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Magnetospheres are a ubiquitous feature of magnetized bodies embedded in a plasma flow. While large
planetary magnetospheres have been studied for decades by spacecraft, ion-scale “mini” magnetospheres can
provide a unique environment to study kinetic-scale, collisionless plasma physics in the laboratory to help
validate models of larger systems. In this work, we present preliminary experiments of ion-scale magneto-
spheres performed on a unique high-repetition-rate platform developed for the Large Plasma Device (LAPD)
at UCLA. The experiments utilize a high-repetition-rate laser to drive a fast plasma flow into a pulsed dipole
magnetic field embedded in a uniform magnetized background plasma. 2D maps of magnetic field with high
spatial and temporal resolution are measured with magnetic flux probes to examine the evolution of magneto-
sphere and current density structures for a range of dipole and upstream parameters. The results are further
compared to 2D PIC simulations to identify key observational signatures of the kinetic-scale structures and
dynamics of the laser-driven plasma. We find that distinct 2D kinetic-scale magnetopause and diamagnetic
current structures are formed at higher dipole moments, and their locations are consistent with predictions
based on pressure balances and energy conservation.

I. INTRODUCTION13

Magnetospheres form when a plasma flow impacts a14

magnetic obstacle, such as the interaction between the15

solar wind and planets with intrinsic magnetic fields in16

the heliosphere. The plasma flow is largely stopped at the17

magnetopause, where the kinetic ram pressure of the flow18

balances the magnetic field pressure, and moves around19

the obstacle to form a magnetotail downstream. If the20

incoming flow is super-Alfvénic, a bow shock can also be21

created ahead of the magnetopause, leading to the gener-22

ation of a magnetosheath composed of shocked plasma.23

Additionally, if the magnetic obstacle is embedded in a24

background magnetic field (analogous to the interplane-25

tary magnetic field [IMF]), the orientation of the obsta-26

cle relative to the background field can have significant27

effects on the global magnetic structure, including mag-28

netic reconnection. These features are readily observed29

at planets, including the Earth, which has been studied30

in situ by spacecraft for decades1–4.31

To first order, the magnetic obstacles of interest can be32

modeled as dipoles, so that magnetospheres can be char-33

acterized by the so-called Hall parameter D = LM/di,34

where LM is the distance from the dipole center to the35

magnetopause, and di = c/ωpi is the upstream ion in-36

ertial length. In other words, D can be interpreted as37

a)Electronic mail: dereks@princeton.edu

the effective size of the magnetic obstacle5,6. Planetary38

magnetospheres are large; indeed, for Earth D > 600. If39

the magnetopause distance is comparable to the ion iner-40

tial length, though, ion-scale magnetospheres can form.41

These mini-magnetospheres have been observed in a vari-42

ety of natural systems, including around comets7 and lo-43

cally magnetized regions on the Moon8–12, and are of in-44

terest for spacecraft propulsion13. However, understand-45

ing both their local and global scale structures (both46

kinetic and system size) has been constrained by avail-47

able spacecraft diagnostics and single-spacecraft trajec-48

tories. These limitations have been partially addressed49

by numerical efforts, where fully-kinetic14,15 and hybrid-50

fluid-kinetic simulations16–19 have shown the importance51

of expanding beyond MHD descriptions when modeling52

magnetospheres, including mini-magnetospheres20–22.53

Laboratory experiments can thus help address key54

questions about ion-scale magnetospheres and comple-55

ment spacecraft and numerical efforts by providing con-56

trolled and reproducible conditions and measurements of57

both global and kinetic scales. 2D hybrid simulations (ki-58

netic ions, fluid electrons)5,23–25 have shown that differ-59

ent regimes of magnetosphere formation can be param-60

eterized with D. The results indicate that for D ≪ 1,61

there is no appreciable flow deflection, though whistler62

waves can develop in the obstacle’s wake. At larger63

D ∼ 1, there is some pile-up of plasma at the magne-64

topause, resulting in a fast mode bow wave and some65

heating in the magnetotail. Only in the large-scale Hall66

regime (D > 20) are fully formed magnetospheres, in-67
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cluding the presence of a bow shock, observed. More re-68

cently, 3D fully kinetic particle-in-cell (PIC) simulations69

have shown that bow shocks can form when LM/ρi > 1,70

where ρi is the upstream ion gyroradius26. This condi-71

tion is equivalent to D > MA, where MA is the Alfvénic72

Mach number of the plasma flow and ρi = MAdi. These73

simulations thus predict that for low Mach number flows,74

the conditions necessary to form a magnetosphere are less75

stringent than those suggested by the earlier hybrid sim-76

ulations.77

Following the development of these large-scale magne-78

tospheric simulations, there has been increased interest79

in laboratory experiments over the past couple decades.80

Work by Yur et al.
27,28 used a plasma gun to study the81

structure of the magnetotail and its dependence on the82

orientation of a background magnetic field. Utilizing a83

super-Alfvénic plasma flow and magnetic dipole, early ex-84

periments by Brady et al.
29 confirmed that the location85

of the flow-dipole pressure balance (LM ) could be mod-86

eled with MHD in the small Hall regime (D << 1). Bam-87

ford et al.
11 used a plasma wind tunnel to study similarly88

weak interactions relevant to lunar mini-magnetospheres.89

Experiments by Zakharov et al.
30, and later Shaikhis-90

lamov et al.
6,31, utilized a high-energy laser to drive a91

super-Alfvénic plasma flow into a magnetic dipole, and92

in several cases incorporated a theta pinch to provide an93

ambient plasma and external magnetic field. While these94

experiments achieved D ∼ 1 < MA, measurements were95

limited to 1D magnetic field and plasma density profiles.96

To overcome these limitations, we have developed a97

new experimental platform to study ion-scale magneto-98

spheres on the Large Plasma Device (LAPD) at UCLA.99

This platform uniquely combines the large-scale, ambi-100

ent magnetized plasma provided by the LAPD, a fast101

collisionless plasma flow generated by a laser driver, and102

a rotatable pulsed dipole magnetic field, all operating103

at high-repetition-rate (∼ 1 Hz). Utilizing motorized104

probes, we can measure for the first time the 3D structure105

of mini-magnetospheres over a wide range of parameters106

and magnetic geometries. The goals of these experiments107

are 1) to study the formation and structure of laser-108

driven ion-scale magnetospheres, 2) to study the effect of109

magnetic reconnection on magnetosphere dynamics, and110

3) to utilize super-Alfvénic flows to generate and study111

bow shocks in the D > MA > 1 regime.112

In this paper, we report the first results from ex-113

periments on laser-driven, ion-scale magnetospheres on114

the LAPD that focus on the formation of magneto-115

sphere structure with sub-Alfvénic flows. In the experi-116

ments, a laser-driven plasma expands supersonically into117

a dipole magnetic field embedded in an ambient magne-118

tized plasma, so that the total magnetic field topology is119

analogous to that of the Earth’s magnetosphere super-120

posed with a northward IMF. By measuring 2D planes121

of the magnetic field over thousands of shots, we demon-122

strate the formation of a magnetopause and show how its123

structure evolves in time for a range of dipole strengths124

in the D ∼ 1 regime. The results are consistent with 2D125

FIG. 1: Schematic of the experimental setup on the LAPD. A
laser ablates a plastic target to create a supersonic plasma flow,
which flows towards a dipole magnet inserted into the LAPD
from the top. The dipole magnet is embedded in a uniform
magnetized background plasma generated by the LAPD. Probes
inserted from the east port collect volumetric data from the
regions around the dipole. A fast-gate image shows the expansion
of the laser-driven plasma.

PIC simulations modeled after the experiments, which126

show that both the ambient and laser-produced ions play127

a key role in the formation of the magnetosphere. Addi-128

tional simulation results are presented as the second part129

of this series32, hereafter referred to as Part II.130

The paper is organized as follows. Section II describes131

the setup of the experiments and typical parameters.132

Section III discusses the main results, including: the133

performance of the dipole magnet, fast-gate images of134

the laser-driven plasma, measurements of the magneto-135

sphere, and comparisons with simulations. The inter-136

pretation of the results are discussed in Sec. IV before137

concluding in Sec. V.138

II. EXPERIMENTAL SETUP139

The experiments were carried out on the Large Plasma140

Device (LAPD) at UCLA, operated by the Basic Plasma141

Science Facility (BaPSF), and combined a magnetized142

ambient plasma, a fast laser-driven plasma flow, and a143

current-driven dipole magnet. A schematic of the exper-144

imental setup is shown in Fig. 1, and typical background145

and laser-driven plasma parameters are listed in Table I.146

The LAPD33 is a cylindrical vacuum vessel (20 m long by147

1 m diameter) that can generate a steady-state (∼15 ms),148

large volume (> 50 cm across the plasma column), mag-149

netized ambient plasma at high repetition (up to 1 Hz).150

The machine can produce variable background magnetic151
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fields (200-1500 G), variable ambient gas fills (e.g. H,152

He), and variable ambient densities (1011 − 1013 cm−3).153

The ambient plasma is generated from the combination154

of two cathodes. A BaO-coated Ni cathode generates a155

Ø60 cm, lower-density (n ∼ 2×1012 cm−3) main plasma,156

while a LaB6 (lanthanum hexaboride) cathode generates157

a smaller Ø20 cm, higher-density (n ∼ 2 × 1013 cm−3)158

core plasma roughly centered on the main one. The ambi-159

ent plasma has a typical electron temperature Te ≈ 5-10160

eV and ion temperature Ti ≈ 1 eV. The background field161

is oriented axially (ẑ) along the machine, with x̂ oriented162

horizontally perpendicular to the field and ŷ oriented ver-163

tically.164

The supersonic plasma flow was generated by the high-165

repetition-rate Peening34,35 laser, operated by the UCLA166

High Energy Density Plasma (HEDP) group36. The167

Peening laser (1053 nm) can deliver energies up to 20168

J with a pulse width of 15 ns (FWHM), yielding typical169

intensities of 1012 W/cm2 and repetition rates up to 4170

Hz. The output laser energy, pulse shape, diffraction-171

limited focus, and beam pointing are stable to within172

within 5%35.173

The dipole magnet consisted of an epoxy-covered 24-174

turn copper coil with integrated water cooling and a non-175

magnetic stainless steel housing and support shaft. It176

has a 14 cm outer diameter and a 4 cm inner diam-177

eter. A pulsed power cabinet was capable of driving178

up to 7 kA at 800 V through the coil, corresponding179

to peak on-axis magnetic fields of 15 kG (magnetic mo-180

ment M ≈ 2.2 kAm2, sufficient to achieve large standoff181

values), which is approximately constant for several tens182

of µs (i.e. the whole experiment). The field could be183

pulsed up to 1 Hz (1/4 Hz at the highest currents), and184

the water cooling allows the magnet to remain at room185

temperature throughout operation.186

The target was a long, 5 cm diameter cylindrical rod187

of high-density polyethylene (C2H4) plastic. The target188

was mounted on a 2D stepper motor drive synchronized189

with the laser, which translated and rotated the target190

in a helical pattern. Each target position was repeated191

three times and then moved to provide a fresh surface.192

A single target could thus be used for up to 2× 104 laser193

shots.194

The dipole magnet was inserted from the top flange, so195

that the distance from the target to the dipole was vari-196

able, with the dipole orientation such that the dipole axis197

was along z and rotatable about the y axis. The lasers198

were timed to fire at the peak of the dipole field (time t0),199

and the experiment lasted for a few tens µs, well within200

the long (∼ 10 ms) lifetime of the ambient plasma. The201

target and probes were set up in a “dayside” configura-202

tion, analogous to the sun-facing region of Earth’s mag-203

netosphere, as follows. The target was inserted through204

the bottom 45◦ west-side port at an angle parallel to the205

bottom flange (i.e. along x̂), which placed the target206

surface 27.5 cm from the chamber center. The laser was207

routed from the laserbay, though the LAPD room ceiling,208

to the top 45◦ west-side port, where it was focused and209

sent through a vacuum window, impinging the target at210

an angle of 30◦ relative to the target surface normal. The211

resulting laser plasma expanded up towards the dipole,212

and probes were inserted from the east-side. This ar-213

rangement allowed probes to move throughout the day-214

side region of the magnetosphere. The laser, target, and215

pulsed dipole magnet were synchronized to the LAPD,216

and they all operated at a repetition rate of 1/4 Hz to217

allow time for the diagnostics to position themselves be-218

tween shots.219

During the experiments, the ambient gas fill was H220

and the background magnetic field was set to 300 G.221

The dipole magnet was arranged such that the dipole222

magnetic field was parallel to the background field in the223

dayside region. The laser ablated a highly-energetic su-224

personic plasma, consisting of both C and H ions from the225

target, that expanded towards the dipole and transverse226

to the background (LAPD) magnetic field. The inter-227

action between the flowing and stationary ions is highly228

collisionless (mean free path ≫ system size) due to the229

high flow speeds. The background electrons were also230

collisionless as the electron-ion collision time was much231

larger than the electron gyroperiod ωce0τei ≈ 500.232

The magnetic field topology and dynamics were mea-233

sured with 3 mm diameter, 3-axis 10-turn magnetic234

flux (“bdot”) probes37. The probe signals were passed235

through a 150 MHz differential amplifier and coupled to236

either fast (1.25 GHz) or slow (100 MHz) 10-bit digitizers,237

and then numerically integrated to yield magnetic field238

amplitude. To acquire data, the probes were positioned239

by a 3D motorized probe drive (resolution < 0.1 cm)38240

in between shots. Datasets were compiled by moving the241

probes in small increments of 0.25 cm with 3 shots per242

position for statistics.243

Fast-gate (∼ 10 ns) imaging39 was used to acquire 2D244

snapshots of plasma self-emission during the interaction245

of the laser-plasma and dipole using an intensified charge-246

coupled device (ICCD) camera. The camera viewed247

along the LAPD central axis through a mirror mounted248

inside of the LAPD chamber. Highly temporally-resolved249

movies were acquired over hundreds or thousands of shots250

by incrementing the camera delay relative to the laser251

trigger.252

Additionally, swept Langmuir probes were employed253

to measure x-z and x-y planes of plasma electron density254

and temperature near the dipole magnet. These mea-255

surements were carried out in the absence of the laser256

plasma, and so provide the initial state of the ambient257

plasma at t0.258

III. RESULTS259

When measuring the interaction of the laser-driven260

plasma with the dipole magnetic field, the dipole261

field evolves too slowly (∼ms) to be measured on the262

timescales (∼µs) of the laser-driven plasma. Instead,263

the contributions to the total field from the laser-driven264
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Run 1 Run 2 Run 3 Run 4 Run 5
Background Parameters

Dipole magnetic moment M 0 Am2 95 Am2 475Am2 950 Am2 950 Am2

Ion species H+1 —
Density n0 ∼ 3× 1012 cm−3 0 cm−3

Magnetic field B0 300 G 0 G
Electron temperature Te0 ∼ 5 eV —
Electron inertial length de0 0.3 cm —
Electron gyroperiod ω−1

ce0 0.2 ns —
Ion temperature Ti0 ∼1 eV —
Ion inertial length di0 13.2 cm —
Ion gyroperiod ω−1

ci0 348 ns —
Alfvén speed vA 378 km/s —
Laser-Driven Parameters

Laser energy Elaser 20 J
Plasma speed vl 210 km/s
Ion species H+1, C+1−6

Electron gyroradius ρe = vl/ωce0 40 µm —
H ion gyroradius ρH = vl/ωci0 7.3 cm —
C ion gyroperiod ω−1

ci0,C (0.7− 4.2)× 103 ns —
C ion gyroradius ρC = vl/ωci0,C 14.6− 87.7 cm —
Magnetic cavity speed v0 135 km/s 165 km/s
Magnetic cavity standoff Ldia 11.5 cm 13.75 cm 15 cm > 15.5 cm 12.25 cm
Magnetopause standoff LM — < 9 cm 13 cm > 15.5 cm 12.25 cm
Dimensionless Parameters

Thermal β = 8πn0Te0/B
2
0 0.01 —

Electron magnetization ρe0/di0 0.001 —
Ion magnetization ρi0/di0 0.02 —
Electron collisionality ωce0τei 5× 102 —
Mach number Ms = vl/vs 5.3 —
Alfvén Mach number MA = vl/vA 0.6 —
Hall parameter D = LM/di0 — < 0.7 1 > 1.2 —

TABLE I: Summary of experimental runs with typical plasma parameters. For the laser-driven plasma, parameters are given for the
range of C ionization between C+1 and C+6. The magnetization for species s is calculated with respect to the background gyroradii
ρs0 = vth,s/ωcs0, where vth,s ∝

√

Ts/ms.

plasma interaction and from the dipole magnet were mea-265

sured in separate runs with the same bdot probe. Runs266

with the laser-driven plasma were digitized at 1.25 GHz267

over a few tens of µs to record the laser-plasma-dipole268

interaction. The same runs without the laser-driven269

plasma were then digitized at 100 MHz over several ms270

to cover a full period of the dipole-only field. The to-271

tal field during the lifetime of the experiment is then272

calculated as Btot = ∆B + Binit, where ∆B is the273

field measured during the laser-plasma interaction, and274

Binit = Bdip + B0 is the initial unperturbed field due275

to the slowly-evolving dipole field Bdip and the uniform276

background field B0 = B0ẑ.277

A. Performance of Dipole Magnet278

The performance of the dipole magnet is shown in279

Fig. 2(a)-(b) for a dipole coil current of 3 kA. For these280

measurements, the dipole magnet was embedded in the281

background field B0 and background plasma, but there282

was no laser-driven plasma. While the dipole coil center283

is nominally located at the center of the LAPD cham-284

ber ({x, y, z} = {0, 0, 0}), measurements indicate that it285

is slightly offset, with the peak field along y located at286

x = 0.75 cm. At y = −9 cm (the closest to the mag-287

net we can measure), the dipole reaches a peak value of288

Bz,dip ≈ 1500 G in ≈ 685 µs and is constant in magni-289

tude to within 1% for over 100 µs (longer than the lifetime290

of the experiment). Fig. 2(c) shows profiles of the total291

z-component of the magnetic field Bz,tot = B0 + Bz,dip292

along y at x = 0.75 cm for 3 kA (black), 1.5 kA (red), and293

0.3 kA (green) dipole coil currents. Similar profiles along294

x at y = 0 are shown in Fig. 2(d). The profiles are well-295

modeled (dashed curves) by the far-field dipole approxi-296

mation Bz,dip = M/y3, whereM is the magnetic moment297

and y is the distance from the dipole center. For a 3 kA298

dipole current, the magnetic moment M950 ≈ 950 Am2.299

The moments scale linearly with the current, so that the300

1.5 kA and 0.3 kA runs correspond to M475 ≈ 475 Am2
301

and M95 ≈ 95 Am2, respectively.302

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
8
4
3
5
3



5

FIG. 2: Streak plots of the measured dipole magnetic field (a)
along y at x = 0.75 cm and (b) along x at y = 0 cm for a 3 kA
current. (c) Comparison of the total magnetic field profiles
Bz,tot = B0 +Bz,dip at the time of peak field (t ≈ 685 µs) for 3
kA (black), 1.5 kA (red), and 0.3 kA (green) dipole currents. The
field profiles are modeled using the far-field dipole approximation
Bz,dip = M/y3, where M is the magnetic moment. (d) Similar
field profiles and models at the same time in (b).

FIG. 3: Fast-gate images of plasma optical self-emission for a run
with M = 950 Am2. Each image is gated over 10 ns. Labeled are
the locations of the target and dipole magnet, as well as the bdot
probe at the time of the images. The colorbar is saturated for
clarity.

B. Fast-Gate Imaging303

To visualize the laser-driven plasma, fast-gate images304

were acquired. Example images from a run at M950 are305

shown in Fig. 3. Each image is gated over 10 ns and306

obtained from a different laser shot. The plastic target307

is located at the bottom edge of the images, and the308

dipole magnet center is located at the top. The bdot309

probe is also visible near the center of the image. The310

laser-ablated plasma is initially approximately spheri-311

cal in shape, which is then distorted by Rayleigh-Taylor312

modes in the large-Larmor-radius limit40–42. By ∼1 µs,313

the plasma has reached the dipole magnet surface. A314

cavity is clearly visible in the emission at earlier times,315

which previous LAPD experiments have shown is closely316

aligned with a magnetic cavity35. This cavity appears to317

collapse by t = 1.22 µs, though material continues to be318

emitted from the target for several more µs.319

The laser-driven plasma consists of both H ions and a320

range of C ionizations43; however, these images only cap-321

ture self-emission from the bulk, lower-ionization C com-322

ponents of the laser-driven plasma; the H background323

plasma, H-component of the laser-driven plasma, and324

highly-ionized C-component of the laser-driven plasma325

are not imaged over the wavelengths to which the camera326

is sensitive. Since the highly-ionized C or H ions primar-327

ily drive the interaction with the dipole magnet (since328

they have the smallest gyroradii), those effects are not329

reflected in these images. Conversely, the bulk C plasma330

and associated instabilities appear to have little affect on331

the development of a magnetosphere over the timescales332

analyzed.333

C. Magnetopshere Measurements334

The laser generates a strongly-driven plasma flow, ei-335

ther directly through the laser-ablated plasma or by ac-336

celerating the background plasma44,45. The resulting in-337

teraction is shown in Fig. 4 for four different dipole338

moments and for a case with the dipole but without a339

background plasma or field. The data consists of 2D x-340

y planes taken on the “dayside,” i.e. between the laser341

target and dipole magnet, that span from x = −2 to342

x = 3 cm and from y = −16 to y = −9 cm at z = 0 (the343

edge of the dipole magnet extends to y = −7 cm). Each344

plane was compiled over several thousand laser shots,345

as described in Sec. II. The top row consists of streak346

plots of the relative change in magnetic field ∆Bz/Binit347

at x = 0.75 cm (the location of peak dipole field), and348

the bottom row consists of the corresponding 2D contour349

plots in the x-y plane of current density J ∝ ∇×∆Bz at350

the time of peak current. The magnetic field plots were351

created by averaging over x = 0.25 to x = 1.25 cm and352

then applying a moving average along y with a width of353

0.75 cm. After calculating Jx, the current density plots354

were similarly smoothed. A summary of the experimen-355

tal runs is provided in Table I.356

Figure 4(a1) shows the case with zero dipole moment357

M = 0 (the dipole magnet was inserted into the vac-358

uum chamber but not pulsed). The laser plasma creates359

a diamagnetic cavity in the background plasma46 that360

completely evacuates the background field (∆Bz/Binit ≈361

−1). The peak magnetic compression (∆Bz/Binit ≈ 0.3)362
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FIG. 4: (Top panels) Dayside magnetic field streak plots along y at {x, z} = {0.75, 0} cm for different dipole magnetic moments M . In
case (e), there is additionally no background plasma or magnetic field B0. The edge of the dipole magnet is located at y = −7 cm. The
colorbars are saturated to make features more clear. (Bottom panels) 2D contour plots of the derived dayside current density in the x-y
plane, taken at the time of peak current for each M . Overplotted is the current density vector field (white arrows).

moves at ∼ 210 km/s, which we take as the speed of the363

laser-driven plasma. The leading edge of the compression364

moves at ∼ 380 km/s, comparable to the Alfvén speed,365

while the cavity itself propagates out at approximately366

135 km/s. The speeds are labeled in Fig. 4(a1), and the367

leading and cavity speeds are shown as dashed lines for368

reference in Fig. 4(b1)-(e1). The cavity is supported by369

a strong diamagnetic current that extends across x as370

seen in Fig. 4(a2). After about 1.5 µs the cavity begins371

to collapse as the expelled field diffuses back in. Similar372

behavior is observed for a low dipole moment M95 (see373

Figs. 4(b1)-(b2)).374

Figure 4(c1) shows the case with a significantly larger375

dipole moment M475. The laser-driven cavity and com-376

pression are still visible; the initial evolution of the laser-377

driven plasma is largely unaffected by the additional378

dipole field due to the 1/y3 falloff. However, closer to the379

dipole magnet, the extra magnetic pressure is able to bal-380

ance the plasma ram pressure, and the edge of the cavity381

(∆Bz/Binit = 0) only propagates to y ≈ −13 cm. The382

magnetic compression, in turn, penetrates to the edge383

of the measurement region (y = −9 cm), but is then384

reflected back to y ≈ −13 cm by the additional dipole385

magnetic pressure. The overall magnetic compression be-386

tween the cavity and dipole now lasts up to 1.5 µs. This387

effect is more pronounced at the strongest dipole moment388

M950 (see Fig. 4(d1)), where the cavity is even smaller389

and the magnetic compression is reflected further back390

towards the target. Finally, Fig. 4(e1) shows streak plots391

for conditions identical to Fig. 4(d1), but with no back-392

ground plasma or background magnetic field B0. The393

lack of magnetic field near the target (Bdip < 50 G at394

y = −27 cm) leads to a weaker magnetic compression395

ahead of the cavity, and the cavity is able to propagate396

closer to the dipole magnet. There is a clear reflection397

point around y ≈ −12 cm, and the reflected compres-398

sion is significantly stronger and propagates further back399

towards the target compared to the M950 case.400

The dipole magnetic pressure leads to additional struc-401

ture in the current density. Without the dipole field402

(Fig. 4(a1)) or without the background plasma and field403

(Fig. 4(e1)), the diamagnetic current propagates out in404

tandem with the unrestricted cavity. At M475, though,405

there are two distinct regions of peaked current den-406

sity (see arrows in Fig. 4(c2)), which are also seen at407

M95 (Fig. 4(b2)), though weaker. The current structures408

are extended along x, consistent with the large plasma409

plumes created by the laser (see Fig. 3). In contrast, the410

M950 case only has one current feature at the edge of the411

measurement region.412

In Figs. 4(b2)-(c2), the region with the relatively413

stronger current density closer to the target (farther from414

the dipole) is the diamagnetic current. As the cavity ex-415

pansion is halted, this current reaches a maximum extent416

and then persists for a few hundred ns before the cavity417

begins collapsing. The magnitude of the diamagnetic cur-418

rent density also increases with dipole moment. Ahead419

of the diamagnetic current, there is a shorter-lived region420

of weaker current density at M95 and M475. As discussed421

in Sec. IV, this current is associated with a location of422

the magnetopause, i.e. the region of pressure balance be-423

tween the plasma ram pressure and magnetic pressure.424

In the M950 case (Fig. 4(d2)), the current density is even425

stronger and likely associated with the magnetopause,426

though it may also overlap with the diamagnetic current.427

In all cases, the current structures are of order di from428

the dipole and span electron scales (∼ de), emphasizing429

the kinetic nature of this system.430
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FIG. 5: Results from the 2D PIC simulation discussed in the text.
(a) Simulation setup. A uniform driver plasma starts in region (I)
with initial velocity vd0, and the uniform magnetized background
plasma starts in region (II). The dipole field Bdip is centered at
{x, y} = {0, 0}. (b) Streaked contour plot of magnetic field at
x = 0. (c) Profiles of initial magnetic pressure PBinit and initial
driver kinetic ram pressure Pd0, along with the change in
magnetic field −∆Bz and current density Jx at time t = 3 ω−1

ci

(dotted line in (b)). The pressures are defined in the text.

D. Comparison to PIC Simulations431

To further interpret the experimental data, we per-432

formed 2D simulations using OSIRIS, a massively paral-433

lel, fully relativistic particle-in-cell (PIC) code47,48. Us-434

ing PIC allows us to accurately resolve the kinetic scales435

associated with mini-magnetospheres. In the simula-436

tions, a uniform slab representing the laser-driven plasma437

expands into a uniform background plasma embedded438

in a combination of a constant magnetic field B0 and439

a dipole magnetic field. The simulation setup is shown440

in Fig. 5(a). The plasma and field parameters are cho-441

sen to be similar to those in the experiment; specifically,442

the dipole magnetic moment and laser-driven plasma ex-443

pansion were designed so that the magnetopause stand-444

off was LM = 1.4 di0. Additionally, to reduce compu-445

tational resources, a reduced electron-ion mass ratio of446

me/mi = 100, increased vd0/c ratio (where vd0 is the ini-447

tial slab plasma speed), and initially cold plasmas were448

used. Here, we focus on key results from the simula-449

tions for comparison to the data. Additional information450

about the simulation setup, and detailed simulation re-451

sults, are presented in Part II.452

Figure 5(b) shows a streaked contour plot of the rel-453

ative magnetic field ∆Bz/Binit along y at x = 0 from454

the simulation. As in the experiments, the expand-455

ing plasma slab drives a diamagnetic cavity and lead-456

ing magnetic compression. Similarly, the compression457

advances past LM and is then reflected back at later458

times, while the magnetic cavity is stopped near LM .459

Fig. 5(c) shows lineouts from the simulation of ∆Bz at460

t = 3 ω−1
ci from Fig. 5(b), as well as the current density461

Jx. Also plotted are the initial total magnetic pressure462

PBinit = B2
init/2µ0 and initial driver kinetic ram pressure463

Pd0 = nd0mdv
2
d0. As can be seen, there are two peaks in464

the current density corresponding to the magnetopause465

current (around y ≈ −1.5di0) and the diamagnetic cur-466

rent (around y ≈ −1.7di0).467

The location of these currents is dictated by pressure468

and energy balances. By design, the initial driver kinetic469

pressure is set up to balance the total magnetic pressure,470

Pd0 = PBinit, at LM = 1.4 di0. This pressure balance de-471

fines the magnetopause and is directly seen in Fig. 5(c),472

where the magnetopause current peaks slightly behind473

where Pd0 = PBinit. Since the laser-driven plasma acts474

to sweep up and accelerate the background plasma, the475

furthest extent of the diamagnetic current is dictated by476

how much of the initial driver energy is used to acceler-477

ate background plasma versus expel magnetic field. In478

the simulation, approximately 53% of the initial driver479

energy goes into the fields by time t = 3 ω−1
ci . This en-480

ergy is used to expel the magnetic field from where the481

driver starts to the location Ldia of the diamagnetic cur-482

rent and can be written WB/Wd0 =
∫ Ldia

−4di

PBinitdy/Wd0,483

where Wd0 = Pd0Ld is the initial driver energy and Ld is484

the width of the driver. For WB/Wd0 = 0.53, this yields485

Ldia ≈ −1.62 di, consistent with the front edge of the486

diamagnetic current seen in Fig. 5(c).487

Based on the detailed simulations presented in Part488

II, we make here three additional observations that are489

relevant to the experiments. First, both the driver and490

driver-accelerated background ions support the magne-491

topause. In the simulations, the background ions, which492

stream ahead of the bulk of the driver ions, initially es-493

tablish a magnetopause as a pressure balance between494

the background ion kinetic ram pressure and the relative495

magnetic pressure, Pbg = PBrel ≡ (B2
tot − B2

0)/2µ0. The496

relative magnetic pressure is relevant because the back-497

ground plasma is initially entrained in the background498

magnetic field, and so the pressure contribution from B0499

can be ignored. Later, another magnetopause is sup-500

ported by both the driver and background ions where501
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Pd0 = PBinit, since by this time much of the background502

plasma has been pushed out. Meanwhile, the diamag-503

netic current is driven primarily by the driver plasma.504

Second, given sufficient energy, the driver plasma will505

expel magnetic field up to the magnetopause, beyond506

which the driver plasma does not have sufficient pressure507

to expand further; in other words, the farthest that the508

diamagnetic current can be driven is LM . In the simula-509

tions, the driver energy is primarily set by the width of510

the slab plasma (the initial slab velocity is held constant),511

with wider slabs equivalent to higher driver energies. In-512

creasing the slab width will thus push the diamagnetic513

current closer to the magnetopause location until they514

merge as a single current structure, which is observed in515

the simulations presented in Part II. In the simulation516

presented here, the driver slab doesn’t have enough en-517

ergy (i.e. energy-constrained) to expel fields up to the518

magnetopause, resulting in the double current structure519

observed in Fig. 5(c). Furthermore, the reflection of the520

compressed field is also due to the finite driver width; the521

more energetic the driver, the longer the magnetopause522

can be maintained before the field is reflected (there is523

no reflection for an infinite driver).524

Lastly, for a given driver energy, simulations observe525

that the separation between the magnetopause and dia-526

magnetic current decreases with increasing dipole mo-527

ment M . This can be understood as follows. On the528

one hand increasing M will push the magnetopause lo-529

cation LM farther from the dipole and closer to the lo-530

cation of the diamagnetic current Ldia. On the other531

hand, the increase in magnetic field amplitude means532

that the the driver depletes a larger fraction of its en-533

ergy per unit length over the propagated distance, result-534

ing in a smaller diamagnetic cavity. For a fixed amount535

of energy into the fields, Ldia will increase faster than536

LM as M increases, seemingly implying that the sepa-537

ration between the magnetopause and diamagnetic cur-538

rent should increase with dipole moment. However, the539

driver also sweeps out a smaller region of background540

plasma, resulting in less relative energy going into the541

background plasma and more energy available to expel542

the fields. This extra energy is sufficient to compensate543

for the larger fields and allows the driver to push the544

diamagnetic current closer to the magnetopause.545

IV. DISCUSSION546

Based on the signatures observed in the simulations, in547

Fig. 6 we plot lineouts of the current density at x = 0.75548

cm for three cases of M taken from Figs. 4(a2), (c2),549

and (e2). Also plotted are the total initial magnetic550

pressure PBinit and change in magnetic field −∆Bz.551

With a background plasma and background field, but552

no dipole field (M = 0, see Fig. 6(a)), the driver pressure553

is greater than the initial magnetic pressure everywhere554

(Pd0 > PBinit), and there is no pressure balance, and555

hence no magnetopause. Thus, the only current struc-556

FIG. 6: Dayside current density J (red) at x = 0.75 cm for three
M from Figs. 4(a2), (c2), and (e2). Also plotted are the total
initial magnetic pressure PBinit (solid black), change in magnetic
field −∆Bz (cyan), and the approximate location of the
magnetopause LM or diamagnetic Ldia currents (blue). The
green circle indicates the initial driver pressure Pd0 needed to
balance the initial magnetic pressure PBinit at the location of the
magnetopause.

ture created is the diamagnetic current as the driver557

plasma expands out. The approximate final position558

Ldia of the diamagnetic current is shown in Fig. 6(a).559

We can estimate the total initial driver energy per area560

W d0 as the sum of the energy needed to expel the field561

WB =
∫ Ldia

Ltar

B2
0/2µ0dy and sweep out the background562

plasma W bg =
∫ Ldia

Ltar

n0miv
2
0dy between the target po-563

sition Ltar and Ldia, assuming a uniform background564

plasma. For the parameters in Table I and Ltar = −27.5565

cm, we find W d0 ≈ 90 J/m2.566

Figure 6(b) shows the case where there is no back-567

ground plasma or magnetic field, and the driver plasma568

expands into just the dipole magnetic field. Here, the569

driver will expand out, creating a diamagnetic cavity,570

until it reaches a pressure balance with the total initial571

magnetic field (Pd0 = PBinit) or runs out of energy. The572
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energy required to expel the field in Fig. 6(b) is only573

W d0 ≈ 30 J/m2. Since the driver plasma is effectively574

identical between all runs, this indicates that the driver575

plasma is not energy-constrained and instead reaches the576

magnetopause. Based on the location of the magne-577

topause LM in Fig. 6(b) (taken where ∆Bz ≈ 0) and578

the pressure balance Pd0 = PBinit, we can then estimate579

Pd0 ≈ 1050 Pa. This is reasonable since it only requires580

an average drive plasma density nd0 ≈ 1013 cm−3 and581

speed vd0 ≈ 250 km/s, easily attainable in the experi-582

ments.583

We expect the same initial driver pressure in Fig. 6(c),584

and the location of Pd0 = PBinit is shown as the green585

circle. As in the simulations, the location of this pressure586

balance is coincident with the location where ∆Bz ≈ 0,587

and slightly behind it (y ≈ −13.5 cm) we observe a peak588

in the current density consistent with the magnetopause589

current. Also like the simulations, further from the mag-590

netopause (y ≈ −15 cm) we find the diamagnetic cur-591

rent. Following a similar calculation as above and us-592

ing the location of Ldia shown in Fig. 6(c), we can esti-593

mate the energy needed to expel the fields and sweep out594

background plasma. The total driver energy needed is595

W d0 ≈ 90 J/m2, which is the same as in Fig. 6(a). This596

implies that the driver plasma does not have enough en-597

ergy to drive the diamagnetic current all the way to the598

magnetopause, also consistent with the simulations.599

At M = 95 Am2, the driver plasma would not reach600

pressure balance until very close to the dipole, beyond the601

measurement region. Since the observed current struc-602

tures only reach y ≈ −12 cm (see Fig. 4(b2)), this indi-603

cates that here too the driver plasma runs out of energy604

before reaching the magnetopause, similar to Fig. 6(c).605

Taking the current structure at y ≈ −13.75 cm as the606

diamagnetic current, the total driver energy needed is607

W d0 ≈ 80 J/m2. Given the much weaker dipole field,608

the weak current structure ahead of the diamagnetic cur-609

rent may be a magnetopause driven by background ions610

rather than driver ions as in the other cases. A typical611

background kinetic pressure would be Pbg ∼100-200 Pa612

for the values in Table I, too low to account for the fea-613

tures in the larger M cases but sufficient to balance PBrel614

near y ≈ −11 cm.615

Finally, it is difficult to conclude anything from the616

highest moment case M = 950 Am2 (see Fig. 4(d2)).617

Assuming the same initial driver pressure, the magne-618

topause would be located at y ≈ −16 cm, right at the619

edge of the measurement region. Assuming the same620

initial driver energy, we would expect the diamagnetic621

current to be located around y ≈ −17 cm (outside the622

measurement region). The observed current structure623

could thus be the magnetopause current. The diamag-624

netic current would also be closer to the magnetopause625

than at lower M , consistent with the simulations.626

V. CONCLUSIONS627

In this paper, we have presented preliminary results628

from a new experimental platform to study strongly-629

driven ion-scale magnetospheres. The platform – in-630

cluding background magnetized plasma, target and laser-631

driven plasma, pulsed dipole magnet, and diagnostics –632

can be run at high repetition rate (∼ 1 Hz), allowing633

detailed 2D measurements of the magnetic field evolu-634

tion acquired over thousands of shots. Data with four635

different dipole moments (M = 0, 95, 475, and 950 Am2)636

was collected. In the absence of a dipole field, only the637

magnetic cavity and associated diamagnetic current from638

the laser-driven plasma were observed. In contrast, for639

M > 0 a magnetopause current, in addition to the dia-640

magnetic current, was observed on kinetic ion and elec-641

tron scales (i.e. of order di and de), indicating the for-642

mation of a mini-magnetosphere.643

The experimental results were compared to 2D PIC644

simulations using the code OSIRIS. The simulations re-645

produce the basic magnetic field structures seen in the ex-646

periments, including the magnetic compression and cav-647

ity formed by the laser-driven plasma, and the reflection648

of the compression by the dipole pressure. The simula-649

tions confirm that the location of the magnetopause is650

dictated by the balance between the initial driver kinetic651

ram pressure and the initial total magnetic field pres-652

sure. However, dynamically the magnetopause current653

is supported by both the background and laser-driven654

ions (though the current itself is carried by the elec-655

trons) and a complicated time-dependent combination of656

driver pressure balance and the pressure balance between657

background ion ram pressure and the relative magnetic658

pressure (i.e. total magnetic pressure minus the pressure659

form the constant background field). The signatures of660

these pressure balances, derived from the simulations, are661

also observed in the experiments. Lastly, the simulations662

show that as the dipole moment is increased, the location663

of the magnetopause is pushed further from the dipole.664

This results in a shrinking separation between the mag-665

netopause and diamagnetic currents, and even overlap-666

ping current structures, features that are observed in the667

experiments.668

While the experiments employed a double cathode669

setup to create a high density background plasma in the670

core of the LAPD, the constrained size of the high-density671

core meant that the laser-driven plasma mostly expanded672

through a lower density background plasma. This re-673

sulted in a primarily sub-Alfvénic (MA ≈ 0.6) interaction674

and a Hall parameter of D ≈ 1. The LAPD has recently675

implemented a new large-diameter LaB6 cathode that676

will make most of the background plasma higher density,677

enabling both super-Alfvénic expansions (D > MA > 1)678

and the study of bow shocks.679

Future experiments will focus on three main objectives.680

First, we will take advantage of the high-repetition-rate681

platform to expand the 2D planes measured here into682

3D cubes to obtain fully 3D magnetic field and current683
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density profiles. Second, in addition to the “dayside” we684

will measure other regions around the dipole, including685

the “nightside” opposite the laser target. Finally, we will686

deploy a magnetic field configuration in which the dipole687

and background fields are anti-aligned in the measure-688

ment region (they were aligned in the experiments pre-689

sented here). This will allow magnetic reconnection in690

the “subsolar” region to be studied and contrasted with691

the configuration explored in this paper, in which any692

reconnection would have been dominantly poleward.693
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