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Understanding the generation and evolution of magnetic fields in high-energy-density plasmas
is a major scientific challenge in broad research areas including astrophysics, cosmology, and
laser fusion energy. However, the fully three-dimensional (3D) topologies of such dynamic
magnetic fields are still unknown yet. Here we report experiments of the first 3D synchronous
proton radiography for self-generated magnetic fields in respectively laser-produced low-Z CH
and high-Z Cu plasmas. The radiography images show that abundant 3D filamentary structures
of magnetic fields grow up in coronal region of CH plasmas, while for Cu, the fields are majorly
compressed along the dense surface region whose internal structures are pretty vague. These
results are reproduced and explained by a combination of radiation-magnetohydrodynamic,
particle-in-cell and Vlasov-Fokker-Planck simulations, where the cross-scale effects of Biermann
battery, Nernst advection, resistive diffusion, Righi-Leduc and particularly kinetic Weibel in-
stability are all taken into account. Our findings provide much enlightenment to the role of
magnetic field generation in implosion and hohlraum dynamics of laser fusion.

M
AGNETIC fields are ubiquitous in the universe, permeating across all scales of matters from astrophysical objects
to laboratories1–4. This is not a surprise since almost all normal (nondark) matter that makes up our cosmos

exist in form of plasmas, in many cases, high-energy-density (HED) plasmas5 with energy densities above 105 J/cm3.
Magnetic fields play important roles in many topics of astrophysics such as jets, star and planet formation, accretion
discs, compact star mergers, supernovae bursts, to name just a few. In laboratory fusion energy studies, specifically
inertial confinement fusion (ICF), that is hoped to make clean fusion power a reality on Earth by high-power lasers,
either asymmetries in ablation of the low-Z capsule or nonlinear interactions between the high-Z hohlraum wall and
incident lasers results in generation of magnetic fields, which significantly impact the implosion dynamics of direct-
drive scheme and hohlraum dynamics of indirect-drive scheme.
In HED plasmas, according to the generalized form of the Ohm’s law6, at least 13 terms contribute to the generation

and evolution of magnetic fields as
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where the first term at the right hand side is the so-called Biermann Battery source7, implying that strong magnetic
fields can be self-generated by the non-collinear electron temperature and density gradients ∇Te × ∇ne; the second
term represents the magnetic convection by the plasma flow velocity u and the so-called Nernst velocity vN =
〈vv3〉f1/2〈v3〉f0 arising from the heat-carrying electrons8; the third term is the magnetic diffusion caused by the
electric resistivity η; and the physics of other terms can be found in the derivations of Hains6. As a result, the
dynamics of self-generated magnetic fields in HED plasmas are rather complicated and unclear yet so far.

One of the most critical issue for the magnetic field dynamics is that they are intrinsically connected to that of
electron heat transport, which in HED plasmas is commonly nonlocal9,10, as the linearized Spitzer Härm theory breaks
down due to the long mean free path of hot electrons compared to the temperature gradient scale length. Such an
intricate connection between magnetic field and heat flow is manifested in a strongly coupled way, where the classical
Braginskii model11 becomes invalid. On the one hand, the nonlocal heat flow QNL = 〈 12mev

2v〉f1 modifies the above
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Fig 1. Experimental setup. The materials of the main foil targets (green) are respectively plastic CH (C1H1) with density
ρ = 1.02 g/cm3 and Cu with ρ = 8.92 g/cm3. Both foil targets have thickness of 30 µm and narrow area of 3 mm × 0.8 mm.
The HED plasmas are produced from the main foil targets by ablation with a 2ω ns laser pulse (green) that have energy of
180 J in a 2± 0.1 ns square temporal profile and 160-µm-diameter Gaussian focal spot. The average intensity of the ns pulse
is 5.0× 1014 W/cm2. The 3D proton radiography are set up along both the face-on (−z-axis) and side-on (y-axis) directions.
Two ultrafast radiography proton beams are generated at almost the same time from respectively the backlighter 15-µm-thick
Cu foil (yellow) irradiated by a ps pulse (red) and 7-µm-thick Cu foil (yellow) by a fs pulse (purple). The ps pulse has energy
100 J, wavelength 1.053 µm, duration 1.5 ps and is focused with a 800 mm focal-length, f/2.5 off-axis parabolic mirror to an
intensity about 1.0 × 1019 W/cm2. And the fs pulse has energy 6 J, wavelength 800nm, duration 50 fs and is focused to an
intensity about 5.0× 1019 W/cm2. The deflected protons are finally deposited on the HD-V2 radiochromic film (RCF) stacks,
whose response to proton dose has been well calibrated with a good linear relationship between proton dose and optical density
(OD). The distances between the backlighter foils (yellow) and the main foil (green) are both h ∼ 10 mm, and those between
the main foil and the RCF stacks are about L ∼ 50 mm, so the geometric magnification factors of the proton radiography
system in both directions are about M ≡ (h+L)/h ≈ 6.0. 3D distributions of plasma density (ne) and self-generated magnetic
field (|B|) from RMHD simulations are also shown at the right side, where the laser-irradiated CH target is chosen.

Nernst velocity vN
9, which results in convection and compression of magnetic fields down the temperature gradient,

and hence, influences their evolutions. In turn, the fields act back on the heat flow transport via affecting electron
motions. On the other hand, through the Righi-Leduc heat flow12, the magnetic fields affect electron motions in the
direction orthogonal to both themselves and the temperature gradient, causing significant bending of the heat flux and
also influencing field evolutions. Furthermore, more complicatedly, magnetic field evolutions in HED plasmas are also
determined by a series of hydrodynamic (such as Rayleigh-Taylor13,14) and kinetic (Weibel15–18) instabilities as well as
reconnections19–23 across various temporal and spatial scales. Therefore, although a large amount of efforts have been
made, profound questions remain over the generation, evolution and role of magnetic fields in HED plasmas, which are
essentially three-dimensional (3D) and cross-scale problems. Severe technical challenges exist for both experimental
and numerical studies.
From the experimental perspective, to give a full picture of the above coupled dynamics, highly-resolved 3D topolo-

gies of magnetic field evolutions need to be measured. Proton radiography24,25 is an important magnetic-field di-
agnostic used in HED experiments, with applications spanning laboratory astrophysics and ICF. The diagnostic is
implemented by passing an approximately uniform beam of imaging protons through HED plasmas onto a spatially
resolved detector. While inside the plasma, the protons experience deflection by the Lorentz forces of magnetic fields,
resulting in a redistribution of image-flux. However, so far, no 3D synchronous proton radiography experiments have
been carried out yet, which technically requires synchronization of multiple laser-driven proton beams from both face-
on and side-on directions. From the numerical modeling point of view, the holy grail is comprehensive understanding
of the coupling between the micro and macro scale processes in magnetized HED plasmas that typically have a very
large degree of freedom at all scales, therefore, a cross-scale, comparatively self-consistent combination of RMHD and
kinetic [particle-in-cell (PIC) and/or Vlasov-Fokker-Planck (VFP)] simulations is required.

To resolve the above issues, here we report the first 3D synchronous proton radiography experiments for self-
generated magnetic fields in respectively laser-produced low-Z CH and high-Z Cu plasmas, where the unique synchro-
nization technology of three laser pulses [femtosecond (fs), picosecond (ps) and nanosecond (ns) pulses] are applied.
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The two plasma materials can be representative of the HED plasmas from respectively laser-ablated capsule in direct-
drive ICF scheme and laser-irradiated hohlraum wall in indirect-drive scheme. A series of spatially and temporally
highly-resolved radiographys help to understand the importance of various physical effects that influence magnetic
field dynamics in HED plasmas. The experimental results are supported by a combination of cross-scale RMHD, PIC
and VFP simulations.

RESULTS

Experimental setup

The first 3D synchronous proton radiography experiments are carried out on the unique XingGuang-III (XG-III)
laser facility, which has three orthogonal pulses (the fs, ps and ns pulses) synchronized with each other with almost no
jitter time26, see Methods. Figure 1 shows a diagram of the experimental setup, where, for convenience of discussion,
a right-handed Cartesian coordinate system o− xyz is established. The HED plasmas are produced from the CH/Cu
foil target by ablation with a ns laser pulse. The 3D proton radiography are set up along both face-on (−z-axis)
and side-on (y-axis) directions, where two ultrafast radiography proton beams are generated synchronously by target
normal sheath accelerations using respectively ps and fs pulses. The jitter between the fs and ps pulses is less than
1.32 ps. Both proton beams are of high qualities with almost uniform distributions, where the static radiography
images are shown in Supplementary Fig. S1. The uncertainty for the proton propagation distance is δh ∼ ±0.3 mm,
corresponding to typical proton energy Ep ≈ 3.9 MeV, which indicates time uncertainty of δt ∼ ±10 ps. This is much
less than the characteristic time of plasma evolution, so that 3D synchronous proton radiographys are guaranteed.

3D radiographys for self-generated magnetic field evolutions

The experimental results are shown in Fig. 2, which include both face-on and side-on radiographys for respectively
laser-produced Cu [2(a)-2(e)] and CH [2(f)-2(j)] plasmas at times t = 1.8, 2.4 and 3.0 ns from laser irradiations.
First, let’s see their overall outlines. At t = 1.8 ns when laser is still on, we see from the side-on radiographys 2(a)
and 2(f) that for both Cu and CH plasmas protons are deflected towards the outside region of the expanding plasma
bubbles, while from the face-on 2(d) and 2(i) that protons are deflected towards the inner side (blue curves). From
such characters of 3D radiographys, we conclude that the main contributions of proton deflections in both cases are
the toroidal magnetic fields Bθ rather than the monopole electric fields23, in consistence with the expected Biermann
battery effect ∇Te ×∇ne, see also 3D RMHD simulation results in Fig. 1. From these 3D outlines, we also estimate
the plasma expansion velocities in different directions. For CH plasmas, we get from the side-on 2(f) that the mean
expansion velocities as vx ∼ 700 km/s and vz ∼ 1000 km/s, and from face-on 2(i) that vy ∼ 500 km/s. Such differences
of plasma expansion velocities in three directions just imply that the plasma properties (temperature, density etc.)
are asymmetric, which is the prerequisite condition for generation of Bθ [see the blue circle in 2(i)]. Further, due to
the similar charge to mass ratios after ionization, Cu plasmas have the similar expansion velocities as CH.

Secondly, from spatially and temporally highly-resolved Fig. 2, we also see that the self-generated magnetic fields
in Cu and CH plasmas have different internal structures. Abundant 3D filamentary field structures develop in CH hot
coronal plasmas [see 2(f)], while in Cu plasmas, the fields’ internal structures are pretty vague [2(a)]. At later times
t = 2.4 and 3.0 ns after the laser is over, the filamentary structures in CH plasmas [2(g) and 2(h)] even grow up more
strongly for a long time, while in Cu plasmas, the fields are gradually compressed and concentrated on the cold dense
surface region [see the red circle region in 2(b) and 2(c)] whose internal structures disappear. Furthermore, from the
combination of side-on [2(g)] and face-on [2(j)] radiographs, we conclude that the filamentary structure are indeed
3D. Another worth mentioned is that the sheath electric field along the Cu foil surface [marked by the blue thick line
in 2(a)] is < 107 V/m, much weaker than that for CH target (3× 108 V/m) [2(f)]27, and both of them disappear at
later time when laser is over due to the return current effect.
To extract more quantitative information from the radiographys, we use the inverse field-reconstruction code

“PROBLEM”28 to recover the path-integrated magnetic fields ψ, see Methods. Reconstructed ψ for the red-box
regions in Figs. 2(f)-2(h) and 2(j) are shown in 2(k)-2(m) and 2(o) respectively, which further confirms the exis-
tences of stochastic filamentary fields in CH plasmas. The local characteristic spatial scales λ [for the black dashed

regions in 2(k)-2(m)] and the average scale λ̄ = 2π[
∫ kmax

kmin

EB(k)/kdk]/[
∫ kmax

kmin

EB(k)dk] of the filaments are shown

in Fig. 2(n), where EB(k) is the Fourier energy spectrum, kmin and kmax are the lower and upper bounds of wave
vectors. Both characteristic scales of filaments are around several 100 µm and increase with time, from which we infer
that the typical strengths of the filamentary fields are about a few up to 10 T, remaining even long after laser is over.
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Fig 2. 3D synchronous proton radiographys for self-generated magnetic fields in HED Cu and CH plasmas.

The upper row shows radiographys for Cu plasmas of respectively side-on [(a)-(c)] and face-on [(d) and (e)] directions; the
middle row shows those for CH of respectively side-on [(f)-(h)] and face-on [(i) and (j)] at times t = 1.8, 2.4 and 3.0 ns, where
the higher the grayscale represents the higher the proton doses, the coordinates of X, Y and Z axes are at the realist spatial
scales of HED plasmas after transforming from the RCF images by dividing the magnification factorsM = 6.0, and the detailed
time and radiography proton energy are labeled for each subfigures. The path-integrated magnetic fields ψ (in units of T ·mm)
after inverse field reconstruction of the filamentary structures in the red-box regions of (f)-(h) and (j) are shown in respectively
(k)-(m) and (o). The local characteristic spatial scale λ [the black dashed box region in (k)-(m) and (o)] (in blue) and the
average spatial scale (in red) of these filamentary magnetic fields varying with time are shown in (n), where the square and
triangle symbols correspond to those of respectively side-on and face-on directions, and the error bars are calculated by one
standard deviation.

Furthermore, comparing 2(l) and 2(o) we see that ψ obtained from face-on radiography is stronger than that from
side-on, while its characteristic scale is smaller than the latter [2(n)]. This again verifies 3D asymmetric distributions
of magnetic fields.

Combined RMHD and PIC simulations for filamentary magnetic field structures in underdense corona plasmas

To explain the experimentally-observed complex structures of magnetic fields in HED plasmas, a comprehensive
understanding of the coupling between the micro- and macro-scale dynamics of HED plasmas is required. For this,
we use the cross-scale combination of RMHD, PIC and VFP simulations. First, let’s concentrate on the filamentary
structures in underdense corona plasma region. The expanding HED plasma parameters after ns laser ablations are
obtained by RMHD simulations using the code ”FLASH”29, which has been extended with the self-consistent magnetic
field modeling capabilities (details see Methods). The initial laser and target conditions of RMHD simulations are
set following those in experiments, also see Methods for details. The obtained CH/Cu plasma parameters including
densities, temperatures and ion charge states are shown in Supplementary Figs. S2 and S3. These parameters
are then employed and scaled down as a reference for setup of the initial conditions for the following 2D collisional
PIC simulations with the code “EPOCH”30 (see Methods). Furthermore, to keep the consistency between PIC and
RMHD simulations, two key characteristic times need to be considered: the characteristic time for formation of the
temperature anisotropy tani = lT /vTe

31, where lT and vTe are the temperature gradient length and electron thermal

velocity respectively, and the characteristic collisional time tcoll = 1/νe, where νe ∝ (1 + Z̄)ne/T
3/2
e is the total

electron collision rate. Since the collisions tend to undermine the anisotropy, we define a key dimensionless parameter
α = tani/tcoll = νelT /vTe as a correlation of two characteristic times. As shown in Fig. 3(g), to keep the PIC
simulation system as similar as possible to RMHD system, we adjust νe of Cu and CH plasmas in PIC simulations
so that their α (cross and star symbols) match well with those (dashed and solid lines) in RMHD, and α is about 20
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Fig 3. Combined RMHD and PIC simulation results for filamentary magnetic field structures. (a)-(c) Strength
maps for out-of-plane magnetic field Bz for respectively collisionless (α = 0), CH (α = 20) and Cu (α = 40) plasmas at time
t = 15L0/vte0. (d)-(f) The corresponding temperature anisotropy parameters A. (g) The key parameters α = νelT /vTe for
respectively CH (solid line) and Cu (dashed line) plasmas in RMHD simulations at t = 1.6 ns, in comparison with those (star
symbols for CH and crosses for Cu) in PIC simulations at t = 15L0/vte0. (h) Time evolutions of |Bz(k)| for the most unstable
mode of the Weibel instabilities in three cases. (i) The local characteristic spatial scales λ (scattered points) and the average
spatial scale λ̄ (solid lines) of the filaments, where the position is chosen to be with local plasma densities of ne,loc ∼ 1019 cm−3.

and 40 for CH and Cu plasmas, respectively.
Figures 3(a)-3(c) show maps of out-of-plane magnetic fields Bz for respectively collisionless (α = 0), CH (α = 20)

and Cu (α = 40) plasmas at t = 15L0/vte0 in PIC simulations. The corresponding anisotropy parameters A ≡
2Tani/(Tiso−Tani)32,33 are also displayed in 3(d)-3(f), where Tiso = (Txx+Tyy)/2 and Tani = ((Txx−Tyy)2+4T 2

xy)
1/2/2

represent the isotropic and anisotropic components, respectively, and Tij (i and j = x, y) is the electron temperature
tensor. We see that abundant filaments of magnetic fields significantly develop in collisionless or weak collisional CH
plasmas, where, correspondingly, the plasma temperatures show pronounced anisotropic distributions. This makes us
conclude that the filamentary structures of magnetic fields in CH corona plasmas originate from the thermal-driven
Weibel instabilities34, because, as we know, the Weibel instability is just induced by the temperature anisotropy
A15,16. Under experimental conditions ne0 ∼ 1020cm−3 and Te0 ∼ 1500 eV (see Supplementary), we estimate the
filamentary field strength in 3(b) as Bz,CH ∼ 0.01

√
2µ0n0Te0 ∼ 2.5 T, in consistence with the above estimations

from experiments [2(g) and 2(h)]. However, for collisional Cu plasmas [3(c)], we see only weak random fluctuations
exist with almost no filamentary structures, also in agreement with the above experiments [2(b) and 2(c)]. This is
because the collisions in Cu lead to heavy suppression of the Weibel instabilities31,35. Note that the collision rate
νe increases with plasma density and lT also increases when the temperature gradient decreases, both resulting in
increase of α (see Supplementary Figs. S3 and S4), therefore, the Weibel instability with filaments occurs only in
the hot underdense corona plasma region.
Time evolutions of |Bz(k)| for the most unstable mode of the Weibel instabilities in three cases are shown in Fig.

3(h). All of them exhibit approximately exponential growths with time and the growth rate in Cu plasmas is indeed
heavily suppressed due to the collision effect. The corresponding e-folding times of the most unstable mode for three
cases are estimated as respectively t1 ∼ 1.91L0/vTe0 (α = 0), t2 ∼ 6.11L0/vTe0 (α = 20) and t3 ∼ 53.5L0/vTe0

(α = 40). Considering the variation of plasma density profiles during long-time evolutions, the local plasma scale
lengths are Lloc/vTe,loc ∼ 10L0/vTe0, see Supplementary Fig. S5 and the corresponding discussions. Since PIC and
RMHD simulations are self-similar, we obtain from RMHD simulations that Lloc ∼ 500 µm and vTe,loc = 107 m/s
(Te,loc ∼ 600 eV). Substituting these parameters into the e-folding time relations that we get from PIC simulations,
we obtain that in experiments the e-folding time for the Weibel instability in CH plasmas is about tCH,WI ∼ 30 ps
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Fig 4. Combined RMHD and VFP simulation results for magnetic field transport in overdense plasmas.

Distribution maps of the self-generated magnetic field B [(a) and (b)], Nernst velocity |vN | [(c) and (d)], magnetization (hall)
parameter χe [(e) and (f)], and Righi-Leduc angle θRL [(g) and (h)] in respectively CH (left column) and Cu (right column)
plasmas at t = 300 ps. The arrows in all subfigures represent distributions of the Nernst velocity field vN , whose directions
and lengths correspond to respectively the directions and relative magnitudes of vN .

and that in Cu plasmas is tCu,WI ∼ 260ps. Generally, the Weibel instability growth time is about several times of the
e-folding time, that is, sufficient development of the Weibel instability in CH plasmas needs about 100 ps and that in
Cu plasmas needs about much longer as 1 ns. This further explains why the filamentary structures of magnetic fields
in CH plasmas are much more pronounced than those in Cu plasmas in experiments. The local characteristic scale λ
(scattered points) and the average spatial scale λ̄ (solid lines) of the filaments in PIC simulations are also displayed
in Fig. 3(i). We see that all of them increase with time and reach the order up to 100s of µm, in the same order of
the experimental results [2(n)]. It is worth noting that the Weibel instability keeps growing even after laser is over,
and when it enters into the nonlinear and saturation stage, the nonlinear current coalscence further increase the scale
of filaments16,36. This explains our experimental observation in Fig. 2(h) where the filaments keep growing at much
later time after laser is over.

Combined RMHD and VFP simulations for magnetic field transport in overdense plasmas

In the overdense plasma region where laser cannot arrive, the heat energy is transported by hot electrons. Therefore,
the transport of self-generated magnetic fields is strongly coupled with that of the electron heat flux, where the Nernst
and Righi-Leduc effects play important roles. To model the coupled field-heat transport, kinetic VFP simulations
with the code “OSHUN”37 are carried out. The setup and initial conditions of simulations are shown in Methods and
Supplementary Fig. S6. Figures 4(a) and 4(b) show the obtained distribution maps of magnetic fields in respectively
CH and Cu overdense plasmas. We see that, for both cases, the peaks of magnetic fields locate near the laser
focal spot, and the farther away, the weaker the field, which are consistent with the experiment results in Fig. 2
and RMHD simulations in Fig. 1. Due to the stronger inverse bremsstrahlung absorption at near-critical density
region, Cu plasmas have higher temperature Te and steeper density gradient, resulting in much stronger magnetic
field generation than in CH plasmas. The arrow symbols in 4(a) and 4(b) represent the Nernst convection velocity
field vN , showing that the Nernst convection makes magnetic fields transport away from the focal spot towards the
cold dense region. We also see from 4(c) and 4(d) that |vN | ∼ 600 km/s in Cu plasmas, stronger than that in CH
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(∼ 300 km/s). This implies that the self-generated magnetic fields in Cu plasmas are much more concentrated and
compressed in the cold dense surface region, providing a good explanation for the experimental observations in 2(c).

In addition, the Righi-Leduc effect induced by plasma magnetization leads to bending of the heat flux qe =
〈 12mev

2v〉f1 and the Nernst convection vN ∼ qe/[(1/γ − 1)pe] towards the direction of −B × ∇Te, orthogonal to
both magnetic fields and electron temperature gradient, which, to some extent, play roles in inhibiting transport
of magnetic field towards the cold dense region. Figures 4(e) and 4(f) plot distributions of plasma magnetization
parameter χe ≡ ωceτei ∝ BT 1.5

e /Z̄ne in respectively CH and Cu plasmas. We see that, despite with relatively lower
temperature Te and weaker magnetic field B, CH plasmas have larger χe than Cu plasmas, because they have lower
ionization charge states Z. Furthermore, for both cases, χe drops rapidly from & 1.0 near the focal spot to ∼ 0.1
within a few 100s of µm away. In order to evaluate how significance the Righi-Leduc effect is, we calculate the rotation
angles between the Nernst velocity and the temperature gradient as θRL ≡ arcsin( vN×∇Te

|vN ||∇Te|
), which are displayed in

Figs. 4(g) and 4(h). We see for both cases θRL has almost the same magnitude, which decreases from 90◦ near the
focal spot to about 30◦ several 100 µm away. Considering the self-generated magnetic fields majorly distribute just
at several 100 µm up to millimeter away from laser focal spot (see Fig. 2), we conclude that the Righi-Leduc effect
has very limited influence on magnetic field evolution and transport.

DISCUSSION

The first 3D synchronous proton radiography experiment has been carried out for probing self-generated magnetic
fields in laser-produced HED plasmas on XG-III laser facility that has the unique capability of synchronizing three
pulses in respectively femtosecond, picosecond and nanosecond duration scales. The spatially and temporally highly-
resolved radiographys show clearly different magnetic field dynamics in low-Z CH and high-Z Cu plasmas. Abundant
3D filamentary structures of magnetic fields grow up in CH hot coronal plasmas, while for Cu, the fields are majorly
compressed along the cold dense surface region whose internal structures are pretty vague. A cross-scale combination
of RMHD, PIC and VFP simulations reveals that the Weibel instabilities contribute to growth of field filaments in
CH plasmas, which are, however, heavily suppressed by the collision effect in Cu plasmas, and instead, in the latter
the strong Nernst convection effects lead to field compressions.

Our results have fundamental implications for dynamics of magnetic fields in almost all HED relevant researches
including astrophysics and ICF. The low-Z CH and high-Z Cu plasmas can be representative of the HED plasmas
from respectively laser-ablated capsule (generally CD) in the direct-drive ICF scheme and laser-irradiated hohlraum
wall (generally Au) in the indirect-drive scheme. Furthermore, our 3D proton radiography methodology is applicable
to a broad class of basic physics experiments where precise, time-resolved field measurements are a necessity.

METHODS

Experimental facility and 3D proton radiography technology

The three-dimensional (3D) synchronous proton radiography experiments presented in this work are carried out at XingGuang-III
(XG-III)26 laser facility at the Science and Technology on Plasma Physics Laboratory of Research Center of Laser Fusion, China Academy
of Engineering Physics. The laser facility can generate femtosecond, picosecond, and nanosecond beams with three pulses, i.e., 800 nm,
1053 nm, and 527 nm, respectively. To the best of our knowledge, XG-III is the first facility which produces three laser pulses with
different pulse widths and wavelengths. An optical synchronization technique, combining super continuum generation and femtosecond
optical parametric amplification, was developed to ensure three beams are from the same source to achieve precise synchronization. The
femtosecond beam is a double chirped-pulse-amplification Ti: sapphire laser which applies cross-polarized wave generation to improve
the temporal contrast. The picosecond/nanosecond beams utilize the optical parametric amplification + Nd: glass mixed amplification
scheme. The output energy and pulse width of the three beams in our experiments are about 6 J/50 fs, 100 J/1.5 ps, and 180 J/2.0 ns,
respectively. The smallest synchronization time (peak-to-valley) and the shot-to-shot timing jitter (peak-to- peak) of less than 1.32 ps
have been achieved for the femtosecond and picosecond pulses.

The 3D synchronous proton radiography is set up based on the synchronized, orthogonal picosecond and femtosecond laser pulses,
which can drive target normal sheath acceleration of protons of energies up to 10MeV from think Cu foils along both the face-on and
side-on directions. These protons, generally having uniform distributions after propagation for mm distances, pass through HED plasmas
from both face-on and side-on directions as well and subsequently deposit energy on the HD-V2 Radiochromic film (RCF) stacks. While
inside the HED plasma, the radiography protons experience deflection by the Lorentz forces arising from magnetic fields, which result in a
non-uniform dose-flux distributions on both RCF stacks. The response of the HD-V2 RCF stacks to proton dose has been well calibrated
with a good linear relationship between proton dose and the measured optical density (OD). The resulting RCF images in both directions
are scanned and analyzed to extract the 3D structures of self-generated magnetic fields by noting this linear relationship.
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Path-integrated field reconstruction

The extraction of the path-integrated magnetic field ψ from proton radiographs in this work is done by using the algorithm and
program PROBLEM28, where a parabolic Monge-Ampère equation is solved. Note that the formation of the proton radiographys can be
understanding as following.

First, the propagation of laser-produced proton beam initially can be regarded as a uniform expansion from a point source (laser-driven
target normal sheath acceleration region) into the probing HED plasma region. Under the paraxial approximation, lp/ri ≪ 1, when the
proton beam arrives at the probing region, it can be regarded as a two-dimensional near-planar sheet, where lp and ri are respectively the
plasma lateral length and the distance from the proton source to the plasma, in our experiments, lp ≈ 1 mm and ri = h ≈ 10 mm.

Afterwards, the proton beam is deflected by the Lorentz force arising from self-generated magnetic fields in HED plasmas, and the
lateral deflection velocity can be expressed as

v(x⊥0) ≈
e

mpc
ẑ×

∫ lz

0
dsB(x(s)), (2)

where e is the proton charge, mp is the proton mass, x⊥0 and x(s) are respectively the initial perpendicular position and the proton
trajectory. The outgoing proton beam moves approximately in a straight line at a constant velocity, and the lateral deflection velocity
v(x⊥0) is amplified as

x
(s)
⊥ (x⊥0) ≈

ri + rs

ri
x⊥0 +

v(x⊥0)

vp
rs, (3)

where vp is the proton velocity, rs is the distance from the plasma to the RCF screen, rs = L ≈ 50 mm in experiments, and x
(s)
⊥ is the

proton position on the screen.
Eventually, the deflection effect by the magnetic field makes the initially uniform proton beam redistribute on the RCF screen as

Ψ(x
(s)
⊥ (x⊥0)) =

1

|Det(∇⊥0[x
(s)
⊥ (x⊥0)])|

Ψ0, (4)

where Ψ and Ψ0 are respectively the redistributed proton flux on the RCF screen and the initial proton flux (generally uniform), and ∇⊥0

is the gradient operator of the initial plasma coordinates.
Therefore, the path-integrated magnetic field can be obtained by solving the Monge–Ampère equation (4), and

ψ ≡
∫ lz

0
dsB(x(s)) = −mpc

e
ẑ× v(x⊥0). (5)

This inversion problem is well-defined, the geometric distance and proton energy are determined in the experiments, the redistributed
proton flux Ψ can be obtained from the response function of RCF optical density (OD) to proton dose, and which has an almost linear
relationship in the low-dose region. The inhomogeneity of the initial proton flux Ψ0 is ignored, see also Fig. S1 in Supplementary.

For the statistics of the revealed stochastic filamentary magnetic field in CH plasma, we perform the unidirectional Fourier transform
to get the magnetic energy spectrum EB(k), and then take the statistical average. For example, for those in Fig. 2(f)-2(h), the main
component of the magnetic field is Bz and the wave number is mainly in the x direction. So, we perform Fourier transform of the Bz

component in the x direction, and then take statistical averaging in the z direction to obtain the average spatial scale λ̄.

Radiation-magnetohydrodynamic (RMHD) simulation

The RMHD simulations in this work are carried out by using the code “FLASH”29, which has been developed to include many high
energy density physics modeling capabilities including laser energy deposition, multi-temperature (Te 6= Ti 6= Trad), anisotropic electron
thermal conductivity, and radiation transport etc. We have also further extended the code with the self-consistent magnetic field modeling
capabilities including the Biermann battery, Nernst advection, resistive diffusion, Righi-Leduc and so on, that is the reason why we called
it as ”RMHD”. The initial conditions of three-dimensional (3D) RMHD simulations are taken following those in the experiments. The
size of the simulation box is 4× 4× 4 mm3 in all (x, y, z) directions and the solid CH/Cu foil targets with thicknesses 30 µm in z direction
and areas of 3.0× 0.8 mm2 in respectively x and y directions are placed at the position z = 1 mm. the ns laser pulse with energy of 180J,
flat-top temporal profile of duration 1.9 ns plus 0.1ns rising and falling times, and spot diameter of about 160 µm is incident on the foil
targets at an oblique angle of about 45◦. The equation of state (EOS) and opacity of solid foil materials (CH and Cu) come from the code
BADGER38 and IONMIX39, respectively. The initial densities of the foils are set to ρCH = 1.02 g/cm3 and ρCu = 8.92 g/cm3. All initial
temperatures are set to be uniform as room temperatures T0 ∼ 290 K.

Collisional particle-in-cell (PIC) simulation

The 2D3V PIC simulations in this work are carried out by using the fully-relativistic collisional PIC code “EPOCH”30. The simulation
box is composed of 15362 cells with the size [−Lx, Lx]× [−Ly , Ly ], where Lx = Ly = 38.4di0 and di0 ≡ c/ωpi0 is the initial ion skin depth.
Both profiles of the CH/Cu foil electron densities ne and temperatures Te are set, according to the RMHD simulations (see Supplementary

Fig. S2), as ne(r) = (ne0 −neb) exp(−r/L0)+neb and Te(r) = 2Ti(r) = (Te0 −Teb) exp(−r/L0)+Teb, where r =
√

x2 + y2, the gradient
length is L0 = 6.4di0, ne0 and Te0 are respectively the density and temperature of the coronal plasmas, neb = 0.01ne0 and Teb = 0.1Te0
are taken for those as the background plasmas. In order to overcome the rarefaction caused by expansion and maintain the plasma profiles,
we continuously inject isotropic thermal plasma in the central area where r < 10di0 to mimic target ablation. All plasmas are initially set
with isotropic Maxwellian distributions and in the simulations 64 macro-particles per cell for plasmas are employed. Thermal boundary
conditions for particles and open boundary conditions for fields are taken. For the collisions, the binary collision algorithm40 is taken. All
physical quantities are normalized as length to di0, time to L0/vte0, and magnetic field to

√
2µ0ne0Te0.
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Vlasov–Fokker–Planck (VFP) simulation

The 2D3P VFP simulations in this work are carried out by using the code “OSHUN”37, where the plasma distribution functions

are expanded into an arbitrary number of spherical harmonics f(r, p, t) =
∑∞

l=0

∑l
m=−l f

m
l
(r, p, t)P

|m|
l

(cos θ) exp(imϕ). In the code,
the collision operator, magnetic field generation and nonlocal heat transport, and also the implicit electric field solver and the laser
inverse bremsstrahlung operator are naturally and self-consistently included. Due to the collision helps to achieve isotropization, we take
l = m = 1, which is enough to characterize the main physics. In order to reduce the computation resources of such VFP simulations down
to a practical level, in the simulations the plasma profiles and the laser envelopes are adjusted within a reasonable range, in comparison
with the RMHD results, where the details are shown in the Supplementary Fig. S6 and the corresponding text there. The plasma density
profile is set as ne(x, y) = 2 × 1022[1.005 − tanh((y − 100µm)/50µm))] × [0.75 exp(−(x/300µm)2) + 0.25]cm−3, which makes ne transit
smoothly from 4× 1022cm−3 to 2.5× 1019cm−3, and the simulation box is also large enough to avoid the boundary effects. The heating
source profile is I(x, y, t) = 5.0 × 1014[0.5(tanh((y − 130µm)/40µm) + 1.0)] × [1.0 + cos(2πx/160µm)] ×H(200ps − t), where H(t) is the
Heavside function, this profile mimics the laser focal spot 160µm and average intensity 5.0× 1014W/cm2 in the experiments. We keep the
laser heating for 200 ps, and then turn off the heat source to let the system continue to evolve freely for 100 ps. The average ion charges
Z̄ of CH and Cu plasma are set to be 3.5 and 25, respectively, according to the ionization in the RMHD simulations, see Supplementary
Fig. S2.
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