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Shocks are abundant both in astrophysical and laboratory systems. While the electric fields9

generated at shock fronts have recently attracted great attention, the associated self-generated10

magnetic field is rarely studied, despite its ability to significantly affect the shock profile in the11

non-ideal geometry where density and temperature gradients are not parallel. We report here the12

observation of a magnetic field at the front of a Mach ∼ 6 shock propagating in a low-density helium13

gas system. Proton radiography from different projection angles not only confirms the magnetic14

field’s existence, but also provides a quantitative measurement of the field-strength in the range15

∼ 5 to 7 Tesla. X-ray spectrometry allowed inference of the density and temperature at the shock16

front, constraining the plasma conditions under which the magnetic and electric fields are generated.17

Simulations with the particle-in-cell code LSP attribute the self-generation of the magnetic field to18

the Biermann Battery effect (∇ne ×∇Te).19

Shocks [1] are essential components in astrophysical20

systems [2, 3] and inertial confinement fusion (ICF) [4],21

especially the shock ignition configuration [5], prompt-22

ing recent studies of their roles by the high energy den-23

sity physics community. Despite their common occur-24

rence, the precise shock profile - especially the associ-25

ated magnetic field structure - lacks detailed investiga-26

tion. Under the non-ideal geometry such as the finite27

(albeit huge) width in astrophysics, or the non-uniform28

compression or heating in ICF implosions, magnetic field29

can become significant during the shock propagation.30

In recent years, as inconsistencies between experiments31

and radiation-hydrodynamic simulations have appeared32

[6, 7], an appreciation of the importance of kinetic effects33

in shock physics [8, 9] has emerged, building on earlier34

Vlasov-Fokker-Planck simulations [10, 11] and particle-35

in-cell calculations [12]. Since then, the complexity of36

shocks has been revealed with the discovery of new ef-37

fects such as electric current [13], charge separation [14]38

and electro-diffusion [15] at the shock front.39

In recent decades, the electric fields associated with40

shock fronts have attracted great attention and are41

widely studied with proton radiography [16–20]. How-42

ever, the extremely small scale of shocks and the finite43

resolving power of proton probing highlights the difficulty44

of not only differentiating between electric and magnetic45

fields but also of providing a quantitative description of46

the field structure. As a result, the critical role played47

by the magnetic field has been underappreciated and only48

the electric field has been included in experimental anal-49

ysis, which has resulted in an aberration of up to a couple50

orders of magnitude between experiments and simulation51

[16]. In addition, the numerical difficulties associated52

with magnetohydrodynamic simulation (MHD) of shocks53

imposes limitations on our ability to account for their ef-54

fect on shock evolution [21]. Consequently, the magnetic55

fields associated with shocks remain unexplored both ex-56

perimentally and theoretically.57

While the existence of the magnetic field in laser tar-58

get interactions has been reported [22, 23], study of their59

evolution associated with shock propagation is rare in60

current literature. Recently, Rinderknect et al. [24]61

measured the spatial profiles of the ion temperature and62

density in strong plasma shocks; 3-D simulations predict63

strong magnetic fields ∼ 10 to 102 Tesla are present dur-64

ing the stagnation phase in ICF [25], which could reduce65

the thermal loss from the hotspot [26–28]. Improved ob-66

servations are necessary for comprehensively understand-67

ing plasma shocks, as well as benchmarking codes.68

FIG. 1. (a) Schematic diagram of the experimental setup.
Proton source ‘1’ is located ∼ 800 µm behind the shock lon-
gitudinally and 1 mm away from Proton source ‘2’ that is
∼ 200 µm in front.

In this Letter, we report the direct observation69
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FIG. 2. RCF image from ‘proton source 1’ by (a) and ‘proton source 2’ location by (b). The windows are respectively ∼ 2 mm
and ∼ 2.5 mm long along z-axis. Because the film was ∼ 5 cm square, which corresponded to ∼ 3000 µm at the target plane,
its edges provided sharp limits to the field of view. In (b), the left edge of the window was not captured due to the limited field
of view. Shocks were initiated at location ‘0’ along z-axis by the ablation of a SiO2 foil. The images were captured 3ns after
the shock initiation by 15.6 MeV protons. Values in the color-bar represent dose in Gy unit (J/kg). The two shocks are of
identical conditions, only the proton source location varied. (c), (d) Simulated images from ‘proton source 1’ and ‘2’ produced
by a 3-D particle tracking code. The white dashed lines indicate the corresponding window boundaries’ position.

and quantitative description of a (Mach ∼ 6) shock-70

associated magnetic field by varying the projection angle71

of probing protons. The experiments were conducted on72

the Omega-EP facility. The measurement of the self-73

generated electric field has been reported in 2017 using74

the same platform but with normal incident protons to75

the apex of the shock front [20]. The explanation that76

a magnetic field was diagnosed in the current article us-77

ing oblique incident protons whereas an electric field was78

probed in the previous paper by normal incident protons79

is discussed in detail in the Supplemental Material Sec-80

tion I. [URL will be inserted by publisher]81

The main target is a cylindrical tube 2 mm wide and82

5 mm long, filled with pure helium gas at 1 atm. The83

tube is made of 50 µm polystyrene (CH) with three 1 µm-84

thick windows, two for proton radiograph and one for soft85

x-ray spectroscopy. A strong shock was created when two86

synchronized long pulse laser beams delivered 1 kJ total87

energy in 0.5 ns square pulses with 750µm spot size to88

ablate a 2 µm SiO2 foil located on one end of the tube89

[29]. The shock velocity is ∼ 600 km/s. The calculation90

of Mach number as the ratio of shock velocity to the91

sound speed of the rest medium took into account the92

preheat ahead of the shock front, as observed from the x-93

ray spectra shown in the Supplemental Material Section94

III.95

The probing protons, spanning 20 MeV [30] in energy,96

were produced by a short pulse laser (400 J, 10 ps) inter-97

acting with a 40 µm copper strip. This proton side-lighter98

target was positioned 7.5 mm laterally from the tube axis99

and the RCF stack was opposite it 12 cm from the tube100

axis, corresponding to a magnification of 17×. Two such101

proton sources were located 1 mm apart as labeled in102

Fig. 1: ‘proton source 1’ was located 800 µm ± 7.5µm103

behind the shock front along the tube axis and ‘proton104

source 2’ was located 200 µm±7.5µm ahead [31]. Protons105

from the two sources probed the shock at two different106

lines of sight. A semicircular copper grid with 55 µm bar107

and 340 µm gap size was attached to the bottom of the108

tube as a spatial reference.109

Figure 2(a) and (b) show the RCF images of two iden-110

tical shocks probed from proton source ‘1’ and ‘2’, where111

the color scale represents dose per pixel in Gy unit (J/kg).112

The white arrow on each image identifies the shock front113

positions 3 ns after the shock creation. We analyzed114

each shot through the RCF stack, observing an energy-115

dependent change of the ring structure over 9 MeV to116

16 MeV. Because the resolving power is better at higher117

proton energy, we focus our analysis on the image pro-118

duced by 15.6 MeV protons, due to their superior con-119

trast. Analysis on radiography data from lower energy120

protons provided similar results as shown in the Supple-121

mental Material Section V.122

FIG. 3. Cross sectional top view of the hemi-spherical shell
model of the shock front B field. (a) shows the case where a
proton intersects the shell twice, resulting in deflections right
then left located at the red and green dashed circles respec-
tively. Because the deflections are opposing, no obvious vari-
ation can be observed on the film. (b) and (c) show the cases
where a proton intersects only the near or far side of the shell,
respectively. The figure conveys the idea of right deflection
and left deflection qualitatively and the incident angles of the
proton trajectories are not drawn to scale.
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The contrary proton flux pattern in Fig. 2(a), a higher123

flux (bright ring) ahead, and (b), a lower flux (dark ring)124

ahead, allows us to conclude that the field at the shock125

front deflects protons in a manner dependent on their126

incident angles. This signature confirms the domination127

of magnetic field over electric field, since electric fields128

deflect charged particles independently of their incident129

angles. Fig. 3 displays the detailed process of how a mag-130

netic field at the shock front deflects protons. Given the131

azimuthal symmetry of the system, the field points out132

of the paper at the bottom part of the shell (nearer the133

proton source) and points into the paper at the top part134

(farther from the proton source). Fig. 3(a) shows the pro-135

ton trajectories intersecting with the shell twice at both136

the near and far parts. Fig. 3(b) and (c) show the pro-137

tons interacting mostly the near or far side of the shell,138

respectively. For the (a) case, regardless of the source139

location, deflections by the two intersections cancel each140

other, thus unbending the final proton trajectories. For141

the (b) and (c) cases, where a proton grazes mostly the142

near or far part of the shell, the signal from source ‘1’143

and ‘2’ will be deflected in opposite directions. Conse-144

quently, protons from ‘source 1’ are deflected to the right145

given the out-of-paper B pointing and produce the bright146

leading ring as observed in Fig. 2(a); while protons from147

source position ‘2’ are deflected to the left and result in148

the dark leading ring as shown by Fig. 2(b). When it149

comes to the electric field, protons are deflected to the150

right regardless of their incident angles due to the radi-151

ally outward directionality of the field [20].152

Despite the fact that both field types must exist simul-153

taneously at the shock front, we will show later that the154

magnetic field dominates and the contribution from elec-155

tric field is ignorable under our experimental conditions.156

It is also found that the effect of density scattering, which157

could also cause proton deflection due to the the sharp158

density gradient at the shock front, is negligible under159

our condition as discussed in detail in the Supplemental160

Material Section II.161

We employed a 3D particle tracking program to simu-162

late the proton probing scheme and study the field struc-163

ture by quantitatively matching the experimental data164

with simulation results. The geometric diagram in the165

simulation replicates the proton probing setup. At the166

shock region, an azimuthal magnetic field is implemented167

given the cylindrical symmetry of the shock. The 3D168

field has non-zero magnitude only within a hemispher-169

ical shell of 1mm radius and its direction points clock-170

wise as viewed from the apex. The Leapfrog method [32]171

was used to compute the proton trajectories as they ex-172

perience the Lorentz force in the prescribed fields. By173

adjusting the field parameters: magnetic strength, shell174

thickness, and its spatial distribution along both x and175

z axes, we are able to quantitatively fit the experimental176

data.177

To take into account both magnetic and electric fields178

in our 3D simulations, an electric field corresponding to179

a 300V potential and varied width is included. The180

electric potential was obtained from another diagnos-181

tic, a 1-D resolved soft X-ray spectrometer, known as182

a VSG (Variable line Spaced Grating spectrometer) [33],183

which measured the shock temperature and density to184

be ∼ 140eV and ∼ 1.5mg/cm3 (see the Supplemen-185

tary Material Section III). According to the expression186

∆Φ ≈ ln(ρ2/ρ1)kBTe/e, the electric field potential is187

∼ 300 V based on the shock front condition. In contrast188

to previous work [16] which only considered the effect of189

the electric field on the proton trajectories due to normal190

incidence, we found that the electric field’s contribution191

is always negligible in comparison to the experimental192

data when varying the simulated width from a few to193

hundreds of µm.The 30µm case is shown in Fig. 4. It is194

clear that magnetic field dominates the deflection.195

Figure 2(c) and (d) show the simulated results by196

15.6 MeV protons from source ‘1’ and ‘2’ respectively.197

These images qualitatively reproduced proton flux pat-198

tern from each proton source. To make quantitative com-199

parison with the experimental data, the field width was200

scanned from zero to millimeter scale, the field strength201

from zero to hundreds of Tesla, and the field spatial pro-202

file along z-axis was varied from uniform distribution203

(square) to triangular distribution until the best match204

was found. The spatial profile along the shell is assumed205

to be uniform in the calculation. The raw simulated im-206

ages were convolved with the experimental spatial reso-207

lution ∼ 25 µm.208

Figure 4 shows the fitting processes for magnetic209

strength and the field width. Details on the spatial pro-210

files of the fields are provided in Section IV in the Supple-211

mental Material. The experimental and simulated trans-212

verse dose lineouts are taken from the center axes (posi-213

tion at x = 0) of the rings as indicated by the horizontal214

white dashed line in Fig. 2(b). Our best fit to the data215

indicates the magnetic field is well represented by a tri-216

angular shaped spatial profile that spans over 120 µm217

within the shell with a peak amplitude of 5 T and 7 T,218

respectively for the proton source ‘1’ and ‘2’. Fig. 4(a)219

and (b) show the fits corresponding to proton source ‘1’,220

and (c), (d) show those from ‘2’. On each plot, the dark221

blue curve represents the experimental data and the red222

curve displays the best fit. Two additional curves show223

the sensitivity by varying one parameter. For example,224

in Fig. 4(a) we fixed the field width at 120µm then varied225

the peak amplitude. The simulated curves noticeably dif-226

fer from the experimental curves when the field strength227

deviates from 5 T to either 3 T or 8 T. Similarly, Fig. 4(b)228

displays the fitting sensitivity to the field width.229

To confirm the magnetic field extracted by forward fit-230

ting the experimental data, a thorough scan for the field231

amplitude from 1 T to 14 T and width from 10 µm to232

300 µm was performed and the result is displayed by233

Fig. 4(e). The fitting error from 1600 µm to 1850 µm234
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FIG. 4. Lineouts from the center axis of the proton rings both from experimental and simulated data. First row of the plots
show fittings for ’proton source 1’ image and second row for ’proton source 2’. On each plot, the dark blue curve represents the
data and the red curve is best fitting. The two additional curves show the misfit when a certain parameter deviates from its
best-fit value: (a) and (c) show the deviation of magnetic strength. The spatial profile is fixed triangular and the field thickness
is 120µm; (b) and (d) show the deviation of the shell thickness. The spatial profile is fixed as triangular and the peak magnetic
strengths are at 5T and 7T respectively; The light blue curve on (a) and (c) plot the results from pure electric field of 300 V
potential, which is negligible compared to the measurement. (e) shows the fitting error map. Blue color indicates smaller error,
better fitting and red color indicates larger error, worse fitting.

along z axis is calculated as
√

1
nΣ (Di−Si)2

D2
i

, where Di235

represents the data, Si is from the simulated image and236

n is the number of the sampled points. The region at237

z < 1600 µm is the ablator area behind the shock which238

displays complex 3D structure and is not included in our239

simple model of the magnetic field at the shock front.240

Fig. 4(e) shows the average of four error maps includ-241

ing the two radiographs of 15.6 MeV protons for both242

sources discussed in the paper and the other two of lower243

proton energies, 11.2 MeV from source 1 and 9.5 MeV244

from source 2. The amplitude and width of the mag-245

netic field determined by the four radiographs converges246

to 6 ± 1T, 110 ± 20µm to fit the data within 5%. Each247

of the individual fitting error map and more discussion248

on the error analysis are provided in the Supplementary249

Material Section VI.250

Generation of the discussed magnetic field is attributed251

to the Biermann Battery effect (∇ne×∇Te). The ablator252

is ∼ 1.9mm in diameter, the central ∼ 750µm of which253

was pushed into the gas at a high velocity by laser ab-254

lation. The density evolution, determined by advection255

and the temperature evolution, determined by thermal256

diffusion, obey different physical processes and therefore257

eventually evolve into different spatial distributions dur-258

ing the shock propagation. To further investigate the259

field evolution, we simulated the shock propagation us-260

ing the particle-in-cell code LSP [34] with an implicit,261

hybrid method [12]. The initial density and tempera-262

ture conditions are taken from the VSG measurement at263

2.6ns and the initial density variation along x-axis calcu-264

lated by the radiation-hydrodynamic code FLASH [35]265

was applied. In the simulation, a hot-dense plasma – ne266

of 2.4×1021 cm−3 (Gaussian profile in the transverse di-267

rection) and Te of 150 eV – moves toward a uniform low-268

density plasma – ne of 0.34× 1021 cm−3 and Te of 10 eV269

– with a velocity of 600 km/s. The simulation box is270

400µm by 400µm, smaller compared to the target size due271

to the consideration of computational expense. The cen-272

tral part of the compressed region penetrates further into273

FIG. 5. (a) and (b) Density and temperature map from the
PIC simulation by LSP at 300 ps. (c) Simulated azimuthal
magnetic field structure at 300 ps.

the low-density plasma due to its higher initial density,274

resulting in a slight bulge at the shock front as shown by275

Fig. 5(a). The temperature contour becomes curved as276

the shock propagating, thus resulting in a transverse gra-277

dient as displayed by the arrow on Fig.5(b). According278

to the Biermann battery effect [36], non-parallel density279

and temperature gradients drive an azimuthal magnetic280

field, shown in Fig.5(c). The peak value reaches more281

than 4 T in the simulation at 200 ps and is sustained282

until 300 ps, when the simulation ended. The magni-283

tude of the magnetic field fluctuates within ∼ 15% when284

the heat flux limiter varies from 0.1 to 0.8. In addition,285

the shock driven electric potential reaches ∼ 500V in the286

simulation, which is the same order of magnitude as the287

experimentally-derived estimate shown above.288

In summary, we have observed the magnetic field asso-289

ciated with a Mach ∼ 6 shock front and characterized290

its structure by varying the incident angle of probing291

protons. Quantitative analysis indicates the field profile292

6± 1 T with a characteristic width of 110± 20 µm. The293

density and temperature at the shock front measured by294

soft X-ray spectroscopy constrain the electric potential295

to be 300 V. Contrary to the common interpretation296

that proton deflectometry is mainly caused by electric297
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field, we find that the effect of the magnetic component298

of the Lorentz force dominates the signal. Further inves-299

tigation with PIC simulations indicates that the field is300

mostly generated by the Biermann Battery mechanism.301
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Johnson, et al., Physical Review Letters 112, 185001337

(2014).338

[9] B. D. Keenan, A. N. Simakov, L. Chacón, and W. T.339

Taitano, Physical Review E 96, 053203 (2017).340

[10] M. Casanova, O. Larroche, and J.-P. Matte, Physical341

Review Letters 67, 2143 (1991).342

[11] F. Vidal, J. Matte, M. Casanova, and O. Larroche,343

Physics of Fluids B: Plasma Physics 5, 3182 (1993).344

[12] C. Bellei, H. Rinderknecht, A. Zylstra, M. Rosenberg,345

H. Sio, C. Li, R. Petrasso, S. Wilks, and P. Amendt,346

Physics of Plasmas 21, 056310 (2014).347

[13] H. Yemin and H. Xiwei, Physics of Plasmas 10, 2704348

(2003).349

[14] P. Amendt, O. Landen, H. Robey, C. Li, and R. Petrasso,350

Physical Review Letters 105, 115005 (2010).351

[15] G. Kagan and X.-Z. Tang, Physics of Plasmas 19, 082709352

(2012).353
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