
Abstract

Identifying the sources of the highest energy cosmic rays requires understanding how they are de� ected by the
stochastic, spatially intermittent intergalactic magnetic� eld. Here we report measurements of energetic charged-
particle propagation through a laser-produced magnetized plasma with these properties. We characterize the
diffusive transport of the particles experimentally. The results show that the transport is diffusive and that, for the
regime of interest for the highest energy cosmic rays, the diffusion coef� cient is unaffected by the spatial
intermittency of the magnetic� eld.

Uni� ed Astronomy Thesaurus concepts:High energy astrophysics(739); Ultra-high-energy cosmic radiation
(1733); Magnetic� elds(994); Laboratory astrophysics(2004); Plasma astrophysics(1261); Intergalactic medium
(813); Particle astrophysics(96)

1. Introduction

The interplay between charged particles and stochastic
magnetic� elds generated by plasma turbulence is crucial to
understanding how cosmic rays propagate through space
(Strong et al.2007; Zweibel 2013; Schlickeiser2015). A key
parameter for determining the underlying nature of charged-
particle diffusion is the ratio of the particle gyroradiusrg to the
correlation length��B of the magnetic turbulence. For the vast
majority of cosmic rays detected at the Earth, this ratio is small.
These are particles that are well con� ned by the Galactic
magnetic� eld. But for cosmic rays more energetic than about
10 EeV, the ratio is larger than unity. These ultrahigh-energy
cosmic rays(UHECRs) are not con� ned to the Milky Way and
are presumed to be extragalactic in origin. Identifying their
sources requires understanding how they are de� ected by the
intergalactic magnetic� eld, which appears to be stochastic and
spatially intermittent. Recent data from the Parker Solar Probe
mission have also indicated the presence of non-Gaussian
magnetic� elds near the Sun(Bandyopadhyay et al.2020).

To study the propagation of cosmic rays, a theoretical
framework has been developed based on direct numerical
simulations of particle trajectories(e.g., Sigl et al.2003, 2004)
and statistical techniques(see Shalchi2009 for a review). In
particular, it has been shown(Jokipii 1966) that random small-
amplitude� uctuations of the magnetic� eld superimposed on a
mean background� eld lead to diffusive particle propagation.
As a result, standard(Markovian) diffusion is widely used in

modeling cosmic-ray transport(e.g., Globus et al.2008, 2019;
Kotera & Lemoine2008; Globus & Piran2017), although
anomalous diffusion has been shown to occur in special cases
(Jokipii & Parker 1969; Reville et al. 2008; Lazarian &
Yan2014), including resonant scattering of charged particles in
spatially intermittent magnetic� elds(Shukurov et al.2017).

Past laboratory experiments have studied particle transport in
diffuse plasmas with strong mean magnetic� elds (Gustafson
et al.2012; Anderson et al.2013; Bovet et al.2015; Furno et al.
2015), but the regime that is relevant to UHECR transport in
the intergalactic medium(IGM), i.e., a stochastic, spatially
intermittent magnetic� eld with zero mean(� � �� 0), and under
conditions of weak magnetization(rg�? ��B), has not been
studied theoretically, numerically, or experimentally.

2. Laser-driven Experiments

Here we report the results of laboratory experiments that
focus on this regime. We carried out these experiments at the
Omega Laser Facility at the Laboratory for Laser Energetics at
the University of Rochester(Boehly et al.1997). A high-
velocity, magnetized, turbulent plasma was generated
(Figure 1), employing the same platform as previously used
to demonstrate dynamo ampli� cation of magnetic� elds
(Tzeferacos et al.2017, 2018). Three-dimensional simulations
with the radiation-magnetohydrodynamics code FLASH
(Fryxell et al. 2000; Dubey et al.2009; Tzeferacos et al.
2015) guided and informed the experimental design, including
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target speci� cations and the timing of diagnostics(Tzeferacos
et al.2017).

The platform consists of two 50μm thick polystyrene(CH)
foils attached to a pair of 230μm thick CH washers, with
400 μm diameter machined“wells” that act as collimators,
placed 8 mm apart. Between the two targets we position a pair
of grids, comprised of periodic 300μm holes and 100μm
wires, placed 4 mm apart. The grid patterns are shifted to break
the mirror symmetry of the system. Each foil is irradiated with
5 kJ of energy during a 10 ns pulse(10 frequency-tripled laser
beams on each foil, staggered in time). The drive produces two
counterpropagating plasma� ows, which pass through the pair
of grids, meet, shear each other, and become turbulent in the
central region between the two grids(the interaction region).
For a detailed description of the experimental platform and the
nature of the turbulence it generates, see Tzeferacos et al.
(2018).

The electron density and temperature of the turbulent plasma
are measured using collective Thomson scattering(Katz et al.
2012) and are found to bene ; 9�×�1019 cm−3 and Te ;
400 eV immediately after the formation of the turbulent region
(t ; 27 ns after the start of the drive). The mean velocity(u� ow)
and the turbulent velocity(uturb) of the � ow are also obtained
by this diagnostic. Prior to collision, the counterpropagating
� ows reach velocities of  ´ -u 2 10 cm sflow

7 1, whereas in
the turbulent region we measure at late times uflow
´ -5 10 cm s6 1 and  -u 10 cm sturb

7 1 at the driving scale of
the turbulence(L ; 400μm, set by the grid spacing).

The evolution of the plasma interaction region is determined
using self-emitted soft X-rays(Figure1(b) shows the plasma
emission at 38 ns after the start of the laser drive). As discussed
in Tzeferacos et al.(2018), � uctuations in the emissivity of
such a plasma can be related to� uctuations of density
(Churazov et al.2012); the latter exhibit a Kolmogorov
power-law spectrum, with a driving scaleL consistent with the
grid spacing detailed above(Figure1(c)). The spatial extent of
the interaction region over time can also be measured using the

X-ray diagnostic. Further details concerning the plasma state
are given in AppendixB.

The stochastic magnetic� elds ampli� ed in the turbulent
plasma(Tzeferacos et al.2017, 2018) are measured using
proton radiography(Figure 2). A 420 μm diameter SiO2
capsule, with a 2μm thick shell, is� lled with 18 atm D3He gas
(6 atm2D and 12 atm3He) and is placed 10 mm away from the
interaction region. The capsule is imploded using 17 beams
(frequency-tripled to 351 nm, providing 270 J/beam for a 1 ns
pulse) to produce 3.3 and 15 MeV fusion protons(Li et al.
2006; Kugland et al.2012; Manuel et al.2012). The protons are
recorded on the opposite side of the capsule with a nuclear
track detector(CR-39) � lm pack, 27 cm from the plasma
interaction region, achieving a magni� cation of�×28.
Figure 2(a) shows a proton radiograph of the plasma
corresponding to the same time as the X-ray image in
Figure 1(b). The presence of strong inhomogeneities in the
proton � ux and the stochastic, nonregular morphology of the
structures is due to protons being de� ected by strong tangled
magnetic� elds. From the� ux inhomogeneities observed in the
proton image, the experimental radiographs can be inverted
(Bott et al. 2017; Graziani et al.2017) to recover two
components of the path-integrated magnetic� eld (Figure2(b)).
Using the measured spatial extent of the interaction region, we
can show that the measured path-integrated magnetic� eld
corresponds to a root mean square(rms) valueBrms�;�65–80
kG, with a typical correlation length�B�≈�90 μm. These
experimental values are consistent with the results of the
FLASH simulations, which giveBrms�;�80–100 kG and
�B�;�50 μm, when the effects of diffusion of the imaging
beam caused by small-scale magnetic� elds and the under-
estimation of the magnetic energy by the reconstruction
algorithm in the presence of small-scale caustics are taken into
account(Tzeferacos et al.2018).

The statistics of the path-integrated magnetic� eld are
expected to deviate from Gaussian as a result of the spatial
intermittency. To quantify this, we show the probability density

Figure 1. Experimental setup.(a) Schematic of the experimental platform, showing the target components and the con� guration of the proton radiography
experimental diagnostic.(b) X-ray self-emission from the interaction region att�= �38 ns after the start of the laser drive.(c) Power spectrum of the density� uctuations
recovered from the� uctuations of X-ray self-emission. The resolution of the diagnostic(the size of the pinhole employed on the X-ray framing camera) is 50μm,
which is below the driving scale, but above the dissipative scales of the plasma.
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function(PDF) of the magnitude of the path-integrated� eld in
Figure 2(c) and the� eld � lling factor in Figure2(d). Both
exhibit extended tails. Because the path-integrated magnetic
� eld is spatially intermittent, it follows that the� eld itself must
also be spatially intermittent. Indeed, the PDF of the magnetic
� eld strength in the FLASH simulations exhibits an exponential
tail. The simulations also demonstrate that the deviation from
Gaussian statistics is more pronounced in the three-dimensional
true � elds than in the two-dimensional path-integrated� eld
(see also AppendixB). Such non-Gaussian, spatially inter-
mittent magnetic� elds are expected to arise when the
� uctuation dynamo is operating�(Schekochihin et al.2004).

3. Transport Characterization

To characterize the transport of particles through the
turbulent plasma, we modi� ed our experimental platform to
introduce a collimated proton beam. The collimation was
achieved by placing a 200μm thick aluminum shield between
the D3He capsule and the interaction region, with a 300μm
diameter pinhole(shown in Figure1(a)). The pinhole imprint is
then recorded on the detector plane, as shown in Figure3. The
proton-beam imprints appear deformed and broadened due to
the interaction of the protons with the turbulent magnetized
plasma. The proton-beam imprint contours are shown in
Figures4(a) and (b). The corresponding de� ection velocities,
� v⊥, as interpreted from the scattering angle∣ ∣Dv̂ V , whereV
is the proton-beam speed, are shown in Figure4(c). Using the
synthetic proton radiography diagnostic of the FLASH code

(Tzeferacos et al.2017), we also post-processed the FLASH
simulation results to recover proton trajectories and the
resultant transverse de� ections. These are in good agreement
with the experimental measurements(Figure4(c)).

The velocity de� ection � v⊥ due to magnetic� elds scales
independently of velocity, whereas the velocity de� ection due
to electric� elds scales asµ V1 (shown in AppendixC). The
near-equality of the de� ection velocities of the two proton
species, evident in Figure4(c), suggests that scattering is
predominantly due to magnetic� elds. While there are many
other possible processes that could lead to scattering of a
charged-particle beam passing through a turbulent plasma, for
our experiment we argue that these other processes are
negligible, on account of the low density of the plasma and
the high speed of the protons compared to driving-scale plasma
motions. Detailed calculations and descriptions of possible
electric� eld effects are given in AppendixD.

From our experimental measurement of� v⊥, we can
calculate the associated scattering frequency in velocity-
space, ( )� O � U~ Dv̂ V 2 , whereτ�= �� i/V is the transit time of
the particles through the plasma and�� i is the scale of the
interaction region as inferred from the X-ray images. For a
plasma with dimensions much greater than the proton mean
free pathλ�≡�V/ν, our results imply an isotropic spatial
diffusion coef� cient ( )� L � O~ = D ^V ℓ V vi

2 3 2. Because
κ/V3 is constant in our experiment(Figure4(d)), this implies
( ) �UD µ µv̂ ℓi

2 . This is consistent with a normal(Markov)
spatial diffusion(Tsytovich1977; Shalchi2009; Subedi et al.
2017).

Figure 2. Magnetic� eld reconstruction.(a) 15 MeV proton radiography image of the entire interaction region at 38 ns, without a pinhole shield present in the path.
For clarity, the image length scales are shown without the�×28 magni� cation factor; with this factor, the image has dimensions of 10 cm�×�10 cm.(b) Magnitude of
the two components of path-integrated magnetic� eld that are perpendicular to the proton-beam path, reconstructed�(Bott et al.2017) from the 15 MeV proton image
in (a). (c) PDF of the magnitude of the path-integrated magnetic� eld Bpathat 38 ns. The PDF(red) is calculated using the mean of the PDFs for the two rectangular
regions depicted in(b); the uncertainty is derived from the standard error. The PDF of the path-integrated� eld arising in the FLASH simulations is also plotted
(green), as is a Gaussian reference(blue) with the same rms� eld strength.(d) The fraction of area of the path-integrated magnetic� eld in which the� eld magnitude
Bpath satis� esBpath�� �νBpath,rms, whereBpath,rms is the rms path-integrated� eld. This quantity is again calculated from the rectangular regions demarcated in(b).
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4. Discussion

Because the charged-particle transport is consistent with normal
spatial diffusion through a stochastic� eld, we can compare the
experimental results to theoretical predictions from a random-walk
process. Using characteristic values for the plasma properties
corresponding tot�= �38 ns after the start of the drive, we take the
size of the interaction region to be� i ; 0.08 cm, the typical
magnetic� eld strength B 100 kGrms , and the correlation length
�B�;�50 μm. For the case of normal diffusion, a random-walk
argument gives D » ´^

-v q B ℓ ℓ m 1.9 10 cm se i B prms
7 1

(see AppendixC), wheremp is the mass of a proton. This value
is consistent with the measured rms de� ection velocity
(Figure 4(c)). Furthermore, because the values ofV, Brms, and
the power spectrum of the magnetic energy(and therefore the
value of��B) do not change in the experiment after the magnetic
� eld ampli� cation saturates(see Tzeferacos et al.2017, 2018
and Appendix A), the random-walk model also predicts a
constant ( ) �L ~ ´ - -V m q B ℓ 1.9 10 s cmp e B

3 2
rms

2 16 2 1, in
quantitative agreement with the experimental results(Figure4(d)).

For isotropic statistics andrg/� B ? 1, the proton mean free
path is λ ; 104 cm. In this regime, theory�(Dolginov &
Toptygin 1967) and simulations�(Subedi et al.2017) predict
that ( )�M µℓ r ℓB g B

2. The simulations of Subedi et al.(2017)
predict a scaling coef� cient of 1.5 and extend to r ℓ 40g B .
Extrapolating the results of Subedi et al.(2017) by a factor of
13 and 28 to the valuesrg/� B�;�520 for the 3.3 MeV protons
and1, 100 for the 15 MeV protons givesλ/� B�;�0.6�×�106

and�;2�×�106. These values agree within a factor of order
unity with the experimental value ofλ/� B�;�2�×�106 that we
obtain for the two proton energies. More importantly, our
results demonstrate that, for the conditions present in the
experiment(i.e., a beam with a diameter >D ℓB of charged

particles in therg�?�� B regime that traverses a stochastic and
spatially intermittent magnetic� eld with a path length >ℓ ℓi B),
the diffusion is not affected by the spatial intermittency of the
stochastic magnetic� elds. This is also demonstrated by the
FLASH simulations of the experiment and numerical simula-
tions presented in AppendixE.

The results of our experiments validate the use of standard
diffusion theory in modeling the transport of UHECRs in
the IGM, e.g., Kotera & Lemoine(2008), Globus et al.
(2008, 2019), and Globus & Piran(2017), because all three of
the above conditions are satis� ed. This is useful in view of the
increased interest in such modeling motivated by the recent
detection by the Pierre Auger Observatory of a signi� cant
anisotropy in the arrival directions of cosmic rays of energy
above 8 EeV(The Pierre Auger Collaboration2017).
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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� ux from the capsule, and in the case where no plasma was present((a) and c)), it produces a� xed 300μm
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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Appendix A
FLASH Simulations

We designed the experimental platform using three-dimen-
sional radiation-magnetohydrodynamics(MHD) simulations
carried out with the FLASH code. FLASH is a parallel,
multiphysics, adaptive-mesh-re� nement(AMR), � nite-volume,
high performance computing(HPC) Eulerian code(Fryxell
et al. 2000; Dubey et al.2009) that scales well to over a
100,000 processors. This is accomplished by exploiting a
variety of in time parallelization techniques, and a combination
of message passing and threading to optimally utilize hardware
resources. The code is publicly available(http://� ash.
uchicago.edu) and has been successfully applied in a wide
range of disciplines including astrophysics, cosmology,
combustion, � uid dynamics, turbulence, and high-energy-
density laboratory plasmas(HEDLP).

We performed a series of high-� delity three-dimensional
FLASH radiation-MHD simulations on the Mira supercomputer

at the Argonne National Laboratory. This simulation campaign
to design the original experimental platform of Tzeferacos et al.
(2018) is described in detail in Tzeferacos et al.(2017);
considerations on the pinhole design are discussed in a
companion paper. The simulations take advantage of the entire
suite of HEDLP capabilities of FLASH(Tzeferacos et al.2015),
including its MHD solver (Lee 2013) extended to three
temperatures(Tzeferacos et al.2015), nonideal MHD effects
such as magnetic resistivity(Tzeferacos et al.2015), and
Biermann battery(Fatenejad et al.2013; Graziani et al.2015),
heat exchange between ions and electrons, implicit electron
thermal conduction and radiation transport in the multigroup
diffusion approximation, multitemperature tabulated equations
of state and material opacities, and laser beams that are modeled
using geometric-optics ray-tracing(Kaiser 2000) and deposit
energy via inverse Bremsstrahlung.

We have used the FLASH code to design and simulate the
experiment and, using the synthetic diagnostics routines of the
code, constructed the proton radiographs shown in FigureC1.
The latter are used to predict the values of� v⊥ in Figure4(c).
The simulation domain spans 0.625 cm in theX and Y
directions, and 1.25 cm alongZ—the line of centers between
the two targets. The spatial resolution is∼25μm. The
dynamics of the evolution are shown in FigureA1 and largely
mirror the results discussed in Tzeferacos et al.(2017, 2018).
The laser drive ablates the rear surfaces of the targets to launch
two counterpropagating plasma� ows (Figure A1(a)) that
subsequently traverse the grids(Figure A1(b)), forming
� nger-like formations. The spatial offset of the grids by one
grid aperture results in the two fronts interleaving to create a
hot turbulent region in the center of the domain(FigureA1(c)).

Figure 4. 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 de� ection velocity acquired by the proton beam, calculated using the contour analysis of
the pinhole image(for both proton species), and evaluated for the FLASH simulations.(d) Measured spatial diffusion coef� cient 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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Guided by the simulations, we modi� ed the grids with respect
to the design of Tzeferacos et al.(2018) and reduced the
thickness of the wires from 300 to 100μm. This resulted in an
increase in the number of apertures that in turn led to(i)
increased throughput of kinetic energy and to(ii ) the formation
of a denser interaction region that is considerably thicker and
more centered at the target chamber center than our previous
design in Tzeferacos et al.(2017, 2018).

To quantify the temporal evolution of the magnetic� eld
ampli� cation in the simulations, we use a control volume
(a cubic box of edge length 500μm, Tzeferacos et al.2017) to
initially track in time the propagating plasma front from grid
A, and post-collision, the turbulent interaction region. In the
control volume, we compute the peak and rms magnetic� eld
strengths reported in FigureA2 with red and blue solid lines,
respectively. The temporal trend agrees with the results of
Tzeferacos et al.(2017, 2018). The time-series reveals
that, after the ampli� cation saturates, the magnetic� eld
strength does not vary signi� cantly in time and maintains
values of –B 80 100 kGrms and –B 350 400 kGmax , with
� B�;�50μm. This corroborates the arguments made in
Section 3 regarding the scaling of the spatial diffusion
coef� cient κ because the proton images were taken after
saturation(dashed vertical lines in FigureA2).

Appendix B
Plasma Characterization

In this section we describe the collective Thomson scattering
diagnostic that was used to measure plasma properties, and
report on measurements taken just after the collision of the two
� ows, and much later in time when the turbulent interaction
region has developed. We then provide a comprehensive list of
relevant plasma parameters, both measured and calculated, with
particular care in accounting for the multi-ion nature of the
plasma. We end this section by reporting on the evolution of
the proton path length and the maximum path-integrated
magnetic� eld strength as a function of time after the start of
the drive laser pulse, which was key in the analysis described in
Section3.

B.1. Thomson Scattering Diagnostic

A collective Thomson scattering(TS) diagnostic was
employed to characterize the plasma properties. It was operated
as either time-resolved or space-resolved(on different laser
shots). For temporally resolved TS, the probe beam was a 1 ns
pulse, delivering 25 J of 526.5 nm wavelength light to a 50μm
cubed volume. For spatially resolved TS, the probe beam was a
0.6 ns pulse, delivering the same energy at the same
wavelength to a cylindrical volume with a 50μm diameter
cross-sectional area, and a 1.5 mm� eld of view (FOV). For
both cases, the scattering angle was set to 63°, oriented with the
scattering wavenumber parallel to the line of centers connecting
the two targets and therefore the propagation axis of the two
plasma � ows. Figure B1 shows an example of the time-
resolved measured data, and the best� t to the spectrum. The
central peak at 526.5 ns corresponds to stray light from the
probe beam. Fitting the scattering spectra and the total
scattering power with the TS form factor(see Tzeferacos
et al.2018for details) allows us to determine the values of the
electron density(ne), the electron temperature(Te), the bulk
� ow velocity along the propagation axis of the two� ows
(u� ow), and the turbulent velocity(i.e., � uctuations that broaden
the scattering spectra) at the scale of the scattering volume
(u�= 50μm). While the turbulent velocity is measured from TS
on scales�� �= �50μm, we can� nd the turbulent velocity for the
outer scales by assuming Kolmogorov scaling(as shown in
Figure 2(d)) and see that ( – ) ´ -u 0.7 1.4 10 cm sturb

7 1.
Before the collision(and until�∼26 ns), the speed of the
� ow of the bulk plasma is similar to the speed of the single
jet, i.e., ujet�;�u� ow, and naturally,u� ow decreases thereafter.
These are given in Table1 for 27 and 41 ns after the start
of the laser pulse. The 27 ns data were taken using the

Figure A1. Simulated temporal evolution. We show the logarithm of electron density(half-rendering), with gray contours denoting the grids and the supporting rods,
at (a) 11 ns prior to collision(16 ns in the experiment), (b) 1 ns prior to collision(26 ns in the experiment), and(c) 16 ns after the collision(42 ns in the experiment) of
the counterpropagating plasma� ows.

Figure A2. Temporal evolution ofBmax and Brms. Analysis of the FLASH
simulations shows that the proton radiography images were taken(dashed
vertical lines) after the saturation of the magnetic� eld ampli� cation. Thus, the
rms (blue solid line) and peak(red solid line) values of the magnetic� eld
strength do not vary considerably in time.
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spatially resolving con� guration, and the errors in the table
re� ect the variation in the plasma parameters across the 1.5 mm
extent of the collection cylinder. The electron density
measurement has an error of about 20%–30%, primarily

Figure B1. Thomson scattering data. The measured ion acoustic wave
spectrum at 41 ns after collision is shown in red, and the corresponding best� t
is shown in solid blue. Table1 gives values for the plasma parameters extracted
from the � tting procedure. The dashed blue line is the best� t determined
without inclusion of turbulent broadening.

Table 1
Thomson Scattering Data Plasma Properties Computed from Two Shots at 27 and 40 ns after the Laser Drive

Time after Drive TS Mode Te ne u� ow u� �= �50 μm

27 ns Spatially resolved 400�± �80 eV 9�×�1019 cm−3 ´  ´ -1.6 10 2 10 cm s7 6 1 L
41 ns Temporally resolved 330�± �50 eV 1�×�1020 cm−3 ´  ´ -5 10 2 10 cm s6 6 1 – ´ -3.5 7 10 cm s6 1

Note.�The spatial and temporal variation for each value is reported here for the temperature and velocity measurements, and the electron density measurement has an
error of 20%–30%.

Table 2
Summary of Measured and Calculated Plasma Parameters

Plasma Parameter Formula(S.I. units) Value Time after Drive

Average atomic
weight (m̄)

C(50%), H(50%) 6.5 AMU

Temperature
(T�= �Te�= �Ti)

400 eV

Electron density(ne) 9�×�1019 cm−3

Unit charge(q) 1 Electron Charge
Carbon mass(mC) 12 AMU
Carbon charge(ZC) 6
Hydrogen charge(ZH) 1
Average charge(Z̄ ) ( )+Z ZC H

1

2
3.5

Effective charge(Zeff) ( )+Z n Z n
n C C H H
1 2 2

e
5.3

Ion density(ni) ¯n Ze 2�×�1019 cm−3

Respective ion species’
densities(n n,H C)

= =n n nH C i
1

2
1�×�1019 cm−3

Electron plasma fre-
quency(ωpe) �‹

q n

m
e

e

2

0

5�×�1014 s−1

Outer scale(L) 400 μm
Jet velocity(ujet) ∼2�×�107 cm s−1

Turbulent velocity(uturb) –~ ´ -0.7 1.4 10 cm s7 1

Carbon thermal velo-
city (v Cth, )

T

m

2

C

rms magnetic� eld (Brms) ∼80–100 kG
Debye Length(λD) ( )+

�‹T

n q Z

1

1e

0
2 eff

5�×�10−6 cm

Electron speci� c heat
ratio (γe)

1

Carbon-ion speci� c heat
ratio (γC)

5/3

Carbon-ion sound speed
(cs)

( )� H � H+Z k T

m
C B e C

C

´ -1.55 10 cm s7 1

Turbulence Mach num-
ber (Ma)

u csturb ∼0.45–0.95

Plasmaβ ( )
�N

+n n T

B 2

e i

rms
2

0
∼160

Carbon–carbon impact
parameter(b Cmin, ) �Q�‹

Z q

T8
C
2 2

0

´ -5 10 9 cm

Electron–ion impact
parameter(b emin, )

¯
�Q�‹
Zq

T8

2

0
´ -1 10 9 cm

Coulomb logarithm car-
bon–carbon(LCC)

log ( )�M
b

D

Cmin,
6

Coulomb logarithm
electron–ion (Lei)

log ( )�M
b

D

emin,
7

Carbon–carbon collision
frequency(�OCC) ( )

�Q L
�Q�‹

4
Z q

CC
n

m v4
C C

C C

4 4

0
2 2

th,
3

´3 1011 s−1

Electron-electron col-
lision time(�Uee)

�Q L

�‹

n q

m T

12

2
e ei

e e

3 2

1 2

4

1 2 3 2
0
2

´ -4 10 12 s

Effective electron–ion
collision fre-
quency(�Oei,eff )

�UZ eeeff ´2 1012 s−1

Carbon gyrofre-
quency(Wi)

Z qB

m
C

C
´5 108 s−1

Table 2
(Continued)

Plasma Parameter Formula(S.I. units) Value Time after Drive

Electron gyrofre-
quency(We)

qB

me
´2 1012 s−1

Dynamic viscosity(μ)
( )�Q �Q L�‹

m

Z q

T32 2

15 4

H

C ei3 2 2 0
4

5 2 0.6 - -g cm s1 1

Kinematic viscosity(�Oc) ( ¯ )�N n mi 2100 -cm s2 1

Reynolds number(Re)
�O

u Lturb 190

Viscous dissipation
scale( �Oℓ c)

( ) ~�O
�‹

L
1 4

Re

3

3 4
8 μm

Spitzer conductivity(σ)
�O

4.1 n q

m
e

e ei

2

,eff

-87000 S cm 1

Resistivity(η)
�T
1 -900 cm s2 1

Magnetic Reynolds
number(Rm)

�I
u Lturb 440

Magnetic Prandtl num-
ber (Pm)

Rm

Re
∼1

Resistive dissipation
scale( �Iℓ ) ( ) ~�I �O

�‹
ℓ

1 4

Pm

3

1 2
5 μm
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determined by the uncertainty in the photometric calibration
(Tzeferacos et al.2018). It is evident that the average density
and temperature in the interaction volume do not vary greatly
over the duration of the experiment.

Plasma conditions derived using collective TS are comple-
mented by proton radiography measurements, which provide
maps of the magnetic� eld strength(Bott et al.2017; Graziani
et al. 2017). A comprehensive summary of measured and
derived quantities needed to characterize the plasma state fully is
given in Table 2. Viscosity and resistivity were calculated
following the conventions in Dorf(2014) and Helender &
Sigmar (2002), respectively. The viscosity depends on the
effective electron–ion collision frequency, which accounts for
the presence of multiple ion species present in the plasma.
Viscous and resistive scales were determined according to the
conventions given in Schekochihin & Cowley(2007). The
sound speed was calculated for the carbon ion acoustic wave
speed because this is lower than the hydrogen ion acoustic wave
speed. From this, we see that the turbulence is subsonic.

We see that the plasma is collisional and all species are
predominantly unmagnetized. We observe that for conditions
occurring at the beginning of the collision between the two
� ows, the � uid Reynolds number(Re) and the magnetic
Reynolds number(Rm) are of similar magnitude(i.e., the
magnetic Prandtl number, Pm, is of order unity). As the� ow
evolves, the temperature decreases and Pm decreases as well.
Therefore we expect to be in a low magnetic Prandtl-number
regime, Pm� 1, in general.

B.2. Time Evolution of Plasma

In Section 3 we measure the proton spatial diffusion
coef� cient through a stochastic magnetic� eld of a particular
rms� eld strength. This measurement is taken at different times,
corresponding to different extents of plasma expansion and
therefore different path lengths. Thus we require a time-
resolved measurement of the path length of the proton beam
through the plasma,�� i. This measurement is shown in
FigureB2(a).

We also need to know the rms� eld strength and correlation
length of the stochastic magnetic� eld in the plasma; time-
resolved measurements of these quantities are presented in
FigureB2(b).

The measurement of the path length is obtained from the full
width half-maximum of the plasma interaction observed in
X-ray images. These are obtained by recording the plasma self-
emission onto a framing camera with�∼1 ns gate width and
� ltered with 0.5μm C H2 4 and 0.15μm Al. Spatial imaging is
achieved using a 50μm diameter pinhole. Thus, the width of
the plasma interaction region is de� ned as being the full width
half-maximum of the X-ray emission pro� le in the direction
parallel to the initial plasma� ows. We then calculate the path
length by projecting the distance onto the path of the proton
beam through the interaction region(which has a known angle
of 55° with respect to the direction of the initial plasma� ows).
The error in the measurement is determined from the standard
deviation of the measured interaction-region width across the
image. These measurements are con� rmed by FLASH simula-
tions (see above for a description of the FLASH code and the
numerical setup), which show the width of the interaction

region increasing over time: the numerical values obtained
directly from the simulation are shown in FigureB2(a), while
FigureB3 illustrates the extent of the interaction region at times
of 32, 38, and 42 ns.

We derive estimates of the rms� eld strengthBrms and the
correlation length�B of the stochastic magnetic� eld from the
two spatially resolved components of the path-integrated
magnetic � eld, which are themselves determined from full
proton images of the turbulent plasma(see Figure2); the
analysis techniques used to perform these calculations are
described in Bott et al.(2017). To assess the robustness of the
result, we apply the technique to proton images at two
additional times(t�= �32, 42 ns) after the initiation of the laser
drive; these images(and the associated path-integrated� elds)
are shown in FigureB4. To derive an estimate of the
uncertainty on the measurements, we perform these calcula-
tions for two rectangular regions, and use the means and errors
to determine the results plotted in FigureB2(b). We � nd that
within the experimental uncertainty of the measurement, the
rms � eld strength and correlation length does not change in
time. Furthermore, the experimental values are consistent with
the FLASH simulation values that giveBrms�;�80–100 kG and
�B ; 50 μm, when the effects of diffusion of the imaging beam
caused by small-scale magnetic� elds and the underestimation
of the magnetic energy by the reconstruction algorithm in the
presence of small-scale caustics are taken into account
(Tzeferacos et al.2018).

B.3. Magnetic Field Spatial Intermittency

In Section2 we stated that the observed spatial intermittency
of the measured components of the path-integrated magnetic
� eld provided evidence that the stochastic� elds themselves
were spatially intermittent; here, we demonstrate this claim
explicitly for the FLASH simulations. FiguresB5(a) and (b)
show the PDFs and� lling factors, respectively, of the true
three-dimensional� eld, along with the equivalent quantities for
a Gaussian stochastic� eld.

We observe that at all times in the simulation, the departure
from Gaussian behavior is much more signi� cant than the
equivalent departure observed for the path-integrated� eld. In
the simulations, forB/Brms�> �1, an exponential� t is obtained
for the PDF; this matches the results of previous simulations of
the turbulent dynamo�(Schekochihin et al.2004). To assess the
robustness of our results, we also consider the PDF and� lling
factor of the experimentally recovered components of the path-
integrated at 32 ns, and compare them to the equivalent
quantities(at 38 ns) depicted in Section2; the results are shown
in FigureB6.

We � nd in both cases that there is a departure from Gaussian
behavior at suf� ciently high values of the path-integrated� eld
magnitudeBpath as compared to the rms valueBpath,rms, and also
for suf� ciently high values of the� lling factorν. However, we
also observe some� uctuation in the precise shape of both the
PDF and the� lling factor, which in turn suggests that such
� uctuations should not be regarded as being physically
signi� cant.
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Figure B2. Evolution of the interaction region.(a) Plot of the proton-beam path length over time(shown in blue), as determined by measuring the full width half-
maximum of the interaction region as seen in X-ray images. For comparison, the proton-beam path length as directly measured in the FLASH simulation isdepicted by
the green asterisks.(b) Plot of the correlation length(blue squares) and rms magnetic� eld strength(red circles) of stochastic magnetic� elds present in the plasma over
time, derived from the reconstructed path-integrated� elds. The experimental values are consistent with the FLASH simulation values that give –B 80 100rms kG
and��B ; 50 μm, when the effects of diffusion of the imaging beam caused by small-scale magnetic� elds and the underestimation of the magnetic energy by the
reconstruction algorithm in the presence of small-scale caustics are taken into account(Tzeferacos et al.2018).

Figure B3. FLASH simulations of the magnetic� eld. Snapshots of the magnetic� eld evolution at times that correspond to(a) 32 ns,(b) 38 ns, and(c) 42 ns in the
experiment. The intersections of the collimated proton beam with the magnetic� eld of the interaction region is shown for the same times in panels(d)–(f). We clearly
see the expansion of the interaction region with time.
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Figure B4. Full proton images of the turbulent plasma.(a) Proton image data fort�= �32 ns after the drive.(b) Magnitude of perpendicular path-integrated magnetic
� eld att�= �32 ns; the regions subsequently analyzed to determine the rms� eld strength and correlation length are demarcated in a blue dashed line.(c) Proton image
data fort�= �42 ns after the drive.(d) Magnitude of the perpendicular path-integrated magnetic� eld att�= �42 ns.

Figure B5. Spatial intermittency of FLASH-simulated magnetic� elds.(a) Probability density function of the magnetic� elds contained inside the sections of the
cylindrical volumes depicted in FiguresB3(d), (e), and(f), which are also contained within the full width half-maximum of the� eld with respect to the proton path
length. A Gaussian with unit rms is plotted for reference.(b) The � lling factor (see caption of Figure2) for the same regions of the stochastic magnetic� eld.
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Figure E1. Dependence of the rms de� ection velocity on path length and beam cross-sectional area.(a) rms de� ection velocity� v⊥ acquired by beams of 15.0 MeV
protons(total number 5�×�105) with the cross-sectional areaA�= �1�×�10−5 cm2 passing through a prescribed stochastic magnetic� eld as a function of path length.
The full stochastic magnetic� eld—which has non-Gaussian exponential statistics, as well asBrms�= �80 kG, and��B�= �50 μm—is generated using the approach
described in Bott et al.(2017) on a 2013 three-dimensional array, with(physical) side length�� i�= �0.16 cm. To calculate� v⊥ at a given path length, the proton beam is
propagated using the small-de� ection approximation from one side through the whole array, with the rms de� ection velocity recorded as the particle propagates. The
initial velocity is set to be exactly perpendicular to the side on which the beam is incident. Three different beams are employed(beam 1, 2, and 3), with randomly
chosen centroids. The random-walk(RW) estimate is calculated using the known properties of the� eld and Equation(8). (b) Same as(a), except that the beams are
given cross-sectional areasA�= �9�×�10−4 cm2. For�� i�> �� B, we see the expected convergence to Equation(8).
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