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CrossMark

Identifying the sources of the highest energy cosmic rays requires understanding how thegctss dwy the
stochastic, spatially intermittent intergalactic magnetid. 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 cieef is unaffected by the spatial
intermittency of the magneticeld.

Uni ed Astronomy Thesaurus concepiggh energy astrophysid@39); Ultra-high-energy cosmic radiation
(1733; Magnetic elds(994); Laboratory astrophysi¢®2004); Plasma astrophysi¢$261); Intergalactic medium
(813); Particle astrophysio®6)

1. Introduction modeling cosmic-ray transpde.g., Globus et ak008 2019
, . . Kotera & Lemoine2008 Globus & Piran2017, although
The _mterplay between charged particles an_d StOC.has“Canomalous diffusion has been shown to occur in special cases
magnetic elds generated by plasma turbulence is crucial to Jokipii & Parker 1969 Reville et al. 2008 Lazarian &
understanding how cosmic rays propagate through spac : : . . ;
(Strong et al2007 Zweibel 2013 Schlickeiser2015. A key an 2014, including resonant scattering of charged particles in

for d o h derlvi £ ch d spatially intermittent magneticelds (Shukurov et al2017).
parameter for determining the underlying nature of charged- *pq;ahoratory experiments have studied particle transport in
particle diffusion is the ratio of the particle gyroradig$o the

. . diffuse plasmas with strong mean magnettds (Gustafson
correlation lengthg of the magnetic turbulence. For the vast o 4 2012 Anderson et aR013 Bovet et al2015 Furno et al
majority of cosmic rays detected at the Earth, this ratio is small.zom' but the regime that is relevant to UHECR transpo.rt in
These are particles that are well coed by the Galactic  he intergalactic mediunfiGM), i.e., a stochastic, spatially
magnetic eld. But for cosmic rays more energetic than about jntermittent magneticeld with zero meaf 0), and under

cosmic rayUHECRg are not conned to the Milky Way and  stydied theoretically, numerically, or experimentally.
are presumed to be extragalactic in origin. Identifying their

sources requires understanding how they arecated by the ) .

intergalactic magneticeld, which appears to be stochastic and 2. Laser-driven Experiments

Spatlally intermittent. Recent data from the Parker Solar Probe Here we report the results of |ab0ratory experiments that

mission have also indicated the presence of non-Gaussiafocus on this regime. We carried out these experiments at the

magnetic elds near the Su(Bandyopadhyay et a2020). Omega Laser Facility at the Laboratory for Laser Energetics at
To study the propagation of cosmic rays, a theoreticalthe University of RochestefBoehly et al.1997. A high-

framework has been developed based on direct numerica{/emcity, magnetized, turbulent plasma was generated

simulations of particle trajectori¢s.g., Sigl et al2003 2004 (Figure 1), employing the same platform as previously used
and statistical techniquésee ShalchR009for a review. In to demonstrate dynamo amplation of magnetic elds
particular, it has been showdokipii 1966 that random small-  (Tzeferacos et ak017, 2018. Three-dimensional simulations

amplitude uctuations of the magneti®ld superimposed ona with the radiation-magnetohydrodynamics code FLASH
mean backgroundeld lead to diffusive particle propagation. (Fryxell et al. 200Q Dubey et al.2009 Tzeferacos et al.
As a result, standar@Markovian diffusion is widely used in 2015 guided and informed the experimental design, including
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Figure 1. Experimental setup(@ Schematic of the experimental platform, showing the target components and tigaraton of the proton radiography
experimental diagnostith) X-ray self-emission from the interaction regiom at 38 ns after the start of the laser drig@.Power spectrum of the densityctuations
recovered from theuctuations of X-ray self-emission. The resolution of the diagn@stcsize of the pinhole employed on the X-ray framing capmera0 m,
which is below the driving scale, but above the dissipative scales of the plasma.

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

The stochastic magneticelds amplied in the turbulent
foils attached to a pair of 230m thick CH washers, with  plasma(Tzeferacos et al2017 2018 are measured using
400 pm diameter machinetiwells’ that act as collimators, proton radiography(Figure 2). A 420 um diameter SiQ
placed 8 mm apart. Between the two targets we position a paicapsule, with a 2m thick shell, is lled with 18 atm BHe gas
of grids, comprised of periodic 3Q0n holes and 10Qm (6 atm®D and 12 atntHe) and is placed 10 mm away from the
wires, placed 4 mm apart. The grid patterns are shifted to brealnteraction region. The capsule is imploded using 17 beams
the mirror symmetry of the system. Each foil is irradiated with (frequency-tripled to 351 nm, providing 27¢b&am for a 1 ns
5 kJ of energy during a 10 ns pul& frequency-tripled laser  pulsg to produce 3.3 and 15 MeV fusion proto(is et al.
beams on each foil, staggered in f)mMEne drive produces two 2006 Kugland et al2012 Manuel et al2012). The protons are
counterpropagating plasmaws, which pass through the pair recorded on the opposite side of the capsule with a nuclear
of grids, meet, shear each other, and become turbulent in thérack detector(CR-39 Im pack, 27 cm from the plasma
central region between the two griftee interaction regign interaction region, achieving a magoation ofx28.

For a detailed description of the experimental platform and theFigure 2(a) shows a proton radiograph of the plasma
nature of the turbulence it generates, see Tzeferacos et atorresponding to the same time as the X-ray image in

target specications and the timing of diagnosti¢gzeferacos
et al.2017).
The platform consists of two 5@m thick polystyrengCH)

(2018.

Figure 1(b). The presence of strong inhomogeneities in the

The electron density and temperature of the turbulent plasmaroton ux and the stochastic, nonregular morphology of the
are measured using collective Thomson scattéKiaty et al.
2012 and are found to b@e ~ 9 x 10*° cm 2 and T, ~
400 eV immediately after the formation of the turbulent region proton image, the experimental radiographs can be inverted
(t ~ 27 ns after the start of the drjv& he mean velocityu .,,)
and the turbulent velocitgu,,,) of the ow are also obtained
by this diagnostic. Prior to collision, the counterpropagating Using the measured spatial extent of the interaction region, we

ows reach velocities afy,, 2 x 10’ cms~!, whereas in
the turbulent region we measure at late timgg,

5 x 10°cm s~! anduys

10’ cm s~! at the driving scale of

the turbulencéL ~ 400um, set by the grid spacihg

structures is due to protons being deted by strong tangled
magnetic elds. From the ux inhomogeneities observed in the

(Bott et al. 2017 Graziani et al.2017 to recover two
components of the path-integrated magnetid (Figure2(b)).

can show that the measured path-integrated magnetit
corresponds to a root mean squéras) value B,,s ~ 65-80
kG, with a typical correlation lengthg ~ 90 um. These
experimental values are consistent with the results of the

The evolution of the plasma interaction region is determinedFLASH simulations, which giveB,,s~ 80-100 kG and
using self-emitted soft X-ray@igure 1(b) shows the plasma g~ 50 pm, when the effects of diffusion of the imaging
emission at 38 ns after the start of the laser Jirke discussed  beam caused by small-scale magnettds and the under-
in Tzeferacos et ak2018, uctuations in the emissivity of estimation of the magnetic energy by the reconstruction
such a plasma can be related toctuations of density algorithm in the presence of small-scale caustics are taken into
(Churazov et al.2012); the latter exhibit a Kolmogorov  account(Tzeferacos et ak018.
power-law spectrum, with a driving scéleonsistent with the The statistics of the path-integrated magnetaéd are
grid spacing detailed aboyEigure1(c)). The spatial extent of  expected to deviate from Gaussian as a result of the spatial
the interaction region over time can also be measured using thentermittency. To quantify this, we show the probability density
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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® magni cation factor; with this factor, the image has dimensions of 1&ct0 cm.(b) Magnitude of

the two components of path-integrated magnegid that are perpendicular to the proton-beam path, reconst{Batctt al.2017) from the 15 MeV proton image

in (). (c) PDF of the magnitude of the path-integrated magnetid B,.:, at 38 ns. The PDFred) is calculated using the mean of the PDFs for the two rectangular
regions depicted iifb); the uncertainty is derived from the standard error. The PDF of the path-integelteatising in the FLASH simulations is also plotted
(green), as is a Gaussian referer(bdue) with the same rmseld strength(d) The fraction of area of the path-integrated magnetid in which the eld magnitude

Bpath Satis €SBpath  ¥Bpath,rms WhereBy.mms iS the rms path-integrateaeld. This quantity is again calculated from the rectangular regions demarcébed in

function (PDF of the magnitude of the path-integratezld in (Tzeferacos et ak017), we also post-processed the FLASH
Figure 2(c) and the eld lling factor in Figure2(d). Both simulation results to recover proton trajectories and the
exhibit extended tails. Because the path-integrated magneticesultant transverse dections. These are in good agreement
eld is spatially intermittent, it follows that theld itself must with the experimental measureme(Rgure 4(c)).
also be spatially intermittent. Indeed, the PDF of the magnetic The velocity deection v, due to magnetic elds scales
eld strength in the FLASH simulations exhibits an exponential independently of velocity, whereas the velocity eetion due
tail. The simulations also demonstrate that the deviation fromto electric elds scales as1/V (shown in AppendixC). The
Gaussian statistics is more pronounced in the three-dimensionalear-equality of the dection velocities of the two proton
true elds than in the two-dimensional path-integrated species, evident in Figurd(c), suggests that scattering is
(see also AppendiB). Such non-Gaussian, spatially inter- predominantly due to magnetields. While there are many
mittent magnetic elds are expected to arise when the other possible processes that could lead to scattering of a
uctuation dynamo is operatif§chekochihin et a004. charged-particle beam passing through a turbulent plasma, for
our experiment we argue that these other processes are
o negligible, on account of the low density of the plasma and
3. Transport Characterization the high speed of the protons compared to driving-scale plasma
To characterize the transport of particles through themotions. Detailed calculations and descriptions of possible
turbulent plasma, we modéd our experimental platform to electric eld effects are given in Appendix
introduce a collimated proton beam. The collimation was From our experimental measurement of,, we can
achieved by placing a 2Q8n thick aluminum shield between calculate the associated scattering frequency in velocity-
the D’He capsule and the interaction region, with a @0  space, ~ (Av,/V)?/O, wherer = ;/Vis the transit time of
diameter pinholéshown in Figurel(a)). The pinhole imprintis  the particles through the plasma apds the scale of the
then recorded on the detector plane, as shown in Fyurke interaction region s inferred from the X-ray images. For a
proton-beam imprints appear deformed and broadened due tplasma with dimensions much greater than the proton mean
the interaction of the protons with the turbulent magnetizedfree path A = V/v, our results imply an isotropic spatial
plasma. The proton-beam imprint contours are shown indiffusion coefcient ~ V2L ={V3/(Av)0O Because
Figures4(a) and (b). The corresponding dection velocities, x/V? is constant in our experime(figure4(d)), this implies
V,, as interpreted from the scattering andle |/V, whereV (Av))? o< 4 o< L. This is consistent with a norm@ilarkov)
is the proton-beam speed, are shown in Figijcg Using the spatial diffusion(Tsytovich1977 Shalchi2009 Subedi et al.
synthetic proton radiography diagnostic of the FLASH code 2017).
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Figure 3. Proton pinhole images. Radiographs obtained on the CRA39ack with

Distance (cm)

proton energies ¢d) 15 MeV, with no plasma in the interaction region, &oxd

15 MeV, with a turbulent plasma in the interaction regighSame aga), but for the 3.3 MeV protongd) Same agb), but for the 3.3 MeV protons. The pinhole
shield is clearly seen to block most of the incoming protaxfrom the capsule, and in the case where no plasma was pi@pent 9), it produces a xed 300um

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

deformed and broadened before reaching the detector.

4. Discussion

Because the charged-particle transport is consistent with normfﬁ1

spatial diffusion through a stochastield, we can compare the
experimental results to theorefipredictions from a random-walk
process. Using characteristiclues for the plasma properties
corresponding tb= 38 ns after the start of the drive, we take the
size of the interaction region to be~ 0.08 cm, the typical
magnetic eld strengtfB,,; 100 kG, and the correlation length

g ~ 50 um. For the case of normal diffusion, a random-walk
argument givesAv, ~ ¢, Bums\/bilg /m, 1.9 x 107 cm s~
(see AppendixC), wherem, is the mass of a proton. This value
is consistent with the measured rms eftion velocity
(Figure 4(c)). Furthermore, because the valuesvpoB,,s and
the power spectrum of the magnetic enefgyd therefore the
value of g) do not change in the experiment after the magnetic
eld ampli cation saturate¢see Tzeferacos et @017 2018
and AppendixA), the random-walk model also predicts a
constantL/V? ~ my /(q,Bims)*s 1.9 x 107°s2cm™!, in
guantitative agreement with the experimental re@kitisire4(d)).

For isotropic statistics ang/ g > 1, the proton mean free
path is A ~ 10°cm. In this regime, theorgDolginov &
Toptygin 1967 and simulationgSubedi et al2017 predict
that M¢ o (r,/tp)*. The simulations of Subedi et #2017
predict a scaling coetient of 1.5 and extend tq/fz  40.
Extrapolating the results of Subedi et@O017 by a factor of
13 and 28 to the valuag/ g ~ 520 for the 3.3 MeV protons
and 1, 100 for the 15 MeV protons gives/ g =~ 0.6 x 1C°
and~2 x 10°. These values agree within a factor of order
unity with the experimental value of g ~ 2 x 10° that we
obtain for the two proton energies. More importantly, our

For the case when a plasma is present in the intef@jtaomd(dpidhe beam is

particles in they > g regime that traverses a stochastic and
patially intermittent magnetieeld with a path length > #3),
e diffusion is not affected by the spatial intermittency of the
stochastic magneticelds. This is also demonstrated by the
FLASH simulations of the experiment and numerical simula-
tions presented in Appendix

The results of our experiments validate the use of standard
diffusion theory in modeling the transport of UHECRS in
the IGM, e.g., Kotera & Lemoing2008, Globus et al.
(2008 2019, and Globus & Pirarf2017), because all three of
the above conditions are sagsl. This is useful in view of the
increased interest in such modeling motivated by the recent
detection by the Pierre Auger Observatory of a sicpmt
anisotropy in the arrival directions of cosmic rays of energy
above 8 EeMThe Pierre Auger Collaboratid2017).
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Figure 4. Diffusive scattering of the proton beam. Contours of the beam imprint on the CR-39 pl@elfoMeV protons andb) 3.3 MeV protons, taken with
different delay times after the start of the drive bedo)I-he rms transverse dection velocity acquired by the proton beam, calculated using the contour analysis of
the pinhole imagéor both proton speci¢sand evaluated for the FLASH simulatio(d). Measured spatial diffusion coefent 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.

U.S. Department of Energy under contract DE-ACO02- at the Argonne National Laboratory. This simulation campaign
06CH11357. Support from AWE plc., the Engineering and to design the original experimental platform of Tzeferacos et al.
Physical Sciences Research Coungtant numbers EP (2018 is described in detail in Tzeferacos et @017;
M022331/1, EP/N0144721 and ERP0100591) and the considerations on the pinhole design are discussed in a
Science and Technology Facilities Council of the United companion paper. The simulations take advantage of the entire
Kingdom is also acknowledged, as well as funding from grantssuite of HEDLP capabilities of FLASH zeferacos et a2015,
2016R1A5A1013277 and 2017R1A2A1A05071429 of the including its MHD solver (Lee 2013 extended to three
National Research Foundation of Korea. J. Matthews, A. BelltemperaturegTzeferacos et alk015, nonideal MHD effects
and G. Gregori would like to thank Prof. Katherine Blundell such as magnetic resistivitfTzeferacos et al2015, and
(University of Oxford for stimulating discussions on cosmic- Biermann batteryFatenejad et ak013 Graziani et al2015,
ray measurements. heat exchange between ions and electrons, implicit electron
thermal conduction and radiation transport in the multigroup
Appendix A diffusion approxim_ation, m.ultitemperature tabulated equations
FLASH Simulations of state and material opacities, and laser beams that are modeled
using geometric-optics ray-tracir{glaiser 2000 and deposit
We designed the experimental platform using three-dimen-energy via inverse Bremsstrahlung.

sional radiation-magnetohydrodynami@&HD) simulations We have used the FLASH code to design and simulate the
carried out with the FLASH code. FLASH is a parallel, experiment and, using the synthetic diagnostics routines of the
multiphysics, adaptive-mesh-reemeni{AMR), nite-volume, code, constructed the proton radiographs shown in Figtire
high performance computin(HPC) Eulerian code(Fryxell The latter are used to predict the values &f in Figure4(c).

et al. 200Q Dubey et al.2009 that scales well to over a The simulation domain spans 0.625cm in tHeand Y
100,000 processors. This is accomplished by exploiting adirections, and 1.25cm alorigy—the line of centers between
variety of in time parallelization techniques, and a combinationthe two targets. The spatial resolution 4€25um. The
of message passing and threading to optimally utilize hardwaredynamics of the evolution are shown in Figére and largely
resources. The code is publicly availab(bttp:// ash. mirror the results discussed in Tzeferacos e2al17, 2018.
uchicago.eduand has been successfully applied in a wide The laser drive ablates the rear surfaces of the targets to launch
range of disciplines including astrophysics, cosmology, two counterpropagating plasmeows (Figure Al(a)) that
combustion, uid dynamics, turbulence, and high-energy- subsequently traverse the gridsigure Al(b)), forming
density laboratory plasm4slEDLP). nger-like formations. The spatial offset of the grids by one
We performed a series of higldelity three-dimensional grid aperture results in the two fronts interleaving to create a
FLASH radiation-MHD simulations on the Mira supercomputer hot turbulent region in the center of the dom@&igureA1(c)).


http://flash.uchicago.edu
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Figure Al. Simulated temporal evolution. We show the logarithm of electron dehsifyrenderiny with gray contours denoting the grids and the supporting rods,
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Figure A2. Temporal evolution oBax and B,,,s Analysis of the FLASH

simulations shows that the proton radiography images were {akehed

vertical line$ afterthe saturation of the magnetield ampli cation. Thus, the

rms (blue solid ling and peak(red solid lin@ values of the magneticeld
strength do not vary considerably in time.

Guided by the simulations, we moeéd the grids with respect
to the design of Tzeferacos et #2018 and reduced the
thickness of the wires from 300 to 10fh. This resulted in an
increase in the number of apertures that in turn ledi)to
increased throughput of kinetic energy andiifothe formation

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 scatterindTS) diagnostic was
employed to characterize the plasma properties. It was operated
as either time-resolved or space-resolyed different laser
shot$. For temporally resolved TS, the probe beam was a 1 ns
pulse, delivering 25 J of 526.5 nm wavelength light to a:60
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 50n diameter
cross-sectional area, and a 1.5 meid of view (FOV). For
both cases, the scattering angle was settpddi@nted with the
scattering wavenumber parallel to the line of centers connecting

of a denser interaction region that is considerably thicker andthe two targets and therefore the propagation axis of the two
more centered at the target chamber center than our previouglasma ows. FigureB1 shows an example of the time-

design in Tzeferacos et 42017 2018.

To quantify the temporal evolution of the magnetild
ampli cation in the simulations, we use a control volume
(a cubic box of edge length 5Q6n, Tzeferacos et a2017) to
initially track in time the propagating plasma front from grid
A, and post-collision, the turbemt interaction region. In the
control volume, we compute the peak and rms magnetfit
strengths reported in FiguA® with red and blue solid lines,
respectively. The temporaletrd agrees with the results of
Tzeferacos et al(2017 2018. The time-series reveals
that, after the amplcation saturates, the magnetield
strength does not vary sigmantly in time and maintains
values ofB,,, 80-100kG and B, 350-400 kG, with

resolved measured data, and the bégb 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 fact¢see Tzeferacos
et al.2018for detailg allows us to determine the values of the
electron density(ng), the electron temperatu(&,), the bulk

ow velocity along the propagation axis of the twows

(u ow), and the turbulent velocity.e., uctuations that broaden
the scattering specjrat the scale of the scattering volume
(U =50 ,m). While the turbulent velocity is measured from TS
on scales = 50um, we can nd the turbulent velocity for the
outer scales by assuming Kolmogorov scalfag shown in
Figure 2(d)) and see thatu,; (0.7-1.4) x 10’ cm s
Before the collision(and until~26 ng, the speed of the

g ~ 50um. This corroborates the arguments made in ow of the bulk plasma is similar to the speed of the single

Section 3 regarding the scaling of the spatial diffusion

jet, i.e., Ut = U 4w, and naturallyu o, decreases thereafter.

coef cient k because the proton images were taken after These are given in Tablk for 27 and 41 ns after the start

saturation(dashed vertical lines in FiguAe2).

of the laser pulse. The 27 ns data were taken using the
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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 m
27 ns Spatially resolved 400 80 eV 9x 10¥%cm™2 1.6 x 107 £2 x 106cms™!
41 ns Temporally resolved 33050 eV 1x 10 cm™3 5% 10% 4+ 2 x 106 cm s 3.5-7 x 10%cm s~

Note. The spatial and temporal variation for each value is reported here for the temperature and velocity measurements, and the electron densithasasureme

error of 20%-30%.

Summary of Measured and Calculated Plasma Parameters

Table 2

Table 2
(Continued

Plasma Parameter

Formyl. unitg

Value Time after Drive

Average atomic
weight (i)
Temperature
(T=Te=T)
Electron densityng)
Unit charge(q)
Carbon masg¢mc)
Carbon chargéZc)
Hydrogen chargéz,,)
Average chargéz)

Effective chargéZgs)

lon density(n;)

Respective ion species
densities(ny, nc)

Electron plasma fre-
quency(wpe

Outer scaldL)

Jet velocity(Ujeq

Turbulent velocity(Ur)

Carbon thermal velo-
city (vin,c)

rms magnetic eld (B9

Debye Length(\p)

Electron specic heat
ratio (ye)

Carbon-ion spect heat
ratio (c)

Carbon-ion sound speed
(cd)

Turbulence Mach num-
ber (Ma)

Plasmas

Carborcarbon impact
paramete(bmin,c)
Electronion impact
paramete(bmin,c)
Coulomb logarithm car-
bon-carbon(A¢c)
Coulomb logarithm
electrorion (A.;)
Carbonrcarbon collision
frequency( @c)
Electron-electron col-
lision time( L))
Effective electrorion
collision fre-
quency(Q.t)
Carbon gyrofre-
quency(§)

C(50%), H(50%)

%(ZC + Zy)

1
Z(zgnc + ZAiny)

ne/Z
1
Ny = nc = El’l,’

e
Qme

[ 2T

mc

‘T«o( 1 )
neq? \1 + Zett

—_—
(Zckp ,+HT H
\/ mc

Uturb / Cs

(ne +ni)T
Bins /20
quz
Qo
Zq*
8QoT

Iog (bm’:ﬁ),c)
log (—h L )

Zéq4 nc

o
]

4 ACC
oo i

12372 neg*Aei
2221302 8

Zeit/ W

ZcgB
mc

6.5 AMU
400 eV

9 x 10 cm3

1 Electron Charge

12 AMU
6
1
35

5.3

2 x 10 cm3
1x10°%cm™3

5x 10" st

400 pm
~2x 100cms?

~0.7-1.4 x 10’ cm s~

~80-100 kG
5x 10 cm

1
5/3
1.55 x 107 cm s~
~0.45-0.95

~160

5 x 1072 cm

1 x 10% cm

7
3 x 1011s?
4x1012s

2 x 1012t

5% 108 st

Plasma Parameter Formyl. unit9 Value Time after Drive

Electron gyrofre- % 2x 1012st
quency(£2.) ’
Dynamic viscosity(s EXNE RN B il 0.6gcm s
y Wu) 15372 22(q/ J4Q0)* Aei &
Kinematic viscosity( © N (n; i) 2100cm?s~!
Reynolds numbefRe) tpl 190
Viscous dissipation (9)‘/4 L 8 um
scale(’ o) « Re3/4
Spitzer conductivityo) 4_1% 87000 S cm™!
Me e, eff
Resistivity (1) lT 900 cm? s~!
Magnetic Reynolds % 440
number(Rm)
Magnetic Prandtl num- RR—': ~1
ber (Pm)
Resistive dissipation (lj)‘/4 _ _to 5 um
scale(t) « Pm! /2
1 .
= 0.8
'c
>
206
s
3
2047F
a
£
0.2
0
525.5 526 526.5 527 527.5

Wavelength (nm)

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

spatially resolving corguration, 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 28086, primarily
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determined by the uncertainty in the photometric calibrationregion increasing over time: the numerical values obtained
(Tzeferacos et ak018. It is evident that the average density directly from the simulation are shown in Figu&(a), while

and temperature in the interaction volume do not vary greatlyFigureB3 illustrates the extent of the interaction region at times
over the duration of the experiment. of 32, 38, and 42 ns.

Plasma conditions derived using collective TS are comple- \We derive estimates of the rmeld strengthB,,s and the
mented by proton radiography measurements, which providecorrelation lengthg of the stochastic magnetield from the
maps of the magneticeld strength(Bott et al.2017 Graziani  two spatially resolved components of the path-integrated
et al. 2017. A comprehensive summary of measured and nagnetic eld, which are themselves determined from full
derived quantities needed to characterize the plasma state fully ISroton images of the turbulent plasrtgee Figure2); the
given in Table2. Viscosity and resistivity were calculated 5n5sis techniques used to perform these calculations are

following the conventions in Dor{2014 and Helender & — yosirined in Bott et a[2017). To assess the robustness of the
Sigmar (2002, respectively. The viscosity depends on the result, we apply the technique to proton images at two

effective electrodon collision frequency, which accounts for " . o
the presence of multiple ion sgeciesypresent in the plasma{;\ddmonal timegt = 32, 42 n$ after the initiation of the laser

Viscous and resistive scales were determined according to thd/ve; these imagetand the associated path-integratedtly
conventions given in Schekochihin & Cowlgg007. The &€ shown in FigureB4. To derive an estimate of the
sound speed was calculated for the carbon ion acoustic wav&ncertainty on the measurements, we perform these calcula-
speed because this is lower than the hydrogen ion acoustic wavéons for two rectangular regions, and use the means and errors
speed. From this, we see that the turbulence is subsonic. to determine the results plotted in Figia2(b). We nd that

We see that the plasma is collisional and all species arevithin the experimental uncertainty of the measurement, the
predominantly unmagnetized. We observe that for conditionsrms eld strength and correlation length does not change in
occurring at the beginning of the collision between the two time. Furthermore, the experimental values are consistent with

ows, the uid Reynolds numbelRe) and the magnetic the FLASH simulation values that gig,,s ~ 80-100 kG and
Reynolds numbefRm) are of similar magnituddi.e., the g =~ 50 um, when the effects of diffusion of the imaging beam
magnetic Prandtl number, Pm, is of order unifys the ow caused by small-scale magnetilds and the underestimation
evolves, the temperature decreases and Pm decreases as wel.the magnetic energy by the reconstruction algorithm in the
Therefore we expect to be in a low magnetic Prandtl-numberpresence of small-scale caustics are taken into account
regime, Pm 1, in general. (Tzeferacos et aR018.

B.2. Time Evolution of Plasma

. . I B.3. Magnetic Field Spatial Intermittency
In Section 3 we measure the proton spatial diffusion

coef cient through a stochastic magnetield of a particular In Section2 we stated that the observed spatial intermittency
rms eld strength. This measurement is taken at different timesOf the measured components of the path-integrated magnetic
corresponding to different extents of plasma expansion and eld provided evidence that the stochastéds themselves
therefore different path lengths. Thus we require a time-were spatially intermittent; here, we demonstrate this claim
resolved measurement of the path length of the proton beanexplicitly for the FLASH simulations. Figured85(a) and (b)
through the plasma;. This measurement is shown in show the PDFs andlling factors, respectively, of the true

Figure B2(a). three-dimensionaleld, along with the equivalent quantities for
We also need to know the rmeld strength and correlation g Gaussian stochastield.

length of the stochastic magnetield in the plasma; time- e observe that at all times in the simulation, the departure

resolved measurements of these quantities are presented fom Gaussian behavior is much more sigaint than the

Figure B2(b). equivalent departure observed for the path-integragédi In

The measurement of the path length is obtained from the fullyg simulations, foB/B.ms> 1, an exponentialt is obtained

\>'<Vidth .half-ma>§|i_rr:1um of ths pla%rr;aa intera(lj(;tionhobslerved inhfor the PDF; this matches the results of previous simulations of
-rgy!mage::. ?SG are obtaine ){ﬂriecor mgt e_gtﬁsmac\jse the turbulent dynamSchekochihin et aR004). To assess the
e{gf:(ljocvit(;]noosimrgmﬁngaﬁgnae{;m Al nsspgteilatleixwviagin;ri]s robustness of our results, we also consider the PDF ling
. 2y . . . )
achieved using a 5pm diameter pinhole. Thus, the width of factor of the experimentally recovered components of thg path
integrated at 32 ns, and compare them to the equivalent

the plasma interaction region is eeed as being the full width o . . S
half-maximum of the X-ray emission prie in the direction quantitiegat 38 n$ depicted in Sectiog; the results are shown
in Figure B6.

parallel to the initial plasmaows. We then calculate the path . ) .
length by projecting the distance onto the path of the proton We _ nd in both cases that there is a departu_re from Gaussian
beam through the interaction regi@which has a known angle beha\{|0r at sufciently high values of the path-integrateeld

of 55° with respect to the direction of the initial plasn@vs). magnitudeBp,, as compared to the rms valBgin,ms and also

The error in the measurement is determined from the standardPr suf ciently high values of thelling factor». However, we
deviation of the measured interaction-region width across thealso observe someuctuation in the precise shape of both the
image. These measurements are omed by FLASH simula-  PDF and the lling factor, which in turn suggests that such
tions (see above for a description of the FLASH code and the uctuations should not be regarded as being physically
numerical setup which show the width of the interaction signi cant.
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Figure B2. Evolution of the interaction regiofga) Plot of the proton-beam path length over ti(eeown in blug 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 FLASHd=piatatddyyis
the green asterisk&) Plot of the correlation lengifblue squarésand rms magneticeld strength{red circle} of stochastic magneticelds present in the plasma over
time, derived from the reconstructed path-integratdds. The experimental values are consistent with the FLASH simulation values th&g,give80-100 kG

and g ~ 50 um, when the effects of diffusion of the imaging beam caused by small-scale magidgiand the underestimation of the magnetic energy by the
reconstruction algorithm in the presence of small-scale caustics are taken into étoefenacos et aR018.
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Figure B3. FLASH simulations of the magneti@ld. Snapshots of the magnetield evolution at times that correspond @32 ns,(b) 38 ns, andc) 42 ns in the
experiment. The intersections of the collimated proton beam with the maggidtif the interaction region is shown for the same times in péjel$). We clearly
see the expansion of the interaction region with time.
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Figure B4. Full proton images of the turbulent plasr&.Proton image data far= 32 ns after the drivgb) Magnitude of perpendicular path-integrated magnetic
eld att = 32 ns; the regions subsequently analyzed to determine theetchstrength and correlation length are demarcated in a blue dash¢d) IRreton image

data fort = 42 ns after the drivgd) Magnitude of the perpendicular path-integrated magnetit att = 42 ns.

) 100

5102
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Figure B5. Spatial intermittency of FLASH-simulated magnetéds. (a) Probability density function of the magnetields contained inside the sections of the
cylindrical volumes depicted in FigurB8(d), (e), and(f), which are also contained within the full width half-maximum of tekl with respect to the proton path
length. A Gaussian with unit rms is plotted for refererfopThe lling factor (see caption of Figurg) for the same regions of the stochastic magnetld.
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Figure E1. Dependence of the rms dection velocity on path length and beam cross-sectional(@ems de ection velocity v, acquired by beams of 15.0 MeV
protons(total number 5x 10°) with the cross-sectional aréa= 1 x 10~° cn? passing through a prescribed stochastic magnelitas a function of path length.
The full stochastic magneticeld—which has non-Gaussian exponential statistics, as wé),as 80 kG, and g = 50 pm—is generated using the approach
described in Bott et a{2017 on a 20% three-dimensional array, withhysica) side length; = 0.16 cm. To calculate v, at a given path length, the proton beam is
propagated using the small-éetion approximation from one side through the whole array, with the rnestiten 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 (Begnioyie®, and)3with randomly
chosen centroids. The random-wé\) estimate is calculated using the known properties of ¢fe: and Equatiof8). (b) Same aga), except that the beams are
given cross-sectional aredss 9 x 10°* cn?. For ; > g, we see the expected convergence to Equg@ipn
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