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The standard model for the origin of galactic magnetic fields is through the

amplification of seed fields via dynamo or turbulent processes to the level con-

sistent with current observations [1–3]. While other mechanisms may also oper-

ate [4, 5], the Biermann battery inevitably accompanies the formation of galax-

ies in the absence of a primordial field. Driven by geometrical asymmetries in

shocks [6] associated with the collapse of protogalactic structures, it is believed

to generate seed fields to a level ∼10−21 G [7, 8]. With the advent of high-power

laser systems in the past two decades a new field of research has opened where,

using simple scaling relations [9, 10], astrophysical environments can effectively

be reproduced in the laboratory [11, 12]. We demonstrate such capability and

show experimentally the generation of magnetic seeds by the Biermann effect

at protogalactic shocks, consistent with the above findings. Here we report the

results of an experiment that produced seed magnetic fields by the Biermann

battery effect. We show that these results can be scaled to the intergalactic

medium, where turbulence, acting on time-scales ∼700 Myr, can amplify the

seeds fields [13, 14], with significant impact on galaxy evolution.

We conducted these experiments at the LULI 2000 laser facility. The intense laser is used

to illuminate a small carbon rod inside a low pressure gas-filled interaction chamber. Full

description of the experimental setup, including details on the laser properties, is provided

in Fig. 1 and related caption. As energy is impulsively deposited, the heated solid matter

initially undergoes a ballistic expansion until the shocked mass is roughly equal to the

ejected mass, and then the shock transitions to a Sedov-Taylor blast wave [15, 16]. The

shock evolution in time is monitored using optical diagnostics. The experimentally measured

shock position for t <∼ 200 ns is then compared with a 1D-radial radiation hydrodynamic

simulation using the HELIOS-CR [17] code (Fig. 2). Based on the quantitative agreement

in the density values at t <∼ 200 ns, we use the simulations to help 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 but the plasma density is below the detection limit of the optical probe.

The measurement of the magnetic field was performed with 3-axis magnetic induction

coils [18], giving both the magnetic field components along the shock normal (B||) and

perpendicular to it (B⊥), as indicated in Fig. 3. At r ∼ 3 cm from the initial blast, peak

B⊥ values occurring at t ∼ 1-2 μs are in the range 10-30 G. The position of the first peak in

2



B⊥ is in agreement with the shock arrival time estimates based on HELIOS-CR, and is also

consistent with the time lags between different locations of the probe coils. Finally, shots

taken with no ambient gas (not plotted) 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.

It is well known that return currents driven by hot electrons can play an important role

for field generation in laser produced plasmas [5, 19]. However, at our laser intensity we

expect the hot electrons to be distributed with temperature Thot ∼ 5 keV [20]. So, they

would reach the coil position at t <∼ 3 ns, much earlier than the measured peak in B⊥. A

magnetic field generated through vorticity by Biermann’s battery [7] is more plausible. We

can estimate it as [21]

Bvort =
mi

e
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where ω = ∇×v is the vorticity, mi is the ion mass, e the electron charge, ρ ∼ 3 is the shock

compression ratio (see Fig. S1) and ∂vsh/∂S is the tangential gradient of the shock velocity.

Since ∂vsh/∂S ∼ κvsh/r, where κ ∼ 0.1-0.3 (Fig. 3a), at r ∼ 3 cm we find Bvort ≈ 10-30 G, in

agreement with the measured values. The range of measured magnetic field strengths agrees

with the observed shot-to-shot variations in the measured shock properties at early times,

as indicated in the Supplementary Information. We observe that the peak of the measured

magnetic energy density in the downstream plasma corresponds to a fraction of a percent

of that of the incoming flow, i.e., εB = B2/μ0n
0
gmiv

2
sh ≈ 0.1%, where n0

g is the upstream gas

density (Fig. S1). On the other hand, the magnetic field energy density is significantly larger

than the ram pressure of the incoming ionized plasma, i.e., εi
B = B2/μ0n

0
emiv

2
sh

>∼ 0.1 (with

n0
e ∼ 1014 cm−3 the inferred electron density ahead of the shock). This suggests that, in

this experiment, the kinetic Weibel instability may not play a significant role, as one would

expect it to produce a much smaller field, i.e. , εi
B ∼ (me/mi) ≈ 10−3 [4, 22], where me is

the electron mass.

The vorticity generated field is perpendicular to the shock normal, consistent with the

experimental traces of Fig. 3 that show B⊥ � B||. We notice that in a perfectly spheri-

cal shock no magnetic field can be produced since ∂vsh/∂S = 0. Magnetic fields can thus

only be generated in non spherical expansion shocks, which are expected to occur during

structure formation in the pregalactic era [7]. Our interpretation is reinforced by a com-

puter calculation which solves the resistive magneto-hydrodynamics (MHD) equations in
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2-dimensions (Fig. 4) with a baroclinic source term for the magnetic field generation (i.e.,

−∇ne × ∇pe/en
2
e, with ne the electron density and pe the electron pressure). The asym-

metric expansion due to the initial temperature anisotropy of the laser illumination drives

baroclinic generation of a magnetic field comparable in strength to what is measured in the

laboratory.

We have applied the MHD scaling techniques to investigate the importance of the Bier-

mann battery for magnetic field generation at high Mach number astrophysical shocks oc-

curring in the intergalactic medium (IGM). Similarity in the MHD equations is preserved

if heat convection over conduction (the Peclet number), inertial forces over viscosity (the

Reynolds number), as well as the ratio of inertial forces over magnetic diffusivity (the mag-

netic Reynolds number) are all large in both systems (Table I). From Eq. 1, the magnetic

field generated by the Biermann mechanism is proportional to the shock generated vorticity.

It follows that, on a spatial scale �, ω ∼ vsh/� ∼ 1/t (see also Supplementary Information).

Our laboratory results thus indicate that curved intergalactic shocks in protogalactic struc-

tures, 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. Both the curvature radius, the asymmetry

and the resulting magnetic field, are consistent with the scenario of protogalactic magnetic

field generation from the Biermann battery process modeled with numerical simulations in

Ref. [7]. This is an important experimental verification of such process. Generation of these

tiny magnetic fields precedes the formation of the galaxy. This is significant in that the

magnetic field can be quickly amplified to about equipartition values by turbulent motions

and can have important role on the evolution of the the galactic medium from its early

stages [13, 14]. Indeed, astronomical observations show that dynamically strong magnetic

fields are common even in young galaxies [25, 26]. The excellent agreement between the

experiment and current theories of magnetic field generation in the early universe opens an

exciting range of possibilities, where other effects that may influence the generation of seed

fields can be accurately modeled in the laboratory.
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Figure captions

FIG. 1: Experimental setup showing the laser beams and diagnostics configuration. Either one

or two frequency-doubled (527 nm), 1.5 ns-long laser beams are focussed on the tip of a 500 μm

diameter carbon rod. At focus, each laser beam has a 400 μm flat-top distribution achieving a

peak intensity of 2×1014 W/cm2, delivering ∼350 J. The interaction chamber is filled with helium

gas at pressure p = 0.8 ± 0.3 mbar or p = 1.6 ± 0.3 mbar. 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 and Schlieren/shadowgraphy with an optical probe (with 532 nm wavelength

and 6 ns gate width). The interferometer was of Mach-Zehnder type with ∼25 mm field of view,

and it was used to provide the electron density. The inset on the left shows an example of an

interferometric image. The inset on the right shows a streaked self-emission optical pyrometry

(SOP) image in a narrow band at 450 ± 30 nm.
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FIG. 2: Comparison between numerical simulations and optical diagnostics. (a) HELIOS-CR

simulations (done with one beam laser driver) and experimentally determined shock position with

both interferometry and SOP. The laser energy deposition in the HELIOS-CR code was adjusted

to 70% of the nominal value to have the simulated shock position match the experimental values.

The transition to a Sedov-Taylor blast wave occurs at distances r < 10 mm from the sample. (b)

Calculated electron density at t = 150 ns vs electron density values extracted from interferometric

measurements via Abel inversion, which requires the assumption of cylindrical symmetry. Since

observed differences in the shock wave radius are less than 20%, this gives the uncertainty in the

density measurement.

FIG. 3: Magnetic field measurements from induction coils. (a) Schlieren image showing laser and

magnetic pick-up coil configuration as well as the shock position. The Schlieren image indicates

when the refractive index of the plasma changes rapidly, thus tracking the position of the shock.

From the asymmetry in the shape of the shock wave we approximate κ ∼ 0.1-0.3 in Eq. (1). The

induction coils are placed at 2.8 cm and 3.6 cm from the carbon rod (i.e., the center of the initial

blast). Each 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, and the magnetic field is calculated using Faraday’s law. The coils

are protected from the surrounding plasma by a 1 mm thick glass tube. Time resolution is better

than 50 ns. We estimated the error associated to each magnetic field trace to be ∼15%. 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 second peak at t ∼ 5 μs seen for the case of two beams

illumination is likely associated to the ejecta material from the sample arriving at the coil. (b) B⊥

(lines) and B|| (symbols) traces taken at p = 0.8 mbar. (c) B⊥ (lines) and B|| (symbols) traces

for one beam laser driver at p = 1.6 mbar. (d) Same as (b) but at r = 3.6 cm. The inset shows

the measured shock radius along the laser axis for p = 0.8 mbar and single beam illumination.

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 the inset).
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FIG. 4: Resistive MHD simulations of the magnetic field generation. The MHD scheme is an

implementation of Ref. [23]. The ionization state is computed using Saha equilibrium [24]. Radia-

tion transport, thermal conduction and laser coupling were not included in the MHD code. While

radiation transport is important during the early stages of the laser drive (for a few ns), at the time

when the shock has expanded and magnetic field measurements are taken, the radiation cooling

time exceeds the hydrodynamic time scale (τrad/τhydro ∼ 8×103), thus radiative processes will not

affect the hydrodynamic evolution. For the initial conditions we use the results from HELIOS-CR.

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, in agreement with experimental estimates. The

numerical grid consists of 2000×2000 cells with resolution Δx = Δy = 0.005 cm. (a) 2D plot of

the perpendicular component of the magnetic field obtained from MHD simulations. Note that

because of finite magnetic diffusion, the plasma is magnetized ahead of the shock front. (b) Plot

of the magnetic flux density at 2.7 cm from the center of the domain (x = 2.5 cm, y = 1 cm).
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TABLE I: Similarity scaling between the laboratory and the IGM. The similarity between the

astrophysical and the laboratory systems breaks down due to viscous dissipation at laboratory

scales h <∼ λcoll, where λcoll is the collisional mean free path [9], and equally for thermal and

magnetic dissipation. This implies that, for the conditions of our experiment, for which magnetic

dissipation is the dominant effect, full similarity is achieved at macroscopic scales (h >∼ 5 μm), while

the microphysics at the kinetic level will be different. The similarity given here roughly applies to

the shocked IGM for scales L >∼ 25 pc.

Scaling Definition Laboratory IGM

parameters (LULI)

Length L ∼2r/κ 18.8 cm 1 Mpc

Time t 1 μs 0.7 Gyr

Electron temperature Te 2 eV 100 eV

Electron density ne 5 × 1015 cm−3 10−4 cm−3

Cyclotron frequency ΩB = eB
mi

4.8 × 104 s−1 8.7 × 10−18 s−1

Reynolds number Re 7.9 × 103 3.0 × 1013

Peclet number Pe 69.0 7.0 × 1011

Magnetic Reynolds number ReM 16.5 3.9 × 1027
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