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•   Describe the research frontier and importance of the scientific challenge. 
 

It is a firmly established observational fact that Universe is magnetised: planets, stars, galaxies, 
clusters of galaxies (Zweibel & Heiles, 1997) and even the (relative) voids in between (Neronov & Vovk, 
2010) have magnetic fields. However, the origin and strength of these fields are not fully understood. 

Consider galaxy clusters, which are the largest (~Mpc) structured objects in the Universe. The 
intracluster medium (ICM) is a hot (~107 K), diffuse (particle density ~10-2–10-3 cm-3) X-ray emitting 
plasma. Observations suggest that it is in a highly disturbed state: by infalling chunks of dark matter 
(cluster mergers) and resulting gravitational instabilities, by active galactic nuclei (AGN) ejecting jets and 
blowing buoyant bubbles, and by galaxy wakes. Thus, the ICM is believed to be turbulent, with both 
physics-based estimates and cosmological simulations giving turbulent velocities at a finite fraction of the 
speed of sound (102–103 km/s). The magnetic fields observed in the ICM (principally via radio 
observations of Faraday Rotation) are stochastically tangled and tend to be in the range of ~1-10 µG (see 
Figure 1). This makes the magnetic-energy density comparable to the energy density of the mean plasma 
flows, so the magnetic fields are essential players in the dynamics of the luminous matter in the Universe. 
The total magnetic energy represents a sizable fraction of the cosmic energy budget.  

The fact that cosmic magnetic fields are ubiquitous, stochastic, and dynamically strong suggests that a 
universal physical mechanism of in situ field generation is at play. It also appears rather difficult to find a 
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physical scheme that would make fields of observed strength and structure via a purely primordial 
process. The most popular scenario of the cosmic magnetogenesis (e.g., Ryu et al., 2008, Schekochihin & 
Cowley, 2006, Subramanian et al., 2006) is that the field grows via some form of turbulent dynamo – fast 
(exponential) amplification of stochastic field by turbulent motions into which it is embedded, starting 
from an initial small seed. The initial seed can also be made via a fundamental physical effect: the 
Biermann battery (i.e., baroclinic generation of magnetic fields), believed to generate seed fields of at 
least ~10-21 G (Kulsrud et al., 1997; Gregori et al., 2012).   

Understanding magnetogenesis is part of the broader challenge of understanding cosmic turbulence: 
the energy injected into the ICM by mergers, AGN ejecta, and galaxy wakes, typically on scales of order 
10 to 100 kpc, is passed on to small scales through a number of channels – velocity, magnetic, 
compressive fluctuations – and converted into heat, keeping (it is believed) the ICM hot in balance with 
radiative cooling. Exactly how thermally stable temperature profiles are achieved is another unsolved 
puzzle. So is the structure of the magnetised turbulent cascade. 

The presence of energetic particles in the Universe is also a known fact, with measurements of the 
cosmic ray (CR) spectrum extending up to 1020 eV (Protheroe & Clay, 2004; Abraham et al., 2007). 
However, the exact mechanism(s) that lead to such high-energy particles still remain controversial. 
Although many different processes may result in CR acceleration, there is a consensus at present that 
shock waves and turbulence play an essential role in energising both the electrons and ions present in the 
interstellar medium. A mechanism for CR acceleration by turbulence or plasma waves was first proposed 
by Fermi (1949), whereby CRs are produced as charged particles gain energy in random scattering events 
with magnetized clouds moving with an average speed u. This is usually referred to as 2nd order Fermi 
acceleration (i.e., second order in the velocity). The scattering medium could either be a turbulent 
magnetized plasma or a turbulent wave spectrum (Kulsrud & Ferrari, 1971; Cowsik & Sarkar, 1984). A 
more efficient acceleration mechanism was suggested by Fermi (1954).  He proposed that, in a 
converging flow of clouds, particles gain energy at each collision, and thus the acceleration goes more 
efficiently as 𝑢/𝑐. This is now referred to as 1st order Fermi acceleration. It was later realised that shock 
waves provide the ideal setting in which 1st order acceleration can occur (Bell, 1978; Blandford & 
Ostriker, 1978), a process also referred to as diffusive shock acceleration (DSA).  

A particularly attractive feature of DSA is that, in the simplest test-particle theory, the accelerated 
particles naturally develop power-law spectra consistent with those inferred from multi-wavelength 
measurements. In particular, supernova remnant shocks are believed to explain galactic CRs, up to the 
“knee” in the spectrum at 1015 eV. While the DSA model is promising, the details of the process are still 
uncertain (Protheroe & Clay, 2004; Petrosian, 2012; Drury, 2012). An important issue is that the 
efficiency of the acceleration relies on the ability of particles to cross the shock surface many times. This 
is possible only if the particles already have sufficient initial energy to overtake the shock and start the 
acceleration process. This is known as “the injection problem” (Riquelme & Spitkovsky, 2011), and at 
present it is not fully understood.  
 
•   Describe the approach to advancing the frontier and indicate if new research tools or capabilities 

are required. 
  

The gap between astrophysical observations, theoretical understanding and numerical modeling can be 
bridged by providing a laboratory-based experimental platform that can be used to investigate magnetized 
turbulence and the acceleration of electrons by shocks created under well-controlled laboratory 
conditions. With the advent of high-power lasers, a new field of research has opened where, using simple 
scaling relations (Ryutov et al., 1999, 2000), astrophysical environments can be reproduced in the 
laboratory (Remington, 1999). Over the past few years we have seen the development of several 
experimental programs aimed at the investigation of the properties of high-Mach-number shocks and 
MHD turbulence in scaled laboratory experiments (Kugland et al., 2012; Mondal et al., 2012; Merritt et 
al., 2013; Fox et al., 2013; Fiksel et al., 2014; Huntigton et al, 2015). This has led to the successful 
demonstration of the generation of magnetic seeds at shocks by the Biermann effect (Gregori et al., 2012) 
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and, more recently, of small magnetic fields being amplified in plasmas by turbulence as shocks interact 
with strong density inhomogeneities (Meinecke et al., 2014; 2015) (see Figure 2). These preliminary 
experiments were only able to achieve a regime where magnetic diffusion still remains important. In order 
to reach conditions that are truly relevant to ICM plasmas, we need large magnetic Reynolds number. 
Achieving large Reynolds numbers requires experiments that produce high velocities and temperatures.  
This is only possible at the largest laser facilities, such as Omega and NIF (Drake & Gregori, 2012) (see 
Figure 3).  The development of platforms at these facilities that are able to produce sufficiently high 
velocities and temperatures is thus an important goal. 

 
•   Describe the impact of this research on plasma science and related disciplines and any potential for 

societal benefit. 
 

The origin and generation of magnetic field remains an unsolved mystery in present-day astrophysics. 
Laboratory experiments will also help in shedding light onto the origin and acceleration of ultra high-
energy cosmic rays. Experiments will then establish the required experimental platform where 
computation and theoretical astrophysicists could test and validate their models.  
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Figure 2. (a) FLASH simulation of the 
shock propagation through a grid at 
t=2.6 µs. The inset shows the time 
variation of the magnetic field at 2.8 cm 
from the grid position along the 
symmetry axis (b) Same as (a) but with 
no grid. (c) The components of the 
magnetic field measured at 3 cm from 
the carbon rod target. The inset shows 
the projection of the magnetic field 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 this case, the field is smaller. (d) 
Same as (c)  but without the grid. 
Adapted from Meinecke et al. (2014). 
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Figure 3 | Time evolution of themagnetic field. a, FLASH simulation of the shock propagation through a grid at t=2.6 µs. The inset shows the time variation
of the magnetic field at 2.8 cm from the grid position along the symmetry axis (averaged over a 3 mm ⇥ 3 mm volume). b, The same as in 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. 1 for the grid case. The time resolution is
10 ns. The magnetic field has been extracted from the coil voltage by using a fast Fourier transform technique29. We estimate error in the magnetic field
traces to be ±0.3 G. Initial (t< 100 ns) high-frequency noise due to the laser–plasma interaction with the carbon rod has been filtered out in the extraction
of the magnetic field. 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 di�erent shots. Data obtained at a distance of 4 cm from the carbon rod are also shown in the inset. In this case, the field magnitude is considerably
reduced. d, The same as in c but without the grid, as illustrated in Fig. 1. The measured signal starts earlier in the case with a grid than in the case without a
grid for two reasons. First, the shock is accelerated as it passes through the grid, owing to the Bernoulli e�ect, whereas in the case without a grid, it is not.
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, and so has a higher di�usivity. This e�ect is visible in the measured temperature profiles of Fig. 2b.

still sustained magnetic fluctuations (Fig. 4). The timescale for the
resistivity–chaotic–tangling balance to be established at those scales
is ⌘/`2

e , where `e is of order 1mm (which is the induction coil
size, and therefore the measurement resolution limit). The fact
that the Golitsyn spectrum extends at least to these scales is an
indirect confirmation that turbulence is established25, 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 .50 ns in the laboratory, translating
to .50 yr in the SNR over distances ⇠0.25 pc.

The observed variability of visible moving knots in the inner
regions of the remnant is of the order of 10 yr (ref. 10). The
radio emission from Cassiopeia A can be characterized as a bright
disordered ring of emission coincident with the cloud bank10
surrounded by a polarized radio plateau of lower brightness with
a predominantly radially stretched magnetic field extending to
the outer shock seen in X-rays7. X-ray emission similarly consists
of an inner ring of non-thermal emission broadly coincident
with the cloud shell and an outer rim revealing the position of
the outer shock28. The outer X-ray rim is thin because high-
energy synchrotron-emitting electrons cool rapidly immediately
downstream of the shock. The reverse shock, or shocks, may also

accelerate the electrons needed for synchrotron emission at the
inner ring.

Magnetic field amplification in Cassiopeia A can be thus
understood as being partly due to amplification by cosmic rays at
the shock and partly by the interaction, at a smaller radius, between
ejecta and a clumpy medium. The latter process can be directly
inferred from the experiment and its simulation. Our results are
consistent with these observations, namely that a rotational flow,
driven by a shock passing through a stationary density perturbation,
is necessary to both amplify and sustain strong magnetic fields in
an expanding magnetized plasma over distances corresponding to
many times the scale of the initial density perturbation. Indeed,
Fig. 3 shows a disordered magnetic field, stretched from the grid
position to the outer shock, matching the extent of the observed
synchrotron emission. On the other hand, as also indicated in
Fig. 3, in the absence of such perturbations (that is, without a grid),
the magnetic field remains confined only to the outer rim. Our
experimental work thus agrees with earlier numerical modelling of
shock waves interacting with a clumpy medium13–15, and it shows
that magnetic fields can, on average, be amplified by the shock-
induced rotational flow to values ⇠3 higher than expected from the
jump conditions alone.
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Figure 1. Radio contours of the A255 
cluster of galaxies overlaid on the 
ROSAT X-ray image of the cluster.  The 
white “+” and “x” symbols show the 
positions of the centroid and peak of the 
cluster X-ray emission.  The images at 
the corners of the figure show the 
Faraday rotation measure (FRM) for four 
radio galaxies in the cluster.  The FRM 
measurements of the radio halo at the 
cluster center and these four radio 
galaxies imply a magnetic field strength 
that declines from the cluster center 
outward, with a field strength of 2.6 
micro Gauss at the cluster center and an 
average magnetic field strength of ~ 1.2 
micro Gauss in the cluster core.  Image 
Source:  after Govoni et al. (2006).   
	  

Figure 3: Lines of constant magnetic 
Reynolds number, ReM, for a fully 
stripped B plasma. (They do not move 
much on such a log-log plot as materials 
change.) Values achievable by NIF and 
by kJ-class lasers are indicated. 
The magnetic Reynolds numbers 
achievable in experiments at NIF could 
enable the first studies of turbulent 
magnetic field generation. Drake and 
Gregori (2012).  


