

ratio of the turbulent outer scale L to the turbulent velocity dispersion at that scale. This phase is however, short lived,
and terminates when the magnetic energy reaches approximate equipartition with the kinetic energy at the viscous
scale, i.e., at time ∼ τL/

√
Re. At this point the magnetic energy stops growing at and below the viscous scales where

magnetic tension has become sufficiently strong to prevent bending of magnetic field lines. Nevertheless, the magnetic
energy continues to grow, as the Alfvén scale LA, which marks equipartition between magnetic and kinetic energy,
becomes increasingly larger than the viscous scale. For Kolmogorov’s turbulence, LA ≡ v3

A/C
3/2εturb, with εturb the

turbulent dissipation rate and vA = B/
√
µ0ρ is the Alfvén speed and C a Kolmogorov’s constant. This second stage can

be described by the conversion of turbulent kinetic energy into magnetic energy at the rate corresponding to a fraction
of the turbulent dissipation rate. For a constant turbulent dissipation rate the growth of magnetic energy is no longer
exponential, but rather is linear. Numerical efforts have been made to estimate the efficiency of the turbulent dynamo
mechanism in converting kinetic to magnetic energy in astrophysical environments, assuming an extrapolation to the
huge Re of astrophysical flows, with some authors claiming universal values of 4-5% [37]. Finally, the amplification
saturates when magnetic energy reaches equipartition with the turbulent kinetic energy on scales of order . L, i.e., a
fraction of the turbulent outer scale.

Note that saturation is believed to be easily achieved whenever the dynamical timescale of the system is much
shorter than the age of the universe, like for example in the case of stars, compact objects, active nuclei or even the
interstellar medium. This is most likely not the case, however, in the intergalactic medium [38]. Hence the efficiency
of turbulent dynamo in converting kinetic to magnetic to energy plays an important role in this case. From the above
discussion it is instead clear that the strength of the initial seed is not particularly important. Seeds of different strength
only produce a logarithmic delay in the evolution of the magnetic energy. Therefore, of the several mechanisms that
have been proposed in the literature [see, 39, for a review] we select a few examples of particular importance in
astrophysics that have been reproduced in the laboratory. These include the Biermann’s battery process, Weibel’s
instability and the resistive mechanism induced by return currents.

The Biermann battery mechanism is of particular interest here because of the ubiquitous presence of shocks
in the large scale structure of the universe. These shocks appear as cosmic structures collapse under gravitational
instability. The resulting shocks have high Mach number and the inevitable geometrical asymmetries provide the
misalignment between pressure and density gradients [40], i.e. the baroclynic conditions that enable the Biermann
battery effect [41]. The interesting part is that this process inevitably precedes the formation of galaxies, so even in the
absence of a primordial field galaxies are born magnetised. In addition, despite its importance, the Biermann battery
effect has not been tested experimentally until very recently for baroclynic conditions generated by shock waves. The
Weibel instability can also be produced at shocks [42, 43], which makes it interesting for the same reasons as above.
However, despite its much stronger seed value, the magnetic field is generated on microscopic scales [44, 45, 46],
which is prone to fast resistive dissipation. Finally, the resistive current-driven mechanism of [47] is arguably the
only astrophysical process that produces sizeable magnetic seeds throughout intergalactic space. Unlike the case of
collapsed structures such as galaxies and galaxy clusters, dynamo action is most likely very inefficient in cosmic
voids where the flow is expanding and any turbulence would quickly dye out. Thus the value of the magnetic field
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observed in this environment reflects the value of the original seed and tell us about the generation process.1 The
current estimates accounting for variability of the astronomical (gamma-ray) sources suggest B ≈ 10−18 G, which is
consistent with analytic and numerical predictions for the resistive mechanism [47, 48]. The Biermann battery and
Weibel instability on the other hand, are unlikely to operate in the voids, but rather only inside collapsed structures
such as filaments and clusters. More exotic processes have been theorised in the early universe, however, a successful
theory would need to explain magnetic field in voids if they turned out much larger than mentioned above.

3. Mechanisms for the generation of seed fields

3.1. Generalized Ohm’s law and the Biermann Battery
Inspection of Faraday’s law, equation (1), generation of magnetic field in an unmagnetised plasma is produced

only if the electric field is not purely electrostatic, i.e. it cannot be described by a scalar potential φ alone, but must
include a vector potential A:

E = −∇φ +
∂A
∂t

(5)

Clearly only the second term contributes to Faraday’s law. If the magnetic field is initially zero, any source term must
clearly be independent of the field itself. To see which terms can make such a contribution to the electric field in
general, requires us to revisit the Ohm’s law. Starting from the equation of motion of the electron fluid, and neglecting
the inertial and gravitational terms due to the smallness of the electron mass, one obtains a modified Ohm’s law
reading

0 = −nee(E + ve × B) − ∇pe + Fe,i, → E = −u × B +
1

ene
J × B −

∇pe

ene
+ ηJ, (6)

where pe, ne, ve are the electron fluid pressure, density and velocity, e the elementary charge, J ≈ nee(u − ve) the total
current density with u the mass velocity, and Fe,i = eneηJ the collisional friction term responsible for the electric
resistivity [49]. Comparing to Eq. (2), we see that two additional terms contributing to the electric field arise, the J×B
term, known as the Hall term, and the ∇pe due to the electron fluid’s response to local pressure gradients. Comparing
the relative magnitudes of the first and second terms on the right hand side, we see that the Hall term can be safely
neglected on length scales L � (c/u)(ωce/ωpe)c/ωpe ∼ β

−1/2
e c/ωpe, where ωce, ωpe and βe are the electron cyclotron

frequency, plasma frequency and plasma beta respectively. This limit applies for mosts cases of interest in this review.
In any case, if the magnetic field is initially zero, this term makes no contribution to the generation of magnetic field.

We now turn our attention to the pressure gradient term. Again, if the medium is unmagnetised, and ignoring
collisions for now, Ohm’s law is simply

E = −
∇pe

ene
. (7)

Now, if the electron fluid is barotropic, i.e.. ne = ne(pe), it is straightforward to show that the electric field can be
expressed as the gradient of a scalar field, i.e. there exists a balance between an electrostatic field and the electron
pressure gradient, with no net flow of current, and consequently no source of magnetic field (∂A/∂t = 0). However,
this will not always be the case. In particular, if the density gradient is not aligned with the pressure gradient, it is
immediately apparent that the electric field will cease to be curl-free. Thus, on sufficiently short times, an electron
current can now flow in the plasma that will not be balanced by a corresponding motion of the ions (on account of
their larger inertia), which indeed results in the appearance of a time dependent magnetic field2

∂B
∂t

= ∇ ×

(
∇pe

ene

)
=
∇pe × ∇ne

en2
e

. (8)

Indeed it is this latter effect, the inertia of the ions, that is key to providing the energy source for the magnetic field in
this mechanism. Considering the source term for internal energy, −J ·E ≈ (u−ve) ·∇pe, it is evident that the magnetic

1Of course since the seed is generated at a cosmological redshift, z > 0, it would be diluted with respect to the original value by a factor (1 + z)2,
which is trivial to account for.

2Note, using pe = nekTe this reduces to the ∇n × ∇T form more familiar to laser plasma community [50].
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field extracts energy from the plasma simply due to the difference in the rates at which the electron pressure gradient
does work on the different species in the background plasma.

To complete our derivation of the Biermann battery equations, we re-introduce the magnetic field and collisions.
Considering a collisional plasma, it is reasonable to assume thermodynamic equilibrium such that the electron pres-
sure, in a charge neutral plasma with ne = Zni (where Z the ion charge and ni the ion density) can be re-expressed in
terms of the total pressure, pe = Zp/(1 + Z). Again taking constant and uniform resistivity, and using Ampére’s law
to remove the current, the induction equation now reads:

∂B
∂t

= ∇ × (u × B) +
η

µ0
∇2B +

mi

e(1 + Z)
∇p × ∇ρ

ρ2 , (9)

with mi the mass of the dominant ion species. This equation is the same as (4), but with an additional term, the
Biermann battery, that generates a magnetic field when pressure and density gradients are misaligned.

There are two scenarios where the Biermann battery is thought to play a crucial role in proto-galactic field genera-
tion. One associated with structure formation shocks [15] and the other with ionisation fronts produced during cosmic
reionization [51, 52]. It is possible to estimate the magnitude of the seed fields produced via the Biermann mechanism
in structure formation shocks if we exploit its parallel with the generation of vorticity, Ω = ∇ × u [41]. Taking the
curl of the Navier-Stokes equation produces an equation for the vorticity

∂Ω

∂t
= ∇ × (u ×Ω) + ν∇2Ω −

∇p × ∇ρ
ρ2 . (10)

that resembles very closely equation (9), provided we neglect the dissipation terms and we rescale the magnetic field
by a factor mi/e(1 + Z). Thus when vorticity is generated at cosmic shocks, magnetic field is also generated with
strength B = Ω(1 + Z)mi/e. From dimensional analysis we infer a vorticity of order the free fall rate, t f f ∼

√
Gρ.

Upon rescaling

B ≈
e(1 + Z)

mi

√
Gρ ≈ 10−21

( nIGM

10−4 cm−3

)− 1
2

G, (11)

with nIGM the pareticle density in the intergalactic medium. This crude estimate is consistent with results from nu-
merical simulations of structure formation [41].

The Biermann battery mechanism as a source of magnetic fields in the intergalactic medium was first proposed
in the context of ionization fronts produced during the epoch of cosmic reionization [53]. Compared to shocks, this
process produces larger and smaller seeds in high and low density regions respectively. In particular, a numerical
model measures a volume averaged seed field of strength a few ×10−22 G and a mass averaged seed of several ×10−19

G, with peak values about an order of magnitude higher than that in the most dense regions [54].

3.2. Resistive generation by cosmic-ray driven return currents
Magnetic field generation can also occur in the presence of energetic particle currents. In the context of the

intergalactic medium, large-scale magnetic fields can be generated due to a resistive instability excited by the return
currents generated when high energy protons (heretofore CR for cosmic-ray) escape from the first generation of
galaxies [47]. In this scenario the CRs are accelerated at supernova blast waves [55, 56, 57, 58] marking the death
of the massive OB stars which produced the high energy photons responsible for the re-ionization of the intergalactic
medium.

In the first galaxies, the magnetic fields were presumably much weaker than today3, such that the CRs, having a
long mean free path, would naturally escape the parent galaxy in large quantities [59]. The resulting energetic particle
flux propagating outwards into the IGM would be likely dominated by protons, electrons being typically fewer in
number, as implied by modern day measurements of CRs arriving at earth, but also on account of their susceptibility
to more severe energy losses [59]. Thus, the radial flux will carry a positive current Jc permeating the surrounding
IGM. However, to maintain quasi-neutrality, a return current Jr must be drawn in the background plasma. Since the
return current is carried by thermal electrons, which in the low temperature IGM plasma, will be subject to Coulomb

3or we wouldn’t be having this discussion
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collisions, an electric field must be established in the background plasma, in order for the electrons to overcome
the frictional drag of the heavy background ions. Returning to the generalised Ohm’s law, equation (6), we see that
the appropriate field is given by E = ηJr. This field opposes the propagation of the CR but is too weak to prevent
their escape. In order to satisfy Ampére’s law: µ0(Jc + Jr) = ∇ × B ≈ 0 , i.e. Jr ≈ −Jc. The plasma resistivity
in an unmagnetized medium is determined by its collisional rate which only depends on temperature, and can be
written as, η(T ) = η0T 3/2 [49], where η0 is a constant. Owing to the formation of structure in the universe, driven
by gravitational instability, considerable density and temperature inhomogeneities existed in the IGM long before the
onset of re-ionization. Thus the electric field is also inhomogeneous and in particular

∇ × E = ∇ × ηJr ≈ −
3
2
ηJc ×

∇T
T

(12)

where we have neglected the term ∝ ∇ × Jc (to lowest order, one would expect the CR current to be spherically
symmetric) and have used Spitzer’s expression for the resistivity. The important point is that, since the current is
unrelated to the IGM inhomogeneities, the curl of the electric field is non vanishing. The rotational component of
the electric field sustains Faraday’s induction and generates magnetic field. The process is most efficient when the
IGM temperature is low, which occurs before cosmic reionization. The analysis of Ref. [47] used the observed UV
luminosity function of high redshift galaxies to estimate the production rate of CR in those galaxies and the ensuing
return currents in the IGM, Jr. They also used simulations of structure formation to estimate the temperature gradient
scale-length, T/∇T , entering the curl of the electric field [48]. They found that magnetic field is robustly generated
throughout intergalactic space at rate of 10−17 − 10−16 Gauss/Gyr, until the temperature of the intergalactic medium is
raised to 104 K by cosmic re-ionization when the age of the universe is roughly t =1 Gyr.

3.3. Collisionless plasmas and Weibel instability

In many astrophysical environments the interstellar and intergalactic medium is swept with supersonic flows,
which drives hydrodynamic instabilities and shocks. While on the macroscopic scale these shocks behave like an
ordinary shock, at the microscopic level their structure is very different from terrestrial ones. As an example we
consider the outer shock seen in the Chandra x-ray observations of the supernova remnant SN 1006 [60] (see Fig. 1).
Since the inferred post-shock density and temperature are ni ∼ 1 cm−3 and Ti ∼ 15 keV, respectively, the Coulomb
mean free path is thus ∼13 pc. This length is of the order of the diameter of the remnant (∼10 pc) and much less than
the observed shock thickness ∼0.04 pc [61]. On Earth, the width of any shock is of the order of the collisional mean
free path, but, in the case of SN 1006 it is evident that Coulomb collisions cannot be responsible for the observed
width. Instead, nonlocal, non-binary, “anomalous” collisions between particles must be responsible for stopping the
incoming flow and cause irreversible dissipation and heating in the downstream plasma. These are believed to be long-
range collective interactions between particles and magnetic fields [62], and those mediate the formation of a so-called
collision-less shock. Compelling evidence of the existence of such shocks in laboratory laser-based experiments has
recently been provided [63].

Collision-less shocks thus require and, as direct consequence are sources of, electro-magnetic fields. For some
conditions, like SN 1006, a magnetic field is already present and magnetised shocks can be produced [64, e.g.]. But
we can not always expect a dynamically important magnetic field to be present. This is certainly the case of shocks
arising during structure formation, when the magnetic field was still tiny. Shock formation is still possible, and this
arises because, the initial ion distribution function of the interpenetrating flow is highly anisotropic: that is, consisting
of two streams of counter-propagating ions. This situation is susceptible to a number of kinetic instabilities. One
possibility is the formation of strongly fluctuating electric fields via the Buneman instability. The characteristic length
of this instability is [62, 61] `ES ∼ KλD, where λD the Debye length, and the numerical factor, K & 1, accounts for the
number of growth times required for the instability to develop. Essentially, this instability is determined by Langmuir
wave turbulence and it requires for the flow to have travelled several ion plasma wave oscillations. While this may
be the mechanism for the formation of a weak shock (with Mach number . 3.1), it is generally believed that in the
case of stronger shocks a more robust source of shock formation is the Weibel instability [42, 43]. What happens here
is that in presence of counter streaming ions, a non-zero perturbation of the magnetic field perpendicular to the flow
causes particles moving in one direction to concentrate at one point while the ones moving in the other direction to
diverge. This creates a current that reinforces the initial perturbation and the magnetic field can thus rapidly grow. It
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Figure 1: Composite image of SN 1006 in the 0.5–2.0 keV (red) and 2.0–10.0 keV (blue) energy bands. Adapted from Ref. [60].
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has been recently proposed [44, 45, 64] that generation of magnetic fields can occur at cosmic shocks via the Weibel
instability [42, 43]. Analytic estimates indicate that, for large Mach numbers, M � 3, the shock width is determined
by the ion skin depth, i.e.,

`EM ∼ K
c
ωpi
≈ 3K × 10−9

( nIGM

10−4 cm−3

)−1/2
pc, (13)

were ωpi is the ion plasma frequency. The numerical coefficient K ∼ 10-100 is determined by particle-in-cell (PIC)
simulations [45, 64]. On this scale, the magnetic field has reached saturation and it is near equipartition with the
incoming ram pressure of the flow. This gives,

BEM ∼ 10−8
(
ηB

10−3

)1/2
(

vs

107 cm/s

) ( nIGM

10−4 cm−3

)1/2
G, (14)

where vs is the shock speed, and ηB is an efficiency factor that is determined through numerical simulation [45, 46,
64]. Hence, while large magnetic fields can be produced by the Weibel instability, their scale is determined by the
electromagnetic ion skin depth, `EM , which is tiny on intergalactic scales, and thus their value is relevant only within
the shock transition layer, while dissipating shortly afterwards.

4. Similarity relations

The discussion here closely follows that of Ref. [11], but with some simplifications in order to keep the treatment as
straightforward as possible. The basic premise is that two systems, although vastly different in scale, can be accurately
described in a fluid framework. For this to be true, a fluid description must be applicable in both the laboratory system
and the astrophysical system. A number of assumptions must be made in this regard. Firstly, we must limit ourselves to
low-frequency phenomena, occurring at frequencies well below the ion-plasma frequency. We also require some level
of collisionality, such that the particle distributions can be treated as Maxwellian. While this is generally true in the
laboratory investigations we discuss in this review, where binary Coulomb collisions make a major contribution, it is
not necessarily true in astrophysical systems. However, as stated previously, where Coulomb collisions are insufficient
to maintain near Maxwellian distributions, collisions off small-scale electromagnetic fluctuations is understood to
provide a similar effect. In any case, assuming that two vastly disparate systems can indeed both be described within a
fluid framework, there is still no guarantee that a laboratory fluid should behave in the same manner as an astrophysical
fluid. The two systems will exhibit the same dynamics only under some specific conditions. In order to show how
a similarity relation can be constructed, here we consider a special case of magneto-hydrodynamics (MHD) with
negligible heat conduction, radiation diffusion or quantum effects. Inclusion of these effects is straightforward, but
at the expense of a more cumbersome mathematical treatment [65, 66, 67, 68, 69, 2, 70, 71, 11]. We will consider
further terms later on in this review. We assume the plasma is described by a single fluid, but with appropriate transport
coefficients that are derived from kinetic theory [72].

We start by writing down the full set of MHD equations in the limits discussed above. The equation for the
conservation of mass reads as

∂ρ

∂t
+ ∇ · ρu = 0, (15)

where ρ is the mass density, t the time and u the fluid velocity. The equation for conservation of momentum is

ρ

(
∂u
∂t

+ u · ∇u
)

= −∇p + ∇ · σν + FEM , (16)

where p is the fluid pressure, σν the stress tensor, and FEM electromagnetic volume forces. In the case of an in-
compressible fluid, we have σν = ρν

[
∇u + (∇u)T

]
, with ν the viscosity. The average Lorentz force on a given fluid

element is given by FEM = ρCE + J ×B, where ρC is the charge density, J the current density, E the electric field, and
B is the magnetic field.

In the absence of external heat sources, the equation for conservation of energy is

∂

∂t

(
ρε +

ρu2

2

)
+ ∇ ·

[
ρu

(
ε +

u2

2

)
+ pu

]
= ∇ · (σν · u) − J · E, (17)
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where ε is the specific internal energy. Note that we have ignored a number of additional effects here, such as thermal
diffusivity carried by either electrons or radiation.

Finally, our equations are completed with the equation for the evolution of the magnetic field, which, for now we
can take to be the same as equation (4):

∂B
∂t

= ∇ × (u × B) +
η

µ0
∇2B.

This completes the set MHD equations that, in principle, describe the plasma evolution equally well in the laboratory
as well as in a suitable astrophysical system.

In order to highlight relations between the MHD equations in two systems, we now rescale the variables in the
hydrodynamic equations by a corresponding characteristic value. This allows us to rewrite the MHD equations in an
invariant form, and all the details associated with the physical dimensions of the system are contained in characteristic
dimensionless numbers. We write the velocity, position, mass density, current density, and electric field as

u→ u0u∗, r→ `0r∗, ρ→ ρ0ρ
∗, J→ J0J∗, E→ E0E∗. (18)

where u0, `0, ρ0, J0, and E0 are the characteristic velocity, length, density, current density and electric field of the
system, respectively. From now on we will use the convention that starred quantities (i.e. u∗) are dimensionless,
while quantities with subscript 0 (i.e. u0) correspond to a characteristic value for that variable. We can also set

t → t0t∗, p→ p0 p∗, B→ B0B∗, ε → ε0ε
∗, ρC → ρC0ρ

∗
C . (19)

However, the choice of the values for t0, p0, B0, ε0, and ρC0 is not arbitrary, but determined by the requirement that the
ideal MHD equations (i.e. , without viscous and resistive dissipation) should remain scale invariant. It is thus possible
to show [11] that t0 ≡ `0/u0, p0 ≡ ρ0u2

0, ε0 ≡ u2
0, and B0 ≡ u0

√
µ0ρ0. In addition, from Ampére’s law and Ohm’s law,

we have E0 = u0B0 and J0 = B0/`0µ0 We see that the reference magnetic field has a value such that the fluid velocity
and the Alfvén velocity [73] are the same. Similarly, charge conservation implies ρC0 = J0/u0. These assumptions
also imply

∂

∂t
→

u0

`0

∂

∂t∗
, ∇ →

∇∗

`0
. (20)

Using the relations above, the MHD equations become [11]:

∂ρ∗

∂t∗
+ ∇∗ · ρ∗u∗ = 0, (21)

∂B∗

∂t∗
= ∇∗ × (u∗ × B∗) +

1
Rm
∇∗2B∗, (22)

ρ∗
(
∂u∗

∂t∗
+ u∗ · ∇∗u∗

)
= −∇∗p∗ +

1
Re
∇∗ ·

[
∇∗u∗ + (∇∗u∗)T

]
+ ρ∗CE∗ + J∗ × B∗, (23)

∂

∂t∗

(
ρ∗ε∗ +

ρ∗u∗2

2

)
+ ∇∗ ·

[
ρ∗u∗

(
ε∗ +

u2

2

)
+ p∗u∗

]
=

1
Re
∇∗ ·

[
∇∗u∗ + (∇∗u∗)T

]
· u∗ − J∗ · E∗. (24)

In these equations, we recognize familiar dimensionless numbers. The fluid Reynolds number, Re = u0`0/ν, represents
the ratio of inertial to viscous effects. Similarly, the magnetic Reynolds number Rm = µ0u0`0/η, gives the ratio
of inertial to resistive processes. Similarity between the laboratory and astrophysical object is achieved if these
dimensionless numbers are the same in both systems. However, exact similarity is rarely achievable, the Reynold’s
numbers in astrophysical systems, taken at face value, typically out of reach for laboratory plasma conditions. The
alternative viewpoint is that if Re and Rm are sufficiently large in both systems, each can be treated as infinite Reynolds
number plasmas, and again, similarity is achieved. One should however always take care when making such an
approximation. That either system behaves as an infinite Reynolds number fluid is not certain, and of course, in
turbulent systems, strong non-local, multi scale coupling is always a possibility. Nevertheless, provided due care is
taken, laboratory experiments may be representative of their astrophysical counterparts as long as ideal conditions are

9



achieved at some representative scale. To quantify this statement in a more formal way, we take `(1)
0 , u(1)

0 , ρ(1)
0 and

J(1)
0 as the characteristic values for the parameters in a given laboratory experiment. The corresponding values in the

astrophysical system are then simply found by the following linear scalings:

`(2)
0 = ga`

(1)
0 , u(2)

0 = gbu(1)
0 , ρ(2)

0 = gcρ
(1)
0 , J(2)

0 = gd J(1)
0 , (25)

where ga,b,c,d are scaling constants. From this set of parameters, we can scale all the other characteristic quantities as

t(2)
0 =

ga

gb
t(1)
0 , p(2)

0 = gcg2
b p(1)

0 , B(2)
0 = gb

√
gcB(1)

0 , ε(2)
0 = g2

bε
(1)
0 , ρ(2)

C0
=

gd

gb
ρ(1)

C0
. (26)

Thus, we have simple relationships that allow us to map the parameters in one system onto the other.
Finally following the same approach as above, the dimensionless form of the induction equation with the Biermann

battery source term (Eq. 9) is

∂B∗

∂t∗
= ∇∗ × (u∗ × B∗) +

1
Rm
∇∗2B∗ +

1
Bi
∇∗p∗ × ∇∗ρ∗

ρ∗2
, (27)

where we define Biermann number,

Bi =
e
√
µ0ρ0`0(1 + Z)

mi
= (1 + Z)

eB0

mi
t0. (28)

Clearly, from the last expression, we see that this term is negligible in a magnetised plasma, Bi ∼ ωgt0 � 1
(ωg = eB0/mi), but if the field is initially very weak, the Biermann term can completely dominate the magnetic
field evolution.

5. Numerical MHD and analogue experiments

The above equations of MHD contain within them, a countless number of physical processes with solutions
describing the motion of simple plasma waves, shocks, magnetic reconnection, turbulence, current sheets, dynamos,
etc. However, even in the ideal limit (η, ν → 0), the equations are strongly non-linear, and although some exact
solutions can be found, an approach to solving these equations analytically, at least in any systematic sense, is currently
unknown. Numerical approaches are thus desirable, although construction of accurate schemes that can handle any
and all possible situations is challenging. This is perhaps not surprising, as any numerical approach relies on the ability
to approximate a system with an infinite number of degrees of freedom using a discretised (finite) representation of
the dependent variables. From this perspective, the advantage of laboratory experiments is self-evident. In addition,
at large Reynolds numbers, Re � 1, which is the regime most applicable in both astrophysical and the laboratory
plasmas we discuss here, experiments have shown that the flow is unstable to even minute fluctuations. Turbulence
is the natural outcome, which involves multi-scale coupling from some outer scale to the dissipation scale. When we
take these points into consideration, the inherent difficulty in constructing a generalised numerical approach is clear.
Luckily, in most circumstances, it is possible to identify, and even quantify the limitation of a given approach, and
provided due care is taken, MHD simulations offer a powerful tool to study complex plasma behaviour in the fluid
limit. These days, numerical simulations are almost a necessity for the interpretation of experimental data, making
the two fields, numerical MHD and experiment, complimentary.

The study of numerical methods for MHD is an active research field in its own right, and an impressive number
of different techniques have been developed. Which approach is best suited to a given problem will depend on the
physical process under investigation. Grid based codes, where the dependent parameters are discretised on a spatial
grid, are certainly the most common (see Ref. [74] for a brief description of several different grid based codes, and a
comparison of the results for a given problem with matching initial conditions). Shock capturing schemes are easily
implemented in this framework, and are particularly attractive for most of the laboratory investigations discussed in
this review, since shocks are often produced in these experiments. These schemes are also the most commonly used
in astrophysical simulations, although MHD extensions of smoothed particle hydrodynamics (SPH) codes are also
frequently used in cosmological simulations. While these codes easily generate shock waves, that trivially satisfy
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the Rankine-Hugoniot relations, their ability to handle multi-scale coupling is less clear, and the role of numerical
viscosity and resistivity is an ever-present issue.

The maximum Reynolds number that can be achieved in numerical simulations demands some further discussion,
and distinguishing between physical and numerical effects is an important, but rarely discussed issue. Even in the
ideal MHD limit, numerical viscosity is unavoidable, since any numerical errors will generally act like a viscosity or
hyper-viscosity term. Generally speaking, for grid based codes, viscosity is favourable, as it damps unwanted grid
scale fluctuations. It is possible to place somewhat crude limits on the effective numerical Reynolds number in such
simulations. Since flow on the grid scale is inevitably laminar, one should expect to have Re = ū∆x/ν ∼ 1 at the grid
scale (∆x is the grid spacing, and ū the characteristic velocity at that scale), rescaling up to the simulation domain
L = N∆x, where N is the number of grid cells in a given dimension, we expect N < Re < N2, the upper limit
unlikely to be realised in practise. A similar argument holds for the magnetic Reynolds number, and in general, it is
thought that such simulations, in the absence of applied resistivity/viscosity, are limited to Prandtl numbers of order
unity. It is, in principle, a straightforward matter to include resistivity and viscosity in these simulations, however this
introduces additional problems, since it is important to resolve the resistive scale [75], which shrinks to minute scales
with decreasing viscosity, ` ∝ ν3/4. One must also ensure that the physical viscosity and resistivity dominate over their
numerical counterparts, which is not always trivial to quantify. Various sophisticated methods have been developed to
minimise the computational effort in reproducing large Reynolds numbers, while still resolving/capturing the scales
of interest. Adaptive Mesh Refinement (AMR) is now included in many MHD codes [76, 77, 78, 79]. The use of
high order schemes with hyper-viscosity/resistivity have also been used successfully in turbulence simulations [23].
Moreover, conceptually trivial processes such as the Biermann battery cannot always be easily implemented in fluid
codes [80]. Spectral codes are perhaps the best suited methods to study turbulence [81, 75], but are of limited use
when it comes to modelling laboratory shock experiments.

Ultimately, any numerical approach can only approximate the physical system, and relies heavily on the ingenuity
of the programmer. Experiments on the other hand make no approximation on the microphysics (Ohm’s law, scalar
viscosity/resistivity). Current laser plasma experiments have succeeded in producing ionised fluid flows with Reynolds
numbers Re > 104. While this still falls short of what is typically of interest in astrophysical scenarios, it is still better
than what can be realitistically achieved using computational resources available today. Producing Magnetic Reynolds
numbers in current experiments are unfortunately more modest, typically falling in the regime Rm & 1. However, the
fields are typically sufficiently weak that a hydrodynamics scaling is unaffected, while MHD scaling can be achieved
within a certain range [82, 11]. With academic access to large facilities such as OMEGA [83], NIF [84] and LMJ [85],
higher magnetic Reynolds numbers can be achieved, but balancing of other effects becomes increasingly important.
We will discuss this later.

6. Laser facilities for laboratory astrophysics

As stated above, numerical simulations offer a powerful aid for investigations of fundamental plasma physics,
but clearly comes into its own in its ability to model astrophysical systems. While astrophysical systems can not
be reproduced in the laboratory (a fact that is important to always bear in mind), it is possible to isolate and study
specific processes of astrophysical relevance. This represents a completely different approach, but is in many regards
complimentary to numerical and theoretical studies, since, once identified and understood, it removes any ambiguity
associated with numerical effects, etc. The resulting physics, subject to the above discussed constraints, can sub-
sequently be scaled to their astrophysical counterparts, providing tangible numbers that can quantify the relevant
parameters. If we want to reproduce in laboratory experiments conditions representative of the intergalactic medium,
we need to access facilities where strong shocks can be generated in an initially unmagnetized plasma. While high
power lasers are not the only type of facilities available for laboratory astrophysics experiments (see e.g , Ref. [3]),
they meet all the requirements needed to investigate the evolution of magnetic fields from tiny seeds to larger one via
amplification driven by shocks and turbulence.

The experiments discussed in this review have been carried out at different laser facilities across the globe. To
illustrate the way these lasers work, we consider as an example, what is currently the largest laser system in world: the
National Ignition Facility (NIF) laser, shown in Figure 2 [86]. As the name suggests, the main motivation behind the
development of this large laser facility is the challenge of achieving inertial confinement fusion [87], i.e., using several
laser beams to implode a deuterium-tritium capsule and initiate self-sustained fusion reactions [88]. These lasers start
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Figure 2: Schematic layout of the NIF laser and its main components. Adapted from Ref. [86].

very similar to any ordinary lasers, with a low energy beam, but with very high quality spatial and temporal profile.
Then as the beam propagates along the laser chain, it is progressively expanded and amplified in flashlamp-pumped
Nd-doped glass. Even so, the energy per unit area on the glass reaches values that are close to the damage threshold and
this significantly reduces the shot rate to only a few per day. All of these lasers operate at the fundamental frequency of
1054 nm, but prior to delivery they are often converted to double or triple the operating frequency with KDP crystals.
The NIF laser has 192 beams, and each one can be independently pointed, focussed and timed. The laser spot on
each beamline can be further controlled using a phase plate, diffractive plate that allows a pre-determined spatial
distribution of the laser energy over a spot diameter ranging from a few hundreds of microns to a few millimeters.
Since its commissioning a few years ago, experiments with the NIF laser have been largely dedicated to ignition
campaign experiments (see Ref. [89] for the latest results), and only very recently it has opened for discovery science
experiments. For this reason, the laboratory experiment discussed here have all employed smaller laser systems, but
in the next years further progress on NIF is expected to occur. We will discuss these points further at the end of this
review.

7. Scaled laboratory experiments

Here we discuss a laboratory experiment designed to verify the Biermann battery mechanism at shocks [90] and
its relation to protogalactic magnetic field generation. The experiment was conducted at the LULI 2000 laser facility
[91]. The details of the experimental setup are given in Fig. 3. Either one or two frequency-doubled (527 nm), 1.5
ns-long laser beams were focussed on the tip of a 500 µm diameter carbon rod. At focus, each laser beam had a 400
µm flat-top distribution achieving a peak intensity of 2×1014 W/cm2, delivering ∼350 J. The interaction chamber was
filled with helium gas at pressure p = 0.8 ± 0.3 mbar and p = 1.6 ± 0.3 mbar. As energy is impulsively deposited, the
sample is heated and initially undergoes a ballistic expansion until the shocked mass is roughly equal to the ejected
mass. The shock transitions to a Sedov-Taylor blast wave [92, 93].

The experiment was designed to monitor the properties of the plasma and the shock with a number of different
diagnostics. The shock wave evolution during times t . 200 ns (where t = 0 corresponds to the time of the laser
pulse) was monitored using transverse interferometry and Schlieren/shadowgraphy [94] with an optical probe (with
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Figure 3: Experimental setup showing the laser beams and diagnostics configuration. The insets show an example of a Schlieren on the left, and an
optical streak pyrometry (SOP) on the right. Adapted from Ref. [90].

532 nm wavelength and 6 ns gate width). The interferometer was of Mach-Zehnder type with ∼25 mm field of view.
Under the assumption of cylindrical symmetry (i.e., via an Abel inversion), the interferometry provides the electron
density, and the Schlieren image shows when the refractive index of the plasma changes rapidly, thus tracking the
position of the shock. Streaked self-emission optical pyrometry (SOP) in a narrow band at 450 ± 30 nm (Fig. 3) was
also used to track the evolution of the shock.

The experimentally measured shock position for t . 200 ns was compared with a numerical simulation for the
plasma evolution (Fig. 4). This was performed using HELIOS-CR [95], a hydrodynamic code which include laser
deposition, radiation transport and tabulated equation of state for non ideal plasmas. The computation was carried
in 1-dimension with spherical geometry. The laser energy deposition in the HELIOS-CR code was adjusted to have
the simulated shock position match the experimental values. Fig. 4 shows the agreement between the calculated
electron density profile for t . 200 ns and the electron density profile from the optical interferometry. Based on this
quantitative agreement the simulations were used to interpret the experimental results at later times, t ∼ 0.5-1.5 µs,
when the shock arrives at the position of the magnetic field probes (see next section) but the plasma density is below
the detection limit of the optical probe. Results from these simulations are shown in Fig. 5.

The scale invariance of the MHD equations can be exploited to draw an equivalence between the laboratory
experiment and the collapsed intergalactic medium. For the conditions of this experiment we have Re ≈ 1, 300,
Rm ≈ 3, and Bi ≈ 10 at a scale `0 ∼ 3 cm (set by the radius of the shock wave at the position of the magnetic field
measurements). Also, since the Biermann induced currents remains small throughout the experiment, we can neglect
both resistive and Hall diffusion compared to convective transport. Similar arguments can be made for thermal and
radiation transport. Thus, on scales larger than `0 the ideal MHD approximation is valid to describe the experiment
[90]. In the case of collapsing protogalactic structures, the dimensionless numbers are all very large [6, 90], hence
there is a direct similarity between the astrophysical and the laboratory systems under consideration.

8. Magnetic field measurements

Magnetic fields in the experiment are measured with induction coils [96], and they provide both the magnetic
field components along the shock normal (B||) and perpendicular to it (B⊥) at 2.8 cm and 3.6 cm from the carbon rod.
The probe design is based on the original work of Everson et al. [96] (see Fig. 6). The idea behind this diagnostics
is relatively simple: a time varying magnetic field induces an electromotive force on a small loop and the measured
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Figure 4: (a) HELIOS-CR simulations (done for p = 1 mbar with one beam laser driver) and experimentally determined shock position with both
interferometry and SOP. The inset shows an expanded view of the measured shock position. (b) Calculated electron density at t = 150 ns vs electron
density values extracted from interferometric measurements via Abel inversion. Adapted from Ref. [90].

Figure 5: HELIOS-CR calculated profiles for the flow velocity (vg), gas density (ng), electron density (ne) and electron temperature (Te) at t = 1
µs. Adapted from Ref. [90].
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Figure 6: (a) Schematic of the induction coils sensor. From Ref. [96]. (b) Typical frequency response of the probe. From Ref. [82].

voltage Vmeas is related to the magnetic field by [96]:

aNg
dB(t)

dt
=

(
1 + τs

d
dt

)
Vmeas(t), (29)

where a is the cross sectional area of the loop, N is the total number of windings, g is the gain associated to operational
amplifier used in the acquisition electronics, and τs accounts for the self-inductance and mutual-inductance in the
induction probe sensor. Eq. (29) can be directly integrated in order to obtain B(t) from the measured voltage waveform.
Alternatively, it is possible to take the discrete Fourier transform of (29), solve for B(ω) and then apply the inverse
discrete Fourier transform in order to retrieve the real-time dependence of the magnetic field. This latter method is
often more efficient in the presence of noisy data and when there is a slowly varying background field that persists for
times longer than measurement time period. The use of a windowing function to remove the offset at ω = 0 is thus
needed.

The induction coils are calibrated in a known magnetic field generated by a set of Helmholtz coils. This allows
to determine accurately the coefficients in (29). A vector network analyzer is used to drive the Helmholtz coils with
a voltage that is frequency swept from f = 9 kHz to f = 500 MHz. The measured signals in the induction coil
probe (Vmeas) and in the reference Helmoltz coil (Vre f ) are simultaneously recorded. It can be shown that the relation
between these two voltages is [96]

Vmeas(ω)
Vre f (ω)

= aNg
(

16
53/2

)
µ0

rRp

ω

1 + (τsω)2

[
ω(τs − τ) + i(ω2τsτ + 1)

]
, (30)

where ω = 2π f , Rp is the value of the resistor across which Vre f is measured, r is the Helmholtz coil radius, and τ is
the time delay due to the cable length difference between the probe and magnetic field generator circuit. Both a and
τs are determined from Eq. (30) by fitting the slopes of the imaginary and real components of Vmeas(ω)/Vre f (ω) for
frequencies between 0.1 to ∼1 MHz (see Fig. 6).

In the experiment of Fig. 3, each induction coil consists of 8 twisted pairs coils wound around the axis of a
∼ 3.1 × 3.1 mm2 plastic core. The voltage from the twisted pair loops is then differentially amplified in order to
remove any electric field components. The coils are protected from the surrounding plasma by a 1 mm thick glass
tube. The position of the induction coil with respect to the carbon rod is shown in Fig. 3. From the calibration and the
frequency response curve, the time resolution was shown to be better than 50 ns.

Fig. 7 shows magnetic field traces from the induction probe. At ∼3 cm from the carbon rod, peak B⊥ values
occurring at t ∼ 1-2 µs are in the range 10-30 G. The rise and gradual decay of B⊥ is consistent with the shock
front crossing the coil and the subsequent evolution of the shocked material. The position of the first peak in B⊥ is
in agreement with the shock arrival time estimates based on the HELIOS-CR simulations, consistent with the time
lags between different locations of the probe coils. Finally, shots taken with no ambient gas show no peak in B⊥ for
t ∼ 0.5-2 µs, which further supports the inference that the magnetic field arrives with the shocked plasma.
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Figure 7: Magnetic field measurements. (a) B⊥ (lines) and B|| (symbols) traces taken at p = 0.8 mbar. (b) Same as (b) but at r = 3.6 cm. Adapted
from Ref. [90].

9. Laboratory Experiments of Biermann’s Battery

The experimental data shown in Fig. 7 suggests that a magnetic field could be produced at the shock. In order
to assess the mechanism of magnetic field generation in these experiments it is necessary to consider a few different
possibilities. It is well known for example that return currents driven by hot electrons can play an important role
for field generation in laser produced plasmas [97] and in astrophysical contexts [98]. Given the laser intensity used
in the experiment (I = 2 × 1014 W/cm2) we expect the hot electrons to be distributed with temperature Thot ∼ 5
keV [99], but they would reach the coil position at t . 3 ns, much earlier than the measured peak in B⊥. It is also
known that laser irradiation of solid foils produces strong magnetic fields [50, 100], with values ∼1 MG. This field
develops near the critical density, ncr ∼ 4 × 1021 cm−3 for second harmonic illumination as in the experiments. The
critical surface roughly expands at the sound speed cs ∼ 2 × 107 cm/s, and the plasma maintains a temperature ∼1
keV [2, 101]. Since the temperature is high near the laser spot, the magnetic Reynolds number is also large and the
field is frozen-in the flow. It is thus advected and transported at the coil location. Assuming a Sedov expansion, in the
case of perfect flux freezing, conservation of the magnetic flux implies Blaser ∼ 106(nev2

s/ncrc2
s)2/3 ≈ 0.2 G, where ne

is the electron density at the coil position and vs the shock velocity there. This is likely un upper estimate, since the
frozen-in conditions are, strictly speaking, only applicable in the initial phase of the expansion, very near to the laser
focus. As the plasma cools, magnetic diffusion will start contributing, lowering even more the field values at the coil
position. Thus, given the values of the measured magnetic fields, this contribution can also be ignored.

More likely here is the possibility of a magnetic field generated through vorticity by Biermann’s battery [41]. We
have shown earlier that the Biermann battery field is given by

∂B
∂t

∣∣∣∣∣
BB
≈ −

mi

e
∇ ×

(
∇p
ρ

)
, (31)

where we have taken Z ∼ 1 (see Fig. 5). Neglecting electromagnetic and viscous forces, we have from the momentum
equation −∇p = ρ(∂u/∂t + u · ∇u), thus

∂B
∂t

∣∣∣∣∣
BB
≈

mi

e
∂Ω

∂t
, (32)

where Ω is the vorticity, previously introduced in the section 3.1. Hence, B = miΩ/e, and the magnetic field can
be simply estimated by evaluating the vorticity in the flow. The justification for this last statement, follows from
observation shown previously (see eqns 9 and 10) that the magnetic field and fluid vorticity satisfy virtually identical
equations [102], with the implication that if both start from the same initial conditions, their subsequent evolution
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Figure 8: (a) 2-dimensional plot of the perpendicular component of the magnetic field obtained from MHD simulations. (b) Plot of the magnetic
flux density at 2.7 cm from the center of the domain (x = 2.5 cm, y = 1 cm).

should match. In this picture, the vorticity can be evaluated analytically as [103, 104]

Ω ≈
(ξ − 1)2

ξ

∣∣∣∣∣∂vs

∂S

∣∣∣∣∣ , (33)

where ξ is the shock compression ratio and ∂vs/∂S is the tangential gradient of the shock velocity. We approximate
∂vs/∂S ∼ κvs/r, where κ ∼ 0.1-0.3 is estimated from the observed shock asymmetry in Fig. 3. Using the inferred
values from HELIOS-CR (see Fig. 5), with a density jump ξ ∼ 3 at r = 3 cm, we estimate B ≈ 10-30 G, in agreement
with the observed values. In addition, the vorticity generated field is perpendicular to the shock normal, consistent
with the experimental traces of Fig. 7 that show B⊥ � B||. We attribute shot-to-shot variations in the observed field
values (up to ∼50%) to the stochastic generation of vorticity and to variations in the radius of curvature of the shock
front (as large as ∼20% at early times, as shown in Fig. 7).

To corroborate this interpretation, numerical simulations have been carried in 2-dimensions by solving the resistive
MHD equations with a a baroclinic (i.e., Biermann battery) source term for the magnetic field. The ionization state
is computed self-consistently using Saha equilibrium [68]. The results are shown in Fig. 8 with the MHD scheme
implemented as described in Ref. [105]. Radiation transport, thermal conduction and laser coupling were not included
in the MHD code. The initial conditions were determined by the results from HELIOS-CR simulations. At t = 150
ns (i.e., the time when the shock has swept ∼1 cm from the initial carbon rod position), the system has uniform
density and temperature, except for a central region (r < 1 cm) where the temperature is, T (x, y) = T0 (1 + δ cos θ),
with T0 = 50 eV and δ = 0.9, and θ ∈ [0, 2π] the polar angle. Thus the scale coefficient κ ∼ 1/π. The numerical
grid consists of 2000×2000 cells with resolution ∆x = ∆y = 0.005 cm. The simulation results are shown in Fig. 8.
The asymmetric expansion due to the initial temperature anisotropy drives baroclinic generation of a magnetic field
comparable in strength to what is measured in the lab. Note that because of finite magnetic diffusion, the plasma is
magnetized ahead of the shock front.

Once that the magnetic field generation at shocks due to the Biermann battery mechanism has been established
in the experiment, the next step consist in applying the similarity relations and scale this results to the intergalactic
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Figure 9: Schematic of a laser-produced fast-electron beam transport ( j f ast) into a solid target and consequent formation of a return current ( jret)
and a global magnetic field. The interaction of the direct and return current leads to the formation of density and magnetic field filaments by the
Weibel instability. At the rear side, the electrons form a sheath and build up an electrostatic field Ez, which can lead to re-circulation of the fast
electrons and further enhancement of the process above. From Ref. [106].

medium. Following the discussion leading to equations (25) and (26), in the laboratory system we take the following
representative values: `(1)

0 = 3 cm, and u(1)
0 = 30 km/s. In the intergalactic medium, typical spatial and velocity scales

for accretion shocks are `(2)
0 = 1 Mpc, and u(2)

0 = 1, 400 km/s. This gives a scaling constant ga/gb = 2.2 × 1022

for time variables, and thus 1 µs in the laboratory translates to 0.7 Gyr in for accretion shocks. Since B = miΩ/e
and the vorticity scales as the inverse of time, then the laboratory results indicate that curved intergalactic shocks in
protogalactic structures, with changing curvature at the level of a few tens of a percent on scales ∼1 Mpc can generate
magnetic field with values ∼10−21 G. This confirms for the first time in a direct experimental setting, the numerical
estimates of Ref. [41].

10. Laboratory Experiments with resistive return currents

The generation of magnetic fields by resistive return currents is a process which is well know in laser-based
experiments. As a matter of fact, this is an example where the laboratory work has provided a significant input to the
understanding of astrophysical processes. The equations that describe the forward CR propagation in the intergalactic
medium, in a laser-produced plasmas, are replaced by those of energetic electrons that stream across a solid slab of
material illuminated, on one side, by a high intensity laser beam (Figure 9). Near the laser focus a density profile
is set up and the laser energy is mostly deposited near or below the critical density [2], i.e. the density at which
the laser frequency resonates with the plasma frequency ωpe. At low laser intensities (. 1014–1015 W/cm2) thermal
electrons are generated near near the critical surface via inverse Bremsstrahlung. This coincides with the conditions in
the experiments discussed previously. However, by operating the laser at much shorter pulse length, new regimes are
accessible where electrons near the laser focus are directly accelerated by the ponderomotive force. In the case of an
ideal plane wave geometry an electron, initially at rest, exposed to the electromagnetic field in the laser pulse, due to
the conservation of the perpendicular component of the canonical momentum in a linearly polarised electromagnetic
wave, at the end of the laser pulse its velocity returns to zero [109]. In a more realistic situation, the envelope of the
laser pulse is not uniform having, for example, a Gaussian spatial profile, and, as a consequence, the electron feels
a different electric field as it moves and thus subject to a net longitudinal force that pushes it towards the region of
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(c)

Figure 10: Left: Shadowgrams from laser experiment, showing clear evidence for collimation of fast electrons, for laser pulse duration and energy:
(a) 22 ps, 11.5 J (b) 207 ps, 20.2 J. The line in (a) gives a magnified trace of the rear surface of the region inaccessible to the probe. Adapted from
Ref. [107]. Right: (c) Output from hybrid simulations showing contours of magnetic field strength at 3 ps, using 1ps, 20 J laser at 1019 W /cm2.
Adapted from [108].

lower laser intensity. This is the so-called “ponderomotive” acceleration [2]. At laser intensities & 1018 W/cm2 the
ponderomotive acceleration of electron is quite significant [110], and the inferred temperature from particle-in-cell
simulations of the resulting fast electrons is [106]

kBTfast =


√

1 +
ILλ

2
L

1.37 × 1018 − 1

 mec2, (34)

where IL is the laser intensity in W/cm2, and λL the laser wavelength in µm. Hence, electron temperatures in excess of
MeV can be achieved, i.e. relativistic electrons. This is where we see the connection with cosmic ray streaming in the
IGM. The fast-electrons in the experiment are partially collimated in the forward direction by the laser electromagnetic
field, producing a current jfast in the target. The electrons in the over dense target will attempt to maintain charge
neutrality, setting up a compensating current, jret, equal in magnitude but opposite in direction

∇ × B = µ0( jfast + jret) ≈ 0

We see that this is analogous to the resistive mechanism suggested by [98] discussed in section 3.2, with the fast
electrons taking the role of CR particles. The electrons that constitute the return current are again highly collisional,
and a resistive electric field must exist to allow the electrons to overcome the frictional drag of the heavier joins in the
target. This has been shown to play an important role in inertial confinement fusion (ICF) or fast ignition experiments,
due to the resistively-generated magnetic fields causing self-focussing, cavitation or even shock wave formation in the
target [108, 97, 111]. As an aside, it is interesting to note that, if the background plasma carrying the return current is
highly magnetised ωgτ � 1, as might be the case for example in the interstellar medium, the return current results in a
very rapid magnetic field amplification process that is believed to be vital for acceleration of cosmic rays at supernova
shocks [112, 113, 114].

Using the same estimates as those given in Eq. (12), the inferred magnetic field in the experiments is of the order
of tens on MG or higher. This has been confirmed in numerical simulations [108, 97] as well as in experiments [107].
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Figure 10 shows comparison between experiments and numerical experiments, demonstrating the self generation of
magnetic fields, and focussing of electrons. These were obtained from a series of experiments at the Vulcan laser
at Rutherford Appleton Laboratory [115] by using a high intensity beam. Thanks to the method of chirped pulse
amplification (CPA) of optical laser light [116], nanosecond laser pulses can be compressed in time to sub-picosecond
durations, yet carrying hundreds of joules of laser energy. In a glass laser system as the one shown in Figure 2, the
maximum laser energy is limited by the damage threshold of the gain medium. The CPA technique circumvents this
problem by using a pair of gratings that introduce a temporal chirp, i.e., meaning that different wavelengths travel a
different distance between the gratings, and so the pulse is stretched in time. By reducing the thermal load on the
gain medium, the stretched laser pulse can be further amplified. Then, prior to delivery to the target, a second pair
of gratings is used to recompress back in time the amplified laser pulse. State-of-art laser systems can now achieve
focused intensities exceeding 1020 W/cm2.

11. Laboratory Experiments of Weibel’s Instability

While the Weibel instability is thought to play a role in many laboratory situations, there are now a number
of dedicated campaigns to explore specifically the role of Weibel instability in shock mediation. The experimental
approach, pioneered in the papers [117, 118], involve generating a fast interpenetrating plasma flow by irradiating two
oppositely facing foils with high-power lasers. Fig. 11 shows the results of a more recent experiment [119]. The two
counter-streaming plasma flows are obtained in this case by irradiating a pair of plastic (CH) targets, separated by 4.5
mm, with a 1.8 kJ, 2 ns laser pulse at a wavelength of 351 nm (the UV beams in Fig. 11). The electromagnetic fields
formed in the interaction region were probed using a proton radiography diagnostics [120, 121]. The high energy
protons were generated with a third, high-intensity laser pulse (1,053 nm, 800 J, 10 ps, referred to in the diagram as
the IR beam in Fig. 11) focused to 1018 W/cm2, irradiating a thin Cu disk 8 mm from the interaction region. This
creates a uniform and laminar point source of protons, with a distribution of energies of order 10 MeV via the target-
normal sheath acceleration mechanism [122, 123]. A stack of radiochromic film (RCF) 80 mm from the interaction
region was used to detect the protons with a geometrical magnification of 11. Fig. 11 also suggests the formation
of magnetic structures produced via the Weibel instability, with the size of the filaments on the order of the ion skin
depth. It remains unclear however, whether coherent magnetic structures on cosmological scales can emerge out of
the initial microscopic ones initialised on the ion skin depth, although collisions can play an important role. Perhaps,
as in the case for the Bierman produced seed fields, mixing and stretching of the small scale fields by turbulence in
the flow may assist. In this respect, the interacting plume experiments of Ref. [124] seems to suggest that large-scale
self-organized plasma structures can evolve in presence of a disturbed hydrodynamic flow, although the resulting
structures were coherent.

More recent work based on the same platform as the one of Fig. 11 [125] shows that the spacing of the Weibel fil-
aments increases with time (see Fig. 12), an indication that the magnetic field is growing and increasing the deflection
of the probe proton beam [125]. The larger magnetic field indicates the efficiency of the instability to convert kinetic
energy into magnetic energy. The magnetic energy associated with the instability is driven by the ion flows, and goes
mainly into the transverse component of the field. Numerical simulations using the code Osiris [126], see Figure
12, produce an initial linear amplification phase that saturates after 1–1.5 ns. After this time, the field amplitude and
filament size continue to increase but at a reduced rate reaching a plateau at about 1% conversion of the initial kinetic
energy of the ions into magnetic energy. In these experiments, however, the interpeneration of the two conterstreaming
flows occurred over a distance that was insufficient to reach a fully formed collisionless shock, thus limiting the upper
level of the flow magnetization [125]. On the other hand, the very fact that an increased magnetization of the flow
was observed is an important confirmation that the Weibel instability in an initially unmagnetized medium is capable
of generating the percent-level magnetization, as observed in Gamma Ray Bursts; collisions of relativistic flows are
likely to produce even stronger fields. This agrees with multiwavelength observations of afterglow emission of GRBs
suggesting sub-equipartition levels of magnetic field in the region behind the forward shock [127].

12. Magnetic field amplification by turbulence

Magnetic-dynamo studies in the laboratory have to date been carried out primarily using liquid-metal experiments
[128, 129] and only recently in plasmas [82] (see below), but in both cases the experiments have been performed in the
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Figure 11: (a) Schematic of the experiment aimed at measuring Weibel-produced filaments. (b) Proton images of the field filaments at the collision
point between the two plasmas. Adapted from Ref. [119].

Figure 12: (a) Temporal evolution of the plasma magnetization (B2/2µ0ρv2) as a function of time. Due to the presence of Biermann generated
magnetic fields near the laser spot, the perpendicular magnetization is ∼0.1% before the flows interact. After the collision oft he two flows, magnetic
energy associated with Weibel instability increases sharply, by a factor greater than 10 in several ns. The magnetization due to the ion Weibel
instability, growing at the theoretical linear growth rate is shown in the plot. This calculation shows that the Weibel-generated magnetization
becomes the dominant contribution to the overall magnetization of the system. (b) Measurement of the mean separation between filaments in
experimental proton radiographs (red) and synthetic proton images from 3D PIC simulations (blue). The filament spacing approximately doubles
over the 2 ns of observation. Adapted from Ref. [125].
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Figure 13: (a) Numerical simulations showing the growth of magnetic field as a function of Rm. (b) Calculated magnetic energy spectra. Adapted
from Ref. [130].

regime where Rm � Re, and magnetic diffusion dominates (i.e., Rm is much smaller compared to the astrophysical
case). In order to understand magnetic field amplification, let’s consider the induction equation and write B = B0 +δB,
where B0 is the small seed produced by the Biermann battery process. The linearized dimensionless induction equation
reads [130]

∂δB
∂t

+ u · ∇δB = δB · ∇u +
1

Rm
∇2δB + B0 · ∇u. (35)

If Rm is small, then the diffusion term dominates and

1
Rm
∇∗2δB ≈ −B0 · ∇u, (36)

or,
η∇2δB ≈ −B0 · ∇u, (37)

and thus |δB|2 ≈ Rm2|B0|
2. Taking the spatial Fourier transform of (37) we get ηk2δBk = i(k · B0)uk, which implies

M(k) =
B2

0

3η2

E(k)
k2 , (38)

where M(k) = |δBk|
2/3 is the one-dimensional spectrum of the magnetic field fluctuations, and E(k) = |uk|

2 the
kinetic energy spectrum. In the case of Kolmogorov turbulence, E(k) ∼ k−5/3, thus M(k) ∼ k−11/3 (the Golitsyn
spectrum), characteristic of magnetic fluctuations at low magnetic Reynolds number [131, 132]. With a small magnetic
Reynolds number, the amplification is due to the stochastic tangling of an imposed field, B0, by turbulent motions,
and the saturated level is set by balancing this effect with Ohmic diffusion. In this regime, the magnetic field grows
proportionally to the imposed (seed) field, as shown in Fig. 13. As Rm gets larger, the magnetic spectrum becomes
flatter (see Fig. 13) and total amplified field grows as RmaB0, with a < 1, as seen in MHD simulations [130]. It
remains unclear, for example, what ultimately sets the saturated levels of the magnetic field. If the magnetic Reynolds
number gets even larger, Eq. (37) ceases to be valid, and the fluctuation dynamo sets it. When Rm � 1, the leading
contribution in (35) gives |δBk|

2 ≈ |B0|
2, and thus M(k) ∼ B2

0k−1 [133]. The saturated state is determined by the
back reaction of the fluid, and the magnetic energy density reaches equipartition with the turbulent kinetic energy (see
Fig. 13). This is indeed what is needed to explain the large scale magnetization in galaxies and clusters of galaxies.

22



13. Turbulent plasma flow in the laboratory

The idea of testing magnetic field amplification in laboratory plasmas is thus compelling. The high Reynolds
number flows produced in the laser experiments described previously are expected to be naturally turbulent. This
opens up the possibility of exploring turbulent induction, or dynamo, in laser produced plasmas. In the context of
the Biermann battery generated fields at shocks, this can also be seen as an attempt to investigate the second stage
of galactic magnetic field generation [134]. Unfortunately, the magnetic Reynolds numbers currently achievable in
the laboratory are quite modest. In an effort to accelerate this process, [82] investigated the effect of passing a laser
produced shock through a grid, to enhance the vorticity, and this increase the rate of stretching of magnetic fields.
The experiment, shown in Fig. 14 uses the same platform described in Fig. 3 (thus having a shock and self-generated
magnetic fields), but then disrupting the shock curvature by interaction with strong density variations. This mimics
the process of astrophysical turbulence driven by shocks interacting with a clumpy interstellar medium. Alternatively,
one can see this as a mean-field dynamo experiment, where motivated by the measurements of large scale magnetic
field in the absence of a grid, introduction of a small scale fluctuating velocity field should increase the ratio of the
two terms in the induction equation, namely ∇ × (u × B) and η

µ0
∇2B.

In this experiment, the chamber is filled with argon gas at P = 1 ± 0.2 mbar. This has advantages compared to
helium as spectroscopic measurements of the plasma temperature become available. One the other hand, the heavier
ions make the flow slower. Three frequency doubled (527 nm wavelength) laser beams of the Vulcan laser facility
are focussed onto a 500 µm diameter carbon rod with a laser spot diameter of 300 µm. The total laser illumination is
300±30 J in a 1 ns pulse. The corresponding laser intensity is 4×1014 W/cm2. As done for the experiment on Biermann
battery discussed earlier, the shock wave evolution was monitored using transverse interferometry and Schlieren with
an optical probe (with 532 nm wavelength and 5 ns gate width). The interferometer was of Mach-Zehnder type with
∼50 mm field of view, and was used to provide the electron density. The horizontal mid-plane joining the carbon
rod position and the tip of the magnetic induction coils was also imaged onto a 50 µm slit of a visible spectrometer
coupled to a gated CCD camera (with 20 ns gate). This provided space and time dependent temperature information.

The interaction of a shock with large density perturbations is reproduced in the laboratory by passing a laser
produced shock in a plasma through a plastic mesh with ` = 1.1 mm grid cell size, and 0.4 mm thick wires (see
Fig. 14). The turbulent flow is clearly visible in Fig. 14. However, we should note that the Schlieren imaging technique
measures density gradients, thus turbulent flow, with less distinct gradients, exhibits a reduced contrast. Without the
presence of the grid the shock closely follows a Sedov-Taylor solution [93, 93] with Rs ∝ t2/5, as indicated in Fig. 15.
The estimated maximum error of ±2 mm in the experimental position is due to the uncertainty in the optical images
to define the exact location of the shock front. The inferred electron density at the shock front is ne ∼ 2 × 1017

cm−3. The measured spectral lines at 1 cm from the carbon rod position (averaged over 0.2 cm) are also shown in
Fig. 15. The ratio of the emission lines has been fitted with the collisional-radiative code PrismSPECT [135]. In this
density regime, the line ratios are weakly dependent on the electron density, thus providing a good measurement of the
electron temperature (Te). The error in the reported temperature values has been estimated from the small variations
in the calculated spectral line shapes with changes in Te of ±0.5 eV. Numerical simulations performed in 1d spherical
geometry with the collisional-radiative hydrodynamic code HELIOS-CR, reproduce well the shock position, peak
electron density and temperature values (see Fig. 15).

At the position of the grid (Rs0 = 1 cm), the flow velocity of the shock is measured to be 20 km/s (Mach number
∼9), although this increases upon interaction with the grid. The Reynolds number corresponding to this shock radius
is Re ∼ 5 × 104, (with ν ≈ 40 cm2/s) while the magnetic Reynolds number is Rm ∼ 3 − 6 (with η ≈ 4 × 105 cm2/s),
and the Biermann number is Bi ∼ 6. The shock is observed to arrive at the position of the grid at t ∼ 0.3 µs. With the
intention to describe the same astrophysical accretion shock structure as in the experiment of Fig. 3, i.e., `(2)

0 = 1 Mpc,
and u(2)

0 = 1, 400 km/s, in the present experiment we have `(1)
0 = 1 cm, and u(1)

0 = 20 km/s, thus ga/gb = 4.4 × 1022,
and 0.3 µs corresponds to 0.4 Gyr. Similarly, the same scaling relation implies that the density perturbation of ∼1.1
mm in the laboratory, corresponds to ∼110 kpc in the intracluster medium.

14. Measurements of turbulent induction

The main goal of the experiment of Fig. 14 was, of course, the measurement of magnetic fields. As before, these
measurements were performed with an induction coil, but consisting of 4 twisted pair coils wound around the axis of
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Figure 14: (a) Diagram of the experiment without the grid. (b) Same as (a) but in the presence of a plastic grid placed at 1 cm from the carbon rod
position. (c) Schlieren image at t = 300 ns after the laser shot and without the grid. (d) Same as (c) but with the grid. From Ref. [82].

Figure 15: (a) Measurement of the shock wave position vs time in the absence of a grid obtained from Schlieren data (red squares), 1d HELIOS-CR
simulations (contours) and 2d FLASH simulations (dashed green line). The inset shows the measured density profile obtained via interferometry
at t = 300 ns compared with simulation predictions. The estimated maximum error of ±2 mm in the experimental position is due to the uncertainty
in the optical images to define the exact location of the shock front. (b) Measured Te profiles at t = 300 ns without (black symbols) and with (red
symbols) a grid obstacle in the flow. The low value of Te near the target in the FLASH simulation is an artifact due to expansion of the cold carbon
material; we therefore omit this part in the graph. The inset shows the measured spectral lines at 1 cm from the carbon rod position. From Ref. [82].

24



Figure 16: (a) FLASH simulation of the shock propagation through a grid at t = 2.6 µs. The simulation was initialized with circular target (of
radius 250 µm) of carbon in the origin of a [0, 2 cm]× [−1, 3 cm] cylindrical (r− z) computational domain, which is filled with argon gas at 1 mbar.
The target is illuminated by a 300 J laser pulse for 1 ns, with a spot size of 300 µm. The inset shows the simulated magnetic field at the induction
probe location. (b) Same as (a) but with no grid. (c) The magnetic field measured at 3 cm from the carbon rod with components along the axis as
shown in Fig. 14 for the grid case. The inset shows the projection of the magnetic field onto the x-z plane at the time of its maximum intensity.
Each vector corresponds to different shots. Data obtained at a distance of 4 cm from the carbon rod are also shown in the inset. In the latter case,
the field magnitude is considerably reduced. (d) Same as (c) but without the grid. From Ref. [82].

a smaller, ∼ 1 × 1 mm2, plastic core. The coils were protected from the surrounding plasma by a boron-nitride tube,
instead of a glass tube as shown in Fig. 6. With this design a time resolution of 10 ns was achieved. Wind tunnel
experiments with a steady flow have shown that homogeneous turbulence is well developed at distances of 20 times
the grid cell size [136], and this motivates to take magnetic field measurements predominantly at a distance of 2 cm
(and 3 cm in some cases) downstream of the grid, which is where the induction probe was placed.

Magnetic field measurements with and without the grid are shown in Fig. 16, together with MHD simulations. The
simulations were performed using FLASH [78, 137], a finite-volume MHD, shock capturing code that has recently
been extended to model laboratory experiments. The simulations were performed in 2D cylindrical geometry. In
order to model the full range of physical processes involved in the experiments, the simulations included the unsplit
staggered mesh MHD solver [138], extended to three temperatures and cylindrical geometry, explicit Spitzer resis-
tivity, implicit thermal conduction and heat exchange, as well as multi-group radiation diffusion with multi-material
tabulated opacities and equations of state [139, 140].

In the case of a grid, the measured perpendicular component (B2
⊥ = B2

x + B2
z in Fig. 14) of the magnetic field

is 2–3 times larger than without it. The time evolution of the magnetic field at the position of the induction probe
is also well reproduced by the simulations. The calculated magnetic field traces at 2.8 cm from the grid position
along the symmetry axis, averaged over a 3 mm x 3 mm volume, are also shown in Fig. 16, both with and without
a grid. We notice that the measured signal starts earlier in the case with a grid than in the case without a grid.
This likely occurs for two reasons. First, the shock is accelerated as it passes through the grid. As shown in earlier
hydrodynamic simulations [50] and in FLASH simulations of the experiment, for large Re, the grid acts as a channel,
which accelerates the flow as it passes through the pores, after which the flow velocity decreases. This can be seen in
Fig. 14, where, with the grid, the turbulent flow seems to advance more rapidly towards the position of the magnetic
field diagnostics. From Schlieren imaging, for all experiments with the grid, the shock is observed to arrive at the
position of the probe at t & 1.5 µs. Second, the grid shadows the gas beyond it from the high-temperature radiation
emitted at early times. Thus, in the case with a grid a significant fraction of the gas beyond the grid is not heated by
the radiation produced as the laser hit the carbon target, and so has a higher diffusivity. This effect is visible in the
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Figure 17: Plot of the measured magnetic energy spectrum M(ω). From Ref. [82].

measured temperature profiles of Fig. 15.
Fig. 17 shows the plot of the measured magnetic energy spectrum M(ω) = |B(ω)|2, where B(ω) is the discrete

Fourier transform of the total magnetic field as a function of time, as measured by the induction probe. M(ω) is
obtained by averaging all the available laser shots with the induction coils placed at 3 cm from the carbon rod position.
The measured spectrum shows a power law ω−11/3. Since the mean flow velocity is larger than the (subsonic) velocity
fluctuations excited by the grid, then, according to Taylor’s hypothesis [141], the frequency of the fluctuations is
proportional to k, the wavenumber of the magnetic fluctuations. The magnetic energy spectrum thus exhibits the
Golitsyn (k−11/3) power law dependence [131], expected for small magnetic Reynolds numbers. The experiment show
that the downstream flow velocity is disturbed. The vorticity induced as the shock overtakes the grid acts as a seed for
turbulent generation of magnetic field on smaller scale. Beyond the grid, the vorticity is stretched in the direction of
the flow, so that the spatial scales of the largest eddies is Le ∼ 7 mm by the time the shock reaches the induction probe
(see Fig. 16). The flow velocity at the position of the grid is ve ∼7 km/s, with the inferred energy-containing scale
given by Le. This scale determines the energy injection into the turbulent cascade, as shown in Fig. 17. The resolution
limit on the high frequency side is instead determined by the coil size (`e ∼ 1 mm). FLASH simulations without a grid
show that the shock becomes unstable when it is overtaken by the compositional discontinuity between the vaporized
carbon target material and the gas, generating vorticity, and therefore magnetic fields, at spatial scales .3 mm. This
is the origin of the k-spectrum of the magnetic field without a grid. Simulations with a grid present show that the size
of the largest eddies is ∼2 times larger, the flow velocity is ∼50% larger, and thus the magnetic Reynolds number is
∼3 times larger. This is consistent with the higher magnetic field seen in the experimental data. This thus supports
the mechanism of field amplification by turbulent induction: the amplified field is proportional to Rm, and it remains
dynamically unimportant since the Alfvén speed (vA ∼ 400–1, 400 cm/s) is smaller than the flow velocity.

FLASH simulations are also used to confirm that the observed magnetic fields are the results of amplified Bier-
mann battery seeds produced near the the grid by the shock wave, and not due to the diffusion of large magnetic fields
generated as the laser hits the carbon target. Indeed, at the laser spot, due to small spot size and the large amount
of deposited energy, large temperature and density gradients are established and those can drive Biermann battery to
generate megagauss magnetic fields [50]. These are seen in the FLASH simulations as well, and so it is important to
separate them from the smaller fields produced by the Biermann process at the shock. Fig. 18 shows FLASH simula-
tions with the Biermann battery term turned on only during the first 30 ns and switched off afterwards. Comparison
with a simulation which had baroclinic generation present throughout the simulation thus indicates the magnetic field
is indeed enhanced as the shock passes through the grid, mainly due to the induced turbulence.
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Figure 18: (a) FLASH simulations of the shock propagation with the Biermann battery (BB) term included. (b) Same as (a) but with the Biermann
battery term omitted except for the first 30 ns. From Ref. [82].

15. Magnetic field growth rate

The results presented in the previous section, with the magnetic field spectrum exhibiting the Golitsyn power law,
suggests Kolmogorov turbulence. In the regime where Re � Rm (as in the experiments discussed here), velocity
fluctuations on a scale ` are thus u` ∼ (ε`)1/3, where ε is the power injected into the turbulence, which, in Kolmogorov
turbulence, is assumed constant in the inertial range. The rate of stretching of the magnetic field at the scale ` is
u`/` ∼ ε1/3`−2/3. The resistive scale, i.e., the scale at which resistive diffusion become important, can be determined
by equating the stretching rate with the diffusion rate, η/`2. This gives [130]

`η ∼

(
η3

`

)1/4

∼
Le

Rm3/4 , (39)

where Le is the energy containing (outer) scale and Rm has been evaluated at the outer scale. The growth rate of the
magnetic field is thus

γ ∼
u`η
`η
∼

(
ε

η

)1/2

∼
ue

Le
Rm1/2, (40)

where ue is the fluid velocity at the outer scale. Because of the dependence with Rm, in the case of large magnetic
Reynolds numbers this dynamo is faster than any other dynamo associated with the outer scale motions (which would
growth at rate ∼ue/Le).

In oder to estimate the grow rate in the experiment, let’s consider the magnetic field measured at two different
points in space. Let B1(t) = (B2

x1 + B2
y1 + B2

z1)1/2 be the field measured at 3 cm, and B2(t) = (B2
x2 + B2

y2 + B2
z2)1/2 the

field at 4 cm from the carbon rod position. We define the cross correlation function between these two points as:

CBB(t) =
1

T2 − T1

∫ T2

T1

B1(s)B2(t + s)ds, (41)
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Figure 19: Plots of the normalized two-point cross correlation function, C̃BB(t), of the measured magnetic field at 2 cm and 3 cm from the grid
position. From Ref. [82].

where T1 and T2 are the initial and final sampling times, respectively. In our case T1 = 2 µs and T2 = 7 µs. We rewrite
the induction equation (4) as

dB
dt

=
∂B
∂t

+ u · ∇B = B · ∇u + η∇2B, (42)

where we have assumed an incompressible fluid. The first term on the right side of (42) describes the growth of mag-
netic field due to stretching and twisting of the field lines, and this operates, on a spatial scale `, with a characteristic
rate γ ∼ u`/`. The second term in (42) represents the resistive dissipation, with a characteristic decay rate given by
η/`2. Eq. (42) can be rewritten in scalar form as

dB
dt
∼

(
γ −

η

`2

)
B = γ̃B, (43)

where γ̃ is an effective growth (or decay) rate. We take γ̃ to be independent of time, which essentially limits our
analysis to times before saturation has been reached. We have B2(t + u) = B2(u) exp(γ̃t), and

C̃BB(t) =

[
CBB(t)
CBB(0)

]
= exp(γ̃t). (44)

The increase of the normalized correlation functions is then a measure of the effective growth rate. This function is
plotted in Fig. 19. Thus the slope of the normalized two-point cross correlation function for times . 2 µs gives an
amplification rate γ̃ = 4 × 105 s−1. Since the separation between the two points where the magnetic field is measured
is comparable to the outer scale, estimating ` ∼ Le, we have η/`2 ≈ 8 × 105 s−1 and thus γ ∼ 1.2 × 106 s−1. This
timescale gives a good order-of-magnitude estimate of the effective stretching rate of the chaotic flow behind the grid
as predicted by Eq. (40). From our scaling relations, this laboratory stretching rate corresponds to a growth rate of
0.9 Gyr−1 in the intracluster plasma. On the other hand, this rate only represents the minimal rate of magnetic field
amplification one should expect in an astrophysical plasma, where resistivity is low and Rm is large. At smaller
scales in our experiment, where resistivity dominates, there are still sustained magnetic fluctuations (see Fig. 17). The
timescale for the resistivity-chaotic-tangling balance to be established at those scales is η/`2

e , where `e is of order 1
mm (which is the induction coil size, therefore the measurement resolution limit). The fact that the Golitsyn spectrum
extends at least to these scales is an indirect confirmation that turbulence is established [130], with inertial-range
motions tangling the magnetic field much faster than the motions at the energy-conserving scale (Le). At scales of
order `e, the corresponding timescale is .25 ns in the laboratory, translating to .0.03 Gyr in the intracluster medium
over distances ∼1 Mpc.
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Figure 20: (a) Enlarged Schlieren image of jet collision at t=1.5 µs (see Ref. [142]). (b) Calculated power spectrum from experimental data (solid
line). Black and green symbols correspond to the inferred density spectrum in the Coma cluster obtained from CHANDRA and XMM satellite
observations, respectively [27]. The power spectrum is arbitrarily normalized such that P(k) ≈ 1 at the largest scale. Adapted from Ref. [142].

16. Characterization of turbulence in the intergalactic medium and in the laboratory experiments

During hierarchical structure formation, clusters form from accretion of filaments, galaxies, galaxy groups, and
cluster mergers. These events lead to complex flows and the turbulent pressure is expected to be a few percent of
the thermal pressure. In clusters of galaxies, turbulent velocities are inferred from the density perturbations, which,
in turn, are obtained using the measured X-ray radiation intensities [26, 27, 143]. However, the relation between
density and velocity perturbations is not entirely clear. If pressure fluctuations are the source of density perturbations
and the velocity spectrum is Kolmogorov, then we would expect for the density fluctuations to exhibit a k−7/3 power
law [26]. To see this, we first notice that for an inviscid fluid (neglecting heat conduction and radiation transport)
dp/p = γadρ/ρ, where γa is the specific heat ratio. Hence pressure and density fluctuations are proportional. Also,
in the Kolmogorov approximation u` ∼ (ε`)1/3, then the kinetic energy of a fluid element at the scale ` goes as
E(`) ∼ u2

` = ε2/3`2/3. The kinetic energy spectrum is thus

E(k) ≡ |uk|
2 =

∫
E(`)e−ik`d` ∼ E(`)` ∼ ε2/3k−5/3, (45)

where k ∼ 1/`. In the spirit of the Boussinesq approximation, since the buoyancy term dominates over the flow
gradient term (i.e., the Richardson number is large), then density variations can be neglected in the fluid equations
except those due to the gravity. Hence, assuming pressure is dominated by the ram term (i.e., the turbulence is
supersonic), its fluctuations on a scale ` are p` ∼ ρu2

` , where ρ is the average density in the fluid. The corresponding
spectrum is thus EP(k) ∼ p2

`` ∼ ε
4/3`7/3 ∼ ε4/3k−7/3, as we indicated above.

Conversely, if the turbulence in clusters is mainly sub-sonic at small scales (and near sonic at large scales), so
density fluctuations (injected at large scales) behave like a passive scalar. This means that sounds waves are the source
of density variations, thus dρ/ρ ∼ u/cs, where cs is the sound speed. Therefore the density and velocity spectra are
expected to be the same [144]. The situation may be more complicated when the magnetic field becomes dynamically
important, as it must, due to dynamo at large Rm. These considerations are part of a larger, fundamental question
of how the energy injected at large scales into a compressible plasma is partitioned, in a turbulent cascade, between
small-scale motions, magnetic and compressive fluctuations.

Results from a recent laboratory experiment aimed at the characterization of turbulent flows are shown in Figure
20. These are based on the same platform discussed above, with the difference that the turbulent flow results from the
collision of two plasma jets. This is reminiscent of cluster merger events with the attempt to produce a laboratory-scale
replica of a turbulent intracluster plasma, although obviously the plasma is not confined in a dark matter potential well,
as it is in clusters. In the intracluster medium, large-scale turbulent motions are influenced by density stratification and
gravity; however, at smaller spatial scales the time periods for buoyancy-driven motions are much longer than those
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of the turbulent motions. Therefore the fluctuations at these scales are universal, and thus similar to the turbulence
we can create in our laboratory experiments. The scale invariance of hydrodynamic equations [6, 11] implies, if we
assume that a distance of 1 cm in the laboratory corresponds to 100 kpc in the astrophysical case, that 1 µs becomes
0.5 Gyr and a density of 4 × 1017 cm−3 is equivalent to 0.01 cm−3 in the galaxy cluster.

The experiment was conducted using the Vulcan laser of the Central Laser Facility at the Rutherford Appleton
Laboratory. Multiple laser beams (with ∼240 J total energy and ∼1 ns pulse duration) were focussed onto a carbon foil
in order to launch a plasma jet into an ambient argon gas-filled chamber (at a pressure of 1 mbar). A full description
of the experimental set-up is given by [142]. Ablation of target material by the laser drives a shock into the carbon
foil, which then produces a collimated jet from the back surface of the target (i.e., the side opposite to that illuminated
by the laser). The target material ablated by the laser is slowed by the ambient medium, creating a wrap-around
shock. Schlieren measurements were taken to characterize the outflows at various times. The fastest moving material
occurs on axis with v0 ∼ 25 km/s (v0/cs ∼ 4, where cs is the sound speed) at 3 cm from the target, while material
on the edges of the jet moves more slowly as a result of Kelvin-Helmholtz shearing instabilities. Experiments were
performed using two sets of laser beams, each set illuminating a carbon foil, producing two jets that collide. The
collision drives strong turbulence in a region that grows from a size L ∼ 1 cm at t = 0.8 µs to ∼ 2 cm at t > 1.5 µs, at
which time the turbulence reaches a more relaxed state.

The measurement of the density-fluctuation spectra were performed from a Schlieren image of the turbulent region
in at the collision between the two jets (see Fig. 20). In Schlieren imaging, the measured signal intensity is proportional
to

∫
(∂ne/∂y + ∂ne/∂z)dx, where ne is the electron density, x,y are the image-plane spatial co-ordinates and z the depth

[94]. Therefore, under the assumption that turbulence is statistically homogeneous across the jet interaction region,
the discrete Fourier transform of the central region of the jet collision directly gives the power spectrum of the density
fluctuations. The result is shown in Fig. 20, using the wavelet method discussed in Ref. [27], which was used for
the analysis of X-ray maps of the Coma cluster. The spectrum is consistent with either a k−5/3 or a k−7/3 power law,
similar to what was obtained in galaxy clusters [26, 27]. These experiments do indeed produce a turbulent plasma,
somewhat similar to galaxy clusters.

Taking the measured values of jet velocity, density, and temperature in the collision region, the Reynolds number
calculated with respect to the scale L is Re = v0L/ν ∼ 3 × 106. On the other hand the magnetic Reynolds number
is Rm = v0L/η ∼ 10, so the resistive scale lies well above the viscous scale, and close to the system scale, L. Since
Rm is not very large in the experiment, the full magneto-hydrodynamic (MHD) scaling between the cluster and the
laboratory is only marginally valid [11]. At such Rm, turbulent dynamo, believed to be the mechanism whereby
strong fields are generated in galaxy clusters [145, 146], does not operate (see below), but the magnetic fields can
be amplified via stochastic tangling of an imposed field by turbulent motions – the turbulent induction mechanisms
discussed previously.

17. The dynamo equation

The discussion so far was that, with sufficiently large magnetic Reynolds numbers, the magnetic field dynamics in
the laboratory and astrophysical systems are equivalent. Consequently, the measured magnetic field in the laboratory
can be rescaled to make predictions of the value expected in a galaxy cluster which can be compared with observations.
In the previous section, however, we have pointed out that the growth rate of the magnetic field at the resistive scale
goes as γ ∼ ueRm1/2/Le, Eq. (40). This would give rise, in general, of an unequal evolution of the magnetic field in the
laboratory and galaxy cluster systems because of the enormous difference in the actual values of Rm, even if large in
both cases. The difference is clearly related to the non-linear, multi-scale nature of MHD turbulence, and the dynamo
process. In the presence of a turbulent fluid, we can think of the magnetic field as given by the sum of two independent
terms: one is the mean (smooth and coherent) part and the other one is a random, rapidly fluctuating term. Similarly,
the velocity can also be split into a smooth and turbulent term. We write:

B→ B + δB, (46)

u→ u + δu, (47)

where we assume that δB and δu average to zero over a time much longer than τc (the de-correlation time). That is,
〈B + δB〉 = B and 〈u + δu〉 = u. Substituting the above into the induction equation (4) and taking a time average, we
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obtain
∂B
∂t

= ∇ × (u × B) + ∇ × 〈δu × δB〉 + η∇2B. (48)

The main difference between this equation and the induction equation is that now B and u represent mean field values.
We also see the appearance of a mean electromotive force associated with the fluctuating components 〈δu × δB〉.
The corresponding term in the induction equation is of central importance[15]. In practice, this is the equation we
need to use when comparing with experimental data and observations, since it is the mean field that is measured, as
the magnetic field which is measured by the induction probes is averaged over a finite volume (i.e., the size of the
probe). The ergodic hypothesis ensures that time averages are roughly equivalent to spatial averages. The fluctuating
electromotive term should in principle be solved self-consistently and re-expressed in terms of the mean components
B and u, such that equation 48 can be integrated. Adopting the same approximation given in [15]

〈δu × δB〉 = αB − β∇ × B, (49)

where
α = −

τc

3
〈(u + δu) · ∇ × (u + δu)〉 ≈ −

τc

3
u · ∇ × u, (50)

β =
τc

2
〈(u + δu)2〉 ≈

τc

3
u2. (51)

we see we have the desired result. Here, the parameter α is related to the degree of vortex lines linkage (the helicity).
For an ideal fluid (i.e., large Re) the helicity is a conserved quantity. In galaxy clusters and in the experiment discussed
here turbulence is created without any injection of helicity, hence the system evolves keeping α ∼ 0. This, together
with the assumption that the mean field obeys ∇ · B = 0, implies the following equation for the mean field

∂B
∂t

= ∇ × (u × B) + (β + η)∇2B, (52)

thus β essentially behaves as turbulent resistivity, effectively increasing or decreasing electrical currents in a non-
trivial manner. Indeed experiment in liquid metals have shown that β can take both positive and negative values at
different scales [147]. In order to get a better understanding of the induction equation and its relevance in the context
of previous (and future) laser-based plasma experiments, let’s consider its dimensionless form, obtained following the
same procedure as discussed in Section 4. We have

∂B∗

∂t∗
= ∇∗ × (u∗ × B∗) +

1
Dy
∇2∗B∗ +

1
Rm
∇2∗B∗, (53)

where the a new non-dimensional number has appeared:

Dy =
u0`0

β
, (54)

with `0 and u0 the characteristic spatial and velocity scales. Taking those scales to be the ones associated to the
outer motions, and, for typical experimental conditions where Re � Rm, the de-correlation time corresponds to the
eddy-turnover time on the scale set by the probe size. Since this scale is close to the dissipation scale, τc ∼ 1/γ =

`0 Rm−1/2/u0. Also, we can approximate the turbulent resistivity as [15] β = τcu2
0/3, thus Dy ∼ 3 Rm−1/2 and the

dimensionless mean field dynamo equation equation reads as

∂B∗

∂t∗
= ∇∗ × (u∗ × B∗) +

3
Rm1/2∇

2∗B∗ +
1

Rm
∇2∗B∗. (55)

This result is very instructive. The growth of the magnetic field is driven by the induction term ∇∗ × (u∗ × B∗). For
dynamo to be operative, we want this term to be much larger than the diffusion ones, say at least ten times larger.
While a magnetic Reynolds number Rm ∼ 10 is sufficient to make the regular resistive term negligible, turbulent
diffusion still remains substantial, due to the much weaker dependence with Rm. This implies that Rm must be at least
a few hundreds in order for 3/Rm1/2 to be small enough. Indeed, numerical simulations indicate that the critical Rm
for the onset of dynamo is near or above 100 [130].
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18. Further applications - particle acceleration

The main focus of this review has been to summarise experimental efforts to study magnetogenisis and field
amplification in laboratory plasmas, and their relevance to field generation in the Universe. It is clear that shocks play
a major role in this study. Astrophysical shocks are typically associated with significant plasma heating, as well as
non-thermal particle acceleration. This is found to hold at almost all scales measured, from coronal mass ejection
(CME) shocks propagating in the stellar wind [148], to radio relics [149], produced in the merger of galaxies. The
theory of diffusive shock acceleration [58, 55, 57, 56], sometimes called first-order Fermi acceleration 4 has proved
to be remarkably successful in accounting for observation of non-thermal particle signatures at shocks. It is also
argued that this process, occurring at supernova remnant shocks, is the primary source of cosmic rays in our Galaxy
[151, 152, 153]. The origin of cosmic rays is now a century old problem. Originally discover in 1912 in a series of
balloon experiments [154], today, through a combination of balloon, satellite and ground based experiments, we have
a wealth of data, providing us with detailed measurements of both the spectral energy distribution and composition
of cosmic rays. Recent gamma-ray measurements from the Fermi satellite have also revealed the presence of the
long-sought after pion-decay signature, resulting from the decay of π0 mesons produced in the collisions between
accelerated and thermal protons [155]. Hence the evidence is mounting that supernovae are indeed the sources of
Galactic cosmic rays.

However, the theory is not complete. The two major obstacles are the injection mechanism; how particles are
lifted from the thermal pool into the diffusive process; and the maximum energy. While numerical simulations are
advancing our understanding of these processes [156, 157, 158], combining the two is extremely difficult, since a fully
self-consistent model would need to accurately simulate the physics from scales relevant to the thermal particles, up
the maybe PeV energies. This is currently intractable, for numerous reasons.

The question arises, as to where laser produced shock experiments can provide input into this field. While ki-
netic simulations of astrophysical shocks seem to imply that particle acceleration of some description, is a natural
outcome of collisionless shock formation, recent work has demonstrated that provided the shock heated electrons are
sufficiently magnetised, i.e. ωgτ > 1, super-thermal particles can still participate in the diffusive shock acceleration
mechanism [159]. The primary experimental difficulty for diffusive shock acceleration measurements in the labo-
ratory, concerns distinguishing accelerated particles from shock heated particles. Clearly the larger the separation
between these two populations the better. Generally speaking, an upper limit to the maximum energy that a particle
can accelerated to in any system, is given by the so-called Hillas criterion, which for a non-relativistic particle reads

εmax < Ze
∫

E · dr < 5Z
( u
106 ms−1

) ( B
1 T

) ( R
1 cm

)
keV , (56)

where Z is the charge, R the system size and u the characteristic velocity of scatterers, here corresponding to the shock
velocity. We have also assumed the electric field is well approximated by E = −u × B. Comparing this with the
standard Rankine-Hugoniot conditions for a strong (sonic Mach number M � 1) hydrodynamic shock in gas with
adiabatic index γ = 5/3,

kBTi =
3

16
miu2

sh = 2µi

( u
106 ms−1

)2
keV , (57)

where µi = mi/mp, with mp the proton mass. Electron heating will depend on both the nature of the shock, but is
typically larger than (me/mi)Ti and smaller than Ti. Results from collisionless shock simulations suggest Te ∼ 0.1Ti,
which is reasonably well supported by in situ measurements of interplanetary shocks, and supernova observations
[160], with a general trend of decreasing temperature ration with increasing Alfvénic Mach number.

The shock velocity used in these calculations is clearly larger than that measured in the experiments discussed
in sections 9 and 13. However, those shocks were highly collisional, to the extent that electrons were completely
unmagnetised. As we will demonstrate, the laser energy of at least a kiloJoule is required to carry out the investigations
we envisage. Nevertheless, we could consider a similar experimental set-up, whereby a central target is irradiated,

4As opposed to the original acceleration mechanism proposed by Fermi [150] where particles were elastically scattered off random distribution
of slowly moving clouds. The average fractional energy change per collision in this case is ∆E/E ∝< u2 > /v2, where < u2 > is the mean square
of the cloud velocities, and v the speed of the accelerating particle. Modern theories have replaced the clouds by MHD waves, and typically refer
to any mechanism of this type as second order Fermi acceleration.
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launching a spherical shock through a gas filled chamber. Assuming a efficiency factor η = 0.01 for conversion of
laser energy into the blast wave, the Sedov-Taylor blast wave solution is

ush ≈ 106µ−1/2
i

(
η

0.01

)1/2 ( E
1 kJ

)1/2 ( next

1016 cm−3

)−1/2 ( R
1 cm

)−3/2

m s−1 (58)

where next is the number density of ambient gas in the chamber and µi its mean atomic mass. Thus, our fiducial shock
velocity is not unreasonable, and comparing Equations (56) and (57) it is immediately apparent that distinguishing
thermal and non-thermal ions presents a serious challenge. Hence we focus on the possibility of detecting non-thermal
electrons.

As already stated, diffusive shock acceleration requires the background electrons to be magnetised. From the
electron Coulomb scattering time τe [49], we find

ωgτe ≈ 0.6
( B
1 T

) ( n
1016 cm−3

)−1 (
εe

1 eV

)3/2
(59)

Self-generated fields produced at the shock will generally be insufficient to achieve ωgτe > 1, although with an
external 1 Tesla magnet, modest shock heating should be enough to ensure the electrons are magnetised. The use of
an external magnetic field is also vital to confine the particles to the shock, facilitating multiple crossing, as required
to accelerate up to the maximum energy given in Equation (56). If, for example, one relies exclusively on Biermann
battery fields generated downstream of the shock, any electrons that venture upstream of the shock will simply outrun
it. While the flux of electrons may excite various plasma instabilities, the time taken to isotropise these streaming
particles is not sufficient to allow any appreciable acceleration. In fact, a necessary condition for acceleration in the
laboratory is that the acceleration time is shorter than the Coulomb collision time:

tacc ∼
p
〈∆p〉

tc ≈
vtc
ush

< τe (60)

where ∆p is the average kinematic change in particle momentum on crossing the shock 5, and tc is the average time
taken to perform one shock crossing cycle. This time will depend on the orientation of the mean magnetic field, and
how effectively small fluctuations in the field can scatter non-thermal particles. Defining a collisionless scattering
time, τB similar to the Coulomb scattering time, if the shock normal is in the direction n, provided ωgτB > 1, which
is expected in most circumstances, we can approximate tc in the two limiting field orientations [161, 153, 159]

ωgtc ≈
v

ush

{
ωgτB B ‖ n

(ωgτB)−1 B ⊥ n (61)

Clearly acceleration can operate faster at perpendicular shocks with strong fields. We thus acceleration at perpendic-
ular shocks, since if it is only marginally possible at these shocks, it will be impossible at parallel shocks. If we take
the optimal conditions for acceleration, i.e. ωgτB = v/ush [162, 163], such that ωgtc ≈ 1, the inequality in equation
(60) can be used to find a minimum energy for acceleration to dominate over Coulomb losses

εmin

1 eV
> Max

[
20
µi

(
η

0.01

) ( E
1 kJ

) ( next

1016 cm−3

)−1 ( R
1 cm

)−3

, 25µ2
i

(
η

0.01

)−2 ( E
1 kJ

)−2 ( B
1 T

)−2 ( R
1 cm

)6]
(62)

Here, we have also taken into account that the minimum energy that satisfies the collsionless condition, might not
necessarily be sufficiently fast to outrun the shock. The first entry in the minimum function, thus corresponds to an
electron with energy 0.5meu2

sh.

5If, as is commonly done in astrophysical systems, the momentum is measured in the local fluid frame, where in the ideal MHD approximation,
the local electric field vanishes, this momentum change is purely due to the change in reference frames between the converging flows. It is
trivial to show that at a shock front, this momentum change is always positive, both for upstream and downstream transitions, in both cases
< ∆p > /p ∼ ush/v. It is this scaling that has resulted in the acceleration mechanism being frequently referred to as a first order Fermi mechanism,
compared with the original acceleration mechanism proposed by Fermi, which resulted in a slower momentum space diffusion that was a second
order process.
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While it might appear the larger the magnetic field the better, it is important that the magnetic pressure upstream
does not exceed the ram pressure of the shock. This is equivalent to requiring the shock remains super-Alfvénic

MA ≈ 5
(
η

0.01

)1/2 ( E
1 kJ

)1/2 ( B
1 T

)−1 ( R
1 cm

)−3/2

> 1 . (63)

We thus have three conditions that must be fulfilled to successfully and unambiguously detect electron acceleration
in the laboratory: 1) clear separation between thermal and maximum energy particles; 2) acceleration faster than
Coulomb collision rate; 3) super-Alfvenic shock. From these three constraints, we can construct a parameter space to
locate regions where a clear detection of particle acceleration can be made.

The first condition (separation between thermal and non-thermal particles by at least a factor of 10) requires

Rsh > 0.5µ−1/5
i

(
η

0.01

)1/5 ( E
1 kJ

)1/5 ( B
1 T

)−2/5 ( next

1016 cm−3

)−1/5
cm , (64)

while the latter two conditions require

Rsh < Min
[
2µ−1/2

i

(
η

0.01

)1/3 ( E
1 kJ

)1/3 ( B
1 T

)2/9 ( next

1016 cm−3

)−5/9
,

(
η

0.01

)1/3 ( E
1 kJ

)1/3 ( B
1 T

)−2/3]
cm , (65)

where for the latter limit, we chose for convenience MA > 5.
From these scalings, we can see a number of obvious effects. Firstly, the window for successful detection is quite

narrow for the given parameters. Moving from a kiloJoule class laser to a MegaJoule laser presents only a small
advantage. Using lower background densities also offers a slight improvement, but makes other diagnostics, such as
interferometry, a challenge. However, a successful detection should be achievable in a carefully designed experiment,
with controls.

19. Conclusions and Outlook

Many of the problems faced by astrophysicists working in the field of galaxy clusters are fundamental plasma
physics problems. In this review we have attempted to motivate how carefully designed laser-based experiments can
provide further insight into the inner workings of these giant structures, and specifically provide important clues re-
garding the mechanisms involved in the generation and amplification of magnetic fields. Magnetic field generation
by the Biermann battery mechanism, the Weibel instability and resistive return currents have been demonstrated in
several laboratory experiments for conditions relevant to galaxy clusters. The experiments are used as an important
benchmarking tool for simulations codes, particularly when the time and spatial scales are well beyond the linear
growth regimes. Laboratory experiments can now achieve very large fluid Reynolds numbers, in excess of what cur-
rently achievable in numerical simulations. This implies that the hydrodynamic equations correctly scale between the
laboratory and galaxy cluster, reproducing all the relevant features of turbulent flows at scales smaller than the buoy-
ancy scale due to density stratification. Turbulence is believed to be the main driver mechanism for the amplification
of magnetic fields. At small magnetic Reynolds numbers, the amplification is set by the balance between stochastic
tangling of the field lines and Ohmic diffusion. This has been seen in numerical simulations and recently applied to
laboratory experiments. Future experiments on large laser facilities, such as the National Ignition Facility, could also
achieve large magnetic Reynolds number, above the dynamo threshold and thus answer fundamental questions such
as the saturation of the magnetic field by the back-reaction of the fluid and the time needed to reach saturation. These
new experiments may even be able to access the weakly collisional magnetised regime in which the ion Larmor radius
falls below the collisional mean free path. Moreover, experiments could also reach the regime where radiative losses
become dynamically important to change the structure of the turbulence. How magnetic field evolves in this radiative
and weakly collisional MHD regime is an area of active current research in plasma physics, and where laboratory
experimental studies are likely to be ahead of observations and numerical simulations. This is an exciting time where
novel discoveries are ahead of us.
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A. Chekhtman, C. C. Cheung, J. Chiang, G. Chiaro, A. N. Cillis, S. Ciprini, R. Claus, J. Cohen-Tanugi, L. R. Cominsky, J. Conrad,
S. Corbel, S. Cutini, F. D’Ammando, A. de Angelis, F. de Palma, C. D. Dermer, E. do Couto e Silva, P. S. Drell, A. Drlica-Wagner,
L. Falletti, C. Favuzzi, E. C. Ferrara, A. Franckowiak, Y. Fukazawa, S. Funk, P. Fusco, F. Gargano, S. Germani, N. Giglietto, P. Giommi,
F. Giordano, M. Giroletti, T. Glanzman, G. Godfrey, I. A. Grenier, M.-H. Grondin, J. E. Grove, S. Guiriec, D. Hadasch, Y. Hanabata,
A. K. Harding, M. Hayashida, K. Hayashi, E. Hays, J. W. Hewitt, A. B. Hill, R. E. Hughes, M. S. Jackson, T. Jogler, G. Jóhannesson,
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