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The interplay between charged particles and turbulent magnetic fields is crucial to un-21

derstanding how cosmic rays propagate through space1. A key parameter which controls22

this interplay is the ratio of the particle gyroradius to the correlation length of the magnetic23

turbulence. For the vast majority of cosmic rays detected at the Earth, this parameter is24

small, and the particles are well confined by the Galactic magnetic field. But for cosmic rays25

more energetic than about 30 EeV, this parameter is large. These highest energy particles26

are not confined to the Milky Way and are presumed to be extragalactic in origin. Identify-27

ing their sources requires understanding how they are deflected by the intergalactic magnetic28

field2, which appears to be weak, turbulent with an unknown correlation length, and possibly29

spatially intermittent. This is particularly relevant given the recent detection by the Pierre30

Auger Observatory of a significant dipole anisotropy in the arrival directions of cosmic rays31

of energy above 8 EeV3. Here we report measurements of energetic-particle propagation32

through a random magnetic field in a laser-produced plasma. We characterize the diffusive33

transport of these particles and recover experimentally pitch-angle scattering measurements34

and extrapolate to find their mean free path and the associated diffusion coefficient, which35

show scaling-relations consistent with theoretical studies4, 5. This experiment validates these36

theoretical tools for analyzing the propagation of ultra-high energy cosmic rays through the37

intergalactic medium6.38

Faithfully representing the propagation of energetic charged particles in structured electro-39

magnetic fields is a key challenge in plasma physics. The interaction of cosmic rays with magnetic40

turbulence controls their confinement time, their energy and momentum exchange with the thermal41
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gas, and their radiative emission7, 8.42

A theoretical framework has been developed for studying energetic-particle propagation,43

based on direct numerical simulations of particle orbits and complemented by statistical techniques44

(see Reference1 for a review). In particular, it was shown by Jokipii9 that random, small-amplitude45

fluctuations of the magnetic field superimposed on a mean background field lead to diffusive par-46

ticle propagation. This is a cornerstone of cosmic-ray transport theory, but is by no means to be47

taken for granted: certain forms of magnetic-field structure lead to anomalous diffusion10–12.48

Particle diffusion is a fundamental effect associated with turbulence, and therefore laboratory49

experiments can provide a wealth of data to expand our present understanding of the process13–15.50

Past experiments on particle transport in diffuse laboratory plasmas with strong mean magnetic51

fields have provided some insights16–19, but the important case of particle propagation in a fully52

stochastic magnetic field, i.e., with a zero mean background magnetic field, 〈B〉 = 0, and under53

conditions of weak magnetization, i.e., with Larmor radii much larger than the system size, has54

remained unstudied. This regime is of particular interest because, in perturbation theory, particles55

in a uniform background magnetic field follow zeroth order helical trajectories; however, in the56

formal limit 〈B〉 → 0 the solutions become non-trivial20.57

To fill this gap and generate a high-velocity, weakly-magnetized, turbulent plasma, we em-58

ploy the colliding-plasma platform, developed previously by Tzeferacos et al.21, 22 to study fluctua-59

tion dynamo (see Fig. 1 for details). Three-dimensional simulations with the radiation-magnetohydrodynamics60

code FLASH23 guided and informed this experimental design, including details of the targets and61
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the grids, and the timing of the diagnostics21.62

63
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Figure 1: Experimental setup. a) Two 50 µm thick CH foils attached to a pair of 230 µm thick CH

washers (with 400 µm diameter wells to act as collimators) and two grids (comprised of periodic

300 µm holes and 100 µm wires) are placed 8 and 4 mm apart, respectively. Each foil is irradiated

with 5 kJ of energy during a 10 ns pulse (10 frequency-tripled laser beams on each foil). This

produces two counter-propagating plasma flows which subsequently pass through a pair of grids.

The two flows then meet, shear each other, and become turbulent in the central region between the

two grids (the interaction region). A 420 µm diameter, 2 µm SiO2 thick shell capsule, filled with

18 atm D3He gas (6 atm 2D and 12 atm 3He), is placed 10 mm away from the interaction region.

The capsule is imploded using 17 additional beams (frequency-tripled to 351 nm, providing 270

J/beam for a 1 ns pulse) to produce 3.3 and 15 MeV fusion protons 24, 25. A 300 µm diameter

pinhole is placed between the capsule and the interaction region in selected shots. The protons are

detected on the opposite side of the capsule with a nuclear track detector (CR-39) film pack 27 cm

from the plasma interaction region, achieving a magnification of×28. b) X-ray self-emission from

the interaction region at t = 38 ns after the start of the laser drive from a shot without the pinhole.

c) 15 MeV proton image of entire interaction region at 38 ns, without pinhole shield present in the

path. For clarity, the image scale is shown with the magnification removed.64

The electron density and temperature are measured using collective Thomson scattering (see65

Katz et al.26 and Supplementary Information) and found to be ne ' 9 × 1019 cm−3 and Te ' 40066

eV immediately after the flow collision (at about 27 ns after the start of the drive). The mean flow67

velocity (uflow) and the turbulent velocity (uturb) of the flow are also obtained by this diagnostic.68

Prior to collision, the counter-propagating flows reach velocities of uflow ' 200 km s−1, whereas69
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in the turbulent region at late times we measure uflow ' 50 km s−1 and uturb ' 100 km s−1 at70

the driving-scale (L ' 400 µm, set by the grid spacing and confirmed by X-ray images of the71

turbulence).72

Fig. 1b shows the plasma emission in the soft X-ray region at 38 ns after the start of the laser73

drive. As discussed in Tzeferacos et al.22, fluctuations in the emissivity of such a plasma can be74

related to fluctuations of density27. They exhibit a characteristic Kolmogorov power-law spectrum75

(Fig. 4d). The presence of a stochastic magnetic field generated by turbulence21, 22 is inferred using76

proton radiography. Fig. 1c shows a proton radiograph of the plasma corresponding to the same77

time as the X-ray image in Fig. 1b. The presence of strong inhomogeneities in the proton flux78

and the stochastic, non-regular morphology of the structures is due to protons being deflected by79

strong, tangled magnetic fields.80

To probe the diffusive transport of particles through the turbulent plasma we modified our81

experimental platform to introduce a collimated proton beam. The collimation was achieved by82

placing a 200 µm thick aluminum shield between the D3He capsule and the interaction region,83

with a 300 µm diameter pinhole (shown in Fig. 1a). The pinhole imprint is recorded on the84

detector plane, as shown in Fig. 2. The proton-beam imprints appear deformed and broadened85

due to diffusion of the protons through the turbulent magnetized plasma. The proton-beam im-86

print contours are shown in Figs. 3a and 3b. The corresponding diffusive deflection velocities,87

∆v⊥, as interpreted from the scattering angle |∆v⊥|/V , where V is the proton-beam speed, are88

shown in Fig. 3c (see also Supplementary Information). We have performed radiation magneto-89
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hydrodynamic simulations of the full experiment using the FLASH code21. From the simulation90

results, proton trajectories and resultant transverse deflection as they cross the interaction region91

have also been calculated and are in good agreement with the experimental measurements (Fig. 3c92

and additional details in the Supplementary Information).93

The velocity deflections due to magnetic fields scale independently of velocity, whereas those94

due to electric fields scale as∼ 1/V (shown in the Supplementary Information). The near-equality95

of the deflection velocities of the two proton species, evident in Fig. 3c, suggests that scattering is96

predominantly due to magnetic fields. While there are many possible processes that could lead to97

the scattering of a charged-particle beam passing through the turbulent plasma, for our experiment98

we argue that most are negligible (see Supplementary Information), on account of the low density99

of the plasma and the large speed of the protons compared to driving-scale plasma motions. De-100

tailed calculations and descriptions of possible electric field effects are given in the Supplementary101

Information.102

From our experimental measurement of ∆v⊥, we can calculate the associated angular scat-103

tering coefficient in velocity-space, ν ∼ (∆v⊥/V )2/τ , where τ = `i/V is the transit time of the104

particles through the plasma. For a plasma on the scale of L� V/ν, our results imply an isotropic105

spatial diffusion coefficient κ ∼ V 2/ν = `iV
3/(∆v⊥)2. Since κ/V 3 is constant in our experiment106

(Fig. 3d), it means (∆v⊥)2 ∝ `i ∝ τ . This is indeed consistent with a normal (Markovian) spatial107

diffusion1, 5, 20.108

From the flux inhomogeneities observed in the proton image (see e.g., Fig. 1c), an exper-109
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Figure 2: Proton pinhole images. Radiographs obtained on the CR-39 film pack with proton

energies of a) 15 MeV, with no plasma in the interaction region, and b) 15 MeV, with a turbulent

plasma in the interaction region. c) Same as a) but for the 3.3 MeV protons. d) Same as b) but for

the 3.3 MeV protons. The pinhole shield is clearly seen to block most of the incoming proton flux

from the capsule and, in the case where no plasma was present (a) and c)), it produces a fixed 300

µm diameter beam of 3.3 and 15 MeV protons that passes through to the detector. For the case

when a plasma is present in the interaction region (b) and d)), the beam is deformed and broadened

before reaching the detector.
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Figure 3: Diffusive scattering of the proton beam. Contours of the beam imprint on the CR-39

plate for a) 15 MeV protons and b) 3.3 MeV protons, taken with different delay times after the

start of the drive beams. c) The RMS transverse deflection velocity acquired by the proton beam,

calculated using the inferred reconstruction and smearing algorithm, the contour analysis of the

pinhole image (for both proton species), and evaluated using FLASH simulations. d) Measured

spatial diffusion coefficient as a function of the plasma interaction length, as determined from

the X-ray self-emission images and the 15 MeV pinhole synthetic radiographs from the FLASH

simulations.
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imental radiograph can be inverted28, 29 to give the path-integrated magnetic field. By using this110

inversion technique to compare the 3.3 MeV and 15 MeV proton images, we also find evidence111

that smaller-scale fluctuations diffusively scatter the proton beam. We show in the Supplementary112

Information that the path-integrated magnetic fields experienced by each of these beams are essen-113

tially the same. As a result, the 15 MeV proton radiograph in Fig. 1c can be processed to find the114

path-integrated magnetic field (Fig. 4a), which is then used to generate a synthetic 3.3 MeV pro-115

ton image (Fig. 4b). Comparing this image with the true experimental 3.3 MeV proton radiograph116

(shown in Fig. 4c), we observe that the flux inhomogeneities associated with the driving-scale mag-117

netic structures are more smeared in the experimental data. This is consistent with the presence118

of small-scale fields causing diffusive scattering of the proton beam, which smooths and obscures119

the detection of small-scale structures (for more details, see the Supplementary Information). The120

corresponding deflection angles, ∆v⊥/V , associated to this image-smearing effect (combined with121

the deflections by large-scale fields) are shown in Fig. 3c, which, in fact, agree closely with the122

deflection angles obtained from the pinhole method described above.123

A possible explanation of the observed smearing is that it arises due to stochastic magnetic124

fields. Using characteristic values for the plasma properties corresponding to 38 ns delay (see125

Supplementary Information for calculations of these values), we take the size of the interaction126

region to be `i ∼ 1 mm, as inferred from the X-ray images. The root-mean-square (RMS) of127

the magnetic field is determined from the reconstructed path-integrated magnetic field22 giving128

Brms ∼ 80 kG. While this value of Brms is dependent on the magnetic energy power-law spec-129

trum shown in Fig. 4d, and thus on the resolution of the proton images, for a dynamo-driven130
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magnetic field, such dependence is rather weak. This is because most of the magnetic energy131

is contained within the largest filaments22. The value of the correlation length, instead, is more132

difficult to evaluate from the experimental images, since small-scale structures are unresolved.133

From the FLASH simulations we find that the characteristic size is `B ∼ 50µm, corresponding134

to the largest unresolved magnetic field structures. For the case of normal diffusion, a random-135

walk argument gives ∆v⊥ ≈ qeBrms

√
`i`B/mp ∼ 1.7× 107 cm s−1 (see Supplementary Informa-136

tion for full derivation) where mp is the mass of a proton. This is consistent with the measured137

RMS deflection velocity (Fig. 3c). Further, since the values of V , Brms, and the power spec-138

trum of the magnetic energy (and therefore the value of `B) do not change in the experiment after139

the magnetic-field amplification saturates21, 22, the random walk model also predicts a constant140

κ/V 3 ∼ m2
p/(qeBrms)

2`B ' 3× 10−16 s2 cm−1, in agreement with the values shown in Fig. 3d.141
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Figure 4: Magnetic field reconstruction. a) Large-scale path-integrated magnetic field recon-

structed from the 15 MeV proton image in Fig. 1c. b) 3.3 MeV proton image predicted by as-

suming 3.3 MeV protons experience the same path-integrated field as the 15 MeV protons, with

additional blurring to account for the finite source size. c) Experimental 3.3 MeV proton image

taken at t = 38 ns. d) Density (red, solid) and magnetic-energy (blue, solid and long-dashed) spec-

tra in the turbulent plasma at t = 38 ns as measured from self-emitted X-rays and proton imaging,

respectively. The experimental spectra are plotted alongside power-law fits (red, dashed for den-

sity; blue, dashed for magnetic energy) extended down to the viscous (`νc ' 5 µm) and resistive

(`η ' 4 µm) dissipation scales. Turbulent dynamo is expected to generate magnetic fields over a

range of scales (the relevant physical scales are summarized in the Supplementary Information),

from driving scales down to the resistive scale, `η ' 4 µm. However, due to the finite size of the

proton source, the spatial resolution of the proton radiograph is 45 µm; similarly, the resolution of

the X-ray framing camera is 50 µm. Magnetic-field structures with sufficiently small wavelengths

(blue shaded region) affect the dynamics of the proton beam diffusively. This accounts for why

we do not see the expected magnetic-energy spectrum for a dynamo-driven magnetic field, which

is believed to have a dependence on wavenumber within the range ∼ k−1 − k−3/2 (where k is the

spatial wavenumber) 22, 30.143

For isotropic statistics and rg � `B (rg is the gyroradius of the protons), the proton mean144

free path is given by λ ' V/ν ' 104 cm. In this regime, both a simple random walk argument and145

the theory and simulations of Subedi et al.5 predict a scaling λ ∝ r2g/`B. Since rg/`B ' 1, 380146

for the 15 MeV and ' 650 for the 3.3 MeV protons, we can use this scaling to extrapolate from147
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Subedi et al. a ratio λ/`B ' 1 − 3 × 106, which is consistent with the experimental values that148

we obtain within a factor of unity (λ/`B ' 2 × 106 in the experiment). This agreement provides149

experimental evidence of the λ ∝ r2g/`B scaling in the large rg/`B regime.150

These results are relevant to our current understanding of cosmic ray propagation for ener-151

gies beyond ∼ 30 EeV in the intergalactic medium 6. This validates a critical tool for interpreting152

anisotropies and constraining the directions and distances to sources in the framework of the tur-153

bulent intergalactic magnetic field model. This is especially timely given the recent detection by154

the Pierre Auger Observatory of a significant dipole anisotropy in the arrival directions of cosmic155

rays of energy above 8 EeV 3.156

Supplementary Information is available in the online version of the paper.157
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